UC San Diego

UC San Diego Electronic Theses and Dissertations

Title
Earthquake Simulator Testing and Associated Study on Performance and Design of Seismic
Collectors in Steel Buildings

Permalink
https://escholarship.org/uc/item/8xm8j104|

Author
Li, Chao-Hsien

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8xm8j104
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA SAN DIEGO

Earthquake Simulator Testing and Associated Study on Performance and Design of

Seismic Collectors in Steel Buildings

A dissertation submitted in partial satisfaction of the requirements

for the degree Doctor of Philosophy

in

Structural Engineering

Chao-Hsien Li

Committee in charge:

Professor Chia-Ming Uang, Chair
Professor Joel P. Conte

Professor Robert B. Fleischman
Professor Machel L. Morrison
Professor Pui-Shum Shing
Professor Kenneth Vecchio

2022



Copyright

Chao-Hsien Li, 2022

All rights reserved



The Dissertation of Chao-Hsien Li is approved, and it is acceptable in quality and
form for publication on microfilm and electronically.

University of California San Diego

2022

111



DEDICATION

This dissertation is dedicated to my grandparents in loving memory.

v



TABLE OF CONTENTS

DISSERTATION APPROVAL PAGE iii
DEDICATION..ucciiiininensinsnnsansncssessnssessessessessassassassassssssssssssessssssssasssssassasssssssssssssssssasss iv
TABLE OF CONTENTS v
LIST OF FIGURES .....uuuiiiiniiinnininninninsininissssssissessississsesssssssssssssssssessssssssssssssans ix
LIST OF TABLES ..ccuuctiininininnnseinnsnissississississesssssssssssssssessesssssassssssssasssssssssssssosees Xxix
ACKNOWLEDGEMENTS XXXii
VIT Aeeiieninnennennnsnennesisssssssessssssessasssssssssssessssssssssssssssssssassssssassssssssssssssassssssae XXXiv
ABSTRACT OF THE DISSERTATION......uccvvierissensuicsensnssacssessancssssesssesasssesses XXxviii
1. INTRODUCTION...ucciiiinininsnesanssissessessessessessassassassssssessessesssssassassassassssssssssssassassssasss 1
L.1 BacCKGrOUNd .....ccuviiiiiieeiie ettt et ettt e et e e et e e e taeeeneeesnneeenes 1
1.2 UA-UCSD-LU Collaborative Research Project ...........cccoeveevviinieiciienieeiecieeiens 8
1.3 Objective and Scope of ReSEarch ..........ccoecvieviiiiiieiiiiiicieceeece e 9
1.4 Literature REVIEW......ccccociiiiiiiiiiiiiiiiiiicitceccece et 10
1.4.1 Diaphragm Force for Collector Design..........cceeveeciienieerieenieeieeeieereeene. 10
1.4.2 Seismic Responses of Shear Tab Beam-to-Column Connections............... 13
1.4.3 Modeling of Floor Diaphragm SyStems...........cccceeviierieeciienienieeieereenee. 19
1.5 Organization Of DiSSETtation .........cccueeeiiieiiiieeiiieeiieeeiee e e 24

2. DEVELOPMENT OF TESTING METHODOLOGY FOR FLOOR
ACCELERATION SIMULATION....cconieviesinsinsenssnssnssnssissessessessasssssssssssssssssssssssssssssees 26
2.1 GNETAL....coniiieiie et ettt et et eb e 26
2.2 Development of Testing Methodology ..........coceeviieiiiiiiiiiiiiieeieecee e 27
2.3 Numerical VerifiCation .........c.cecieiiieriiiiieiie ettt e 29
2.4 Improvements on Test Specimen Configuration ...........ceeeeceereereriieneeneeseeneens 32
3. PHASE 1 TEST PROGRAM.....uuuuiuinuicrininensensnnssississessessesssssssssssssssssssssssssssssssssses 41
31 GENETAL ... ettt ettt e eeeas 41
3.2 Test Specimen and SELUP ........cocvereeriiriinieiteeiereee ettt 41
3.2.1 Test BUIIAING ...cuvieiiiiieie e e 41
3.2.2 TESE SETUP .ottt ettt 57
3.2.3 Seismic Weight Calculations ........c..coeevueriineeiienieneneneeseeieeece e 65
3.2.4 Comparison of Test Specimen and Prototype Structure ...........c.ccceceevuenneee 79
3.3 Specimen Design Strengths per Current Practice ...........cooeecveniiiiiiinicnennicnnne 85
3.3.1 Collector Compressive Strength...........ocevieviiiiniiniiieniieieeicseeeees 85
3.3.2 Collector Flexural Strength for Gravity Design.........ccccceveeveevienicneenennns 88



3.3.3 Bl and B2 Multipliers for Collector Design ..........ccceeeeveenenieneenenicnens 90

3.3.4 Collector-to-Column Connection Strength .........c.cccoceeveriininiinicnenncnnen, 93

3.4 Instrumentation and Data Filtering ............cccooooiiiiiiiiiiiiniiee e 104
3.5 Material PrOPerties........coouiiiiieiiieiieeiieeie ettt et 121
3.6 Testing ProtoCol........couiiiiiiiieiee e 125
3.6.1 GONETAL ... e 125
3.6.2 Time History Analyses on Prototype Structure Model .........c..ccccecueneeee. 125
3.6.3 Generation of Input Accelerations ..........cccceeceereenerieneenenicneeieneeneeanen 128

3.7 Data ReAUCLION.....ccuiiiiiiiiieie ettt ettt s 144
3.7.1 Sign Conventions for Key ReSponses .........cccccoceeverieneevienicnensicnicneenne. 144
3.7.2 Inter-Story Drift and Floor Acceleration............ccccceeeverienienennieniennennne. 144
3.7.3 Collector Connection Rotations and Panel Zone Deformation................. 146
3.7.4 Member Force Recovery for Columns and Diagonal Braces.................... 148
3.7.5 Base Shear Calculation............ccooveiiiiiiiiiiieiieeeee e 149
3.7.6 Member Force Recovery for Collectors..........cocuevirienieneniicnienenicneenne. 151

4. PHASE 1 TEST RESULTS .cccuiiiiiitiiiinninntinsaiissssssisssssssssssssssssssssssssssssssssssessss 173
4.1 General Phase 1 Test RESUILS......ccouiiiiiiiiiiiiiecee e 173
4.2 Detailed Results of Test 1-3....cc.iiiiiiiiiiieiee e 182
4.2.1 Verification of Floor Acceleration Simulation Testing..........c.cccccecuenee. 182
4.2.2 Specimen Global RESPONSES .........cocueeiiriiniiriinieiinieneeeneeeeeeeeeae 190
4.2.3 Collector Strain and Stress Profiles..........cccccevvieiiiiiiiniiniiiieceeeee 202
4.2.4 Collector Member FOICeSs........ccueriiiiiiiiiieiieeiieie et 227
4.2.5 Collector-to-Column Connection Responses..........ccccceeevereeneenienienneene 242
4.2.6 Column Panel Zone ReSPONSES ......c..ccouerveriiniiriinienienieneeieeiesieeee e 245

5. SIMULATION OF PHASE 1 TESTING AND DESIGN IMPLICATIONS ...... 251
5.1 GENETAL ...t ettt et et e 251
5.2 Numerical Modeling of Test SPecimen ..........cccceeecveeeeieeeriieecieeeee e 251
5.2.1 Description of Specimen Models .........cccoeevieeriiieiciieeiieeieece e 251
5.2.2 Modeling of Composite Floor Diaphragm..........ccccceevvveviiieicieeiieeenen. 254
5.2.3 Modeling of Composite Collectors, Chords, and Floor Beams ................ 262
5.2.4 Modeling of Collector-to-Column Connections...........ccceeeveeeeveeenveennnen. 267
5.2.5 Other Modeling DetailS.........ccoovieeiiiieiiiieriie et 273

5.3 ANalysisS RESUILS....cc.uiiiiiieiiie et e e e 274
5.3.1 Modal Analysis ReSUILS.........cccovieeiiiieeiiieciie e 274
5.3.2 Time History Analysis Results on Global Responses...........ccccceevevveennneen. 278
5.3.3 Time History Analysis Results on Collector Responses............ccccuveenee.. 283
5.3.4 Time History Analysis Results on Load Path of Diaphragm Force.......... 286
5.3.5 Comparisons of Analysis Results from Different Models......................... 298

vi



5.4 Design IMPlICAtIONS .....ceetiiiiieiieiieeiee ettt e 305
5.4.1 Rotational Stiffnesses of Collector-to-Column Connections.................... 305
5.4.2 Estimation of Lateral Stiffness of Collector-to-Column Subassemblies .. 325
5.4.3 Effective Slab Width of Composite Collectors..........cccevuereenercieneenuenee. 339
5.4.4 Estimation of Collector Axial Force Demand............cccccceviiiniiniinnnnn 351

6. PHASE 2 TEST PROGRAM.......cuiiiriinninnuiisnicsnisssisssnisssssssssssssosssssssssssssssssossssse 366

0.1 GENETAL ...ttt ettt et e 366

6.2 Test Specimen and SELUP ........coeevueriiriiiierieneeeee et 366
6.2.1 Test BULLAING ...c.coiiiiiieiiee e 366
6.2.2 TESE SETUP ..ottt 377
6.2.3 Seismic Weight Calculations ........c..coceveevirieneenenieneeeeeceeececeeeen 383

6.3 Instrumentation and Data Filtering ............cccooooiiieiiiiiiininiee e 402

6.4 Material PrOPerties........coouiiiiiiiiiiiiieiieee ettt 421

6.5 Testing ProtoCol........couiiiiiiiieie e e 424

6.6 Data REAUCLION.....c...iiiiiiiiiiie ettt 426
6.6.1 GENETAL ......eiiiiiiieiie e e 426
6.6.2 Floor and Roof Acceleration Determination.............ceceeeeeerieeneenieennnnne. 426
6.6.3 Story Shear Calculation.............coeevuiriiniiiiiniieeieneeeeeeee e 427
6.6.4 Member Force Recovery for Collectors..........couevirieniineniicneenienicneenne. 429

7. PHASE 2 TEST RESULTS...uuiiiiiitiiinnninniinsninsnicssisssnsssssssssssssssssssssssssssessssssssess 434

Tl GENETAL ...ttt ettt ettt et e 434

7.2 Overview of Phase 2A Test Results.........ccccooviiiiiiiiiiiiiieieeeeee e 434

7.3 Overview of Phase 2B Test ReSults.........cccceiiiiiiiiniiiiieieeiee e 445
7.3.1 Specimen Global RESPONSES .....c..ccoueruiiriiiiiniiniiiieniereeieee e 445
7.3.2 Specimen Conditions after Test 2B-3 ......ccccocoiiiiiniiniiieceee, 456
7.3.3 Specimen Conditions after Test 2B-5 ......cccoooiiviiiiniiniiiieeeee, 461

7.4 Detailed Results for Test 2B-5.......cooiiiiiiiiie e 470
7.4.1 Specimen Global RESPONSES ........cccvveviiieriieeiieeiie e 470
7.4.2 Collector Strain and Stress Profiles...........cccoooeiiiniiiiiiiiiiieceee 481
7.4.3 Collector Member FOTCes..........covuiiiiiiiiiiiiieeiceieeeeee e 495
7.4.4 Collector-to-Column Connection Responses.........cccceeveeevveeecveenveeennnnnn. 503

8. DESIGN IMPLICATIONS FROM PHASE 2 TESTING......ccccecerversuerrursrersacsnnes 516

8.1 Effective Slab Width of Composite ColleCtors.........cccueevvreeriieriieeeiieeeiee e 516

8.2 Rotational Stiffness of Collector-to-Column Semi-Rigid Connections.............. 521
8.2.1 INrOdUCLION ..ot 521
8.2.2 Moment-Rotation Responses of Semi-Rigid Collector-to-Column

CONNECLIONS ...ttt sttt et sttt et st sb et e b et e sae e 521

vil



8.2.3 Proposed Approximation Method ..........cccceeeiieiiiiiiinieeieie e 524

8.2.4 Experimental Verification of Proposed Method ...........cccccocveniniiniinnnee. 531
8.3 Approximate Lateral Load Analysis of Topmost-Story Gravity Frame with

COLIECLOTS ...t 541

8.3.1 Proposed Lateral Load Analysis Method..........ccccocvevieeiienienciicieeeee, 541

8.3.2 Derivation of Lateral Stiffnesses of Collector-to-Column Subassemblies 543
8.3.3 Experimental Verification of Proposed Lateral Load Analysis Method... 547

8.4 Recommendations on Collector and Collector Connection Design ................... 559
8.4.1 Required Collector AxXial FOICe .......ccoeviiiiieiiiiniieiiecieeeeee e 559

8.4.2 Design of Composite Collector-to-Column Connections ......................... 565

8.4.3 Detailed Design ReqUITEMENtS........ccccvieriiiieriieeniie e eiee e 570

9. PHASE 3 TESTING 579
0.1 GENETAL ...ttt sttt e 579
9.2 Test Specimen and SETUP ......ceeviiieiiieeiiieeiee ettt e e e e 579
9.3 Instrumentation and Data Filtering ..........ccccoeeviiieeniieeniiieeiieceeeee e 589
0.4 Material PrOPEITIES.....cccuiiiiiieeiiieeiiie et ettt et tee et ire e e e eaaeeeaeee e 609
0.5 Testing ProtOCOl.......cccviiiiieiieiie ettt et 611
0.6 Data REUCLION. ....c...eiiiiiiiiiiiiieet e 612
0.6.1 BRB RESPONSES ...eeeuiiieiiiieiiieeiiieeitee ettt et seeeseveeeeenee s 612

9.6.2 Story Shear Calculation..........cccueieviiieiiieeiiieeieeeeeee e 612

0.7 Test RESUILS .....eiiiiiiieieeee ettt e 614
9.7.1 Overview of Phase 3 Test Results........ccccooerviinieninienieceieceeceee, 614

9.7.2 Specimen Condition after Phase 3 Testing ..........cccceeeevvevieeiieneeeieenenne, 615

9.8 Parallel Research After Phase 3 Testing.........ccccveeviieiienieeiieieeieeee e 616
10. SUMMARY AND CONCLUSIONS ....uuttviivensicseissesssessssssesssnssssssessssssasssssssssssssns 635
TO.T SUMMATY ..ottt ettt e e e st e e st eesebeeenaeesnnaeeensneesnneeenanes 635
10.2 CONCIUSIONS ..ttt ettt sttt et sae ettt e sbeenbeennes 640
Appendix A. Design Drawings for Phase 1 Test Specimen and Setup..........cc.ceu.... 644
Appendix B. Design Drawings for Phase 2 Test Specimen and Setup..........cceeuu.... 680
Appendix C. Calculations for Numerical Model Settings ........cccceeeeerveecsuerseecsancnne 704
Appendix D. Quality Check for Shake Table Tests 732
Appendix E. Force Recovery of BRBs for Shake Table Tests........cccceeevuercuensuncnnee 751
Appendix F. Description of Prototype Structure..........ccccceecsvercsssencsssercssercssnnncsenns 758
REFERENCES.......ucoiiiiiiininnicninnissicssissesssessssssssssessssssssssesssssssssssssssssssssesssssssssans 762

viil



LIST OF FIGURES

Figure 1.1 (a) Collectors in a Floor Diaphragm; and (b) Collector Actions (Sabelli et al.

20T 1) ettt ettt ettt 5
Figure 1.2 Collapse of CTV Building in 2011 Christchurch, New Zealand earthquake
(Royal CommiSsion 2012) ......cccuieiiieiiiieiieeieeieeeie et eeee et ereereeeereeseeseseesseessseeneeas 5
Figure 1.3 Collector Line and Axial Force Diagram (Anshul et al. 2018) ........cccccoeeunneee. 5
Figure 1.4 Typical Collector-to-Column Connections (Courtesy of The Herrick
COTPOTALION) c.eeeteete ettt ettt ettt et b e ettt ettt sb et e e sbeenteeaeenaeenees 6
Figure 1.5 TFW Collector Connection with Slotted Holes (Courtesy of The Herrick
COTPOTALION) «.eeeteeie ettt ettt et b e ettt et st sb et et nbe et eaeenaeenees 7
Figure 1.6 Bolted Flange Plate Collector Connection (Courtesy of The Herrick
COTPOTALION) c.eeeteete ettt ettt ettt ettt et et sb et et e sbeeteeaeenaeenees 7
Figure 1.7 Double Shear Tab Collector Connection (Courtesy of The Herrick
COTPOTALION) «.eeteete ettt ettt ettt ettt ettt e bt et sb et e et e sbeeteeaeenaeenees 7
Figure 1.8 Seismic Design Force and Diaphragm Design Force...........cocoevieeiieniiennnnnn. 21

Figure 1.9 Comparison between (a) Seismic Design Force and (b) Conventional and

Alternative Diaphragm Design Forces (Anshul et al. 2018).......c.cccevieviiiinnnenen. 21
Figure 1.10 (a) UCB Test Setup, and Moment-Rotation Responses of (b) Bare Steel and
(c) Composite Shear Tab Connections (Liu and Astaneh-Asl 2000; 2004) ............. 21
Figure 1.11 Moment-Rotation Model for Composite Shear Tab Connection (Liu and
AStANEH-AST 2004) .....oiiiieiieeieeeeee ettt et be e taeebeenaae e 22
Figure 1.12 (a) Depth of Bolt Group, and (b) Rotational Stiffness versus Depth of Bolt
Group Relationships for Shear Tab Connections (FEMA 2000)........ccccccceveeiennee 22
Figure 1.13 Beam-Truss Model (Lu and Panagiotou 2013) .........cccceeviiniiiiiiniiieiens 23
Figure 1.14 Plane Truss Model for Roof Diaphragm (Tremblay et al. 2004) .................. 23
Figure 2.1 Concept for Floor Acceleration Simulation Testing ..........ccccceveevierienenniennne 36

Figure 2.2 Mathematical Model of a SDOF System Subjected to a Ground Motion....... 36

Figure 2.3 Example Structure and Analytical Models for Numerical Verification of
Proposed Testing MethodolOgy .........cccvieiiiiiiiiieiieiieie e 37

Figure 2.4 Time History Analysis Results on Floor Accelerations for (a) Prototype, (b)
Specimen Models, and (c) Comparison of Target and Achieved Accelerations...... 38

X



Figure 2.5 Frame Analysis of Pin-based Moment Resisting Frame..............c.cccceeceeneenn. 38

Figure 2.6 Analysis Results on Collector-to-Column Joint Rotations for (a) Prototype, (b)
Specimen Models, and (c) Comparison of Results between two Models................. 39

Figure 2.7 (a) Revised Specimen Configuration: (b) Frame Analysis of L-shaped Frame,

and (c) Associated Deformed Shape..........cccoviiiiiiiiiiiiiiie e 39
Figure 2.8 Comparison between (a) Prototype and (b) Revised Specimen Models, (c)
Collector Connection Rotations, and (d) Floor Accelerations...........c.ccceeueevveennennne. 40
Figure 3.1 Phase 1 Test Building: OVEIrVIEW .......cc.eievviieriiiieniie et 47
Figure 3.2 Phase 1 Test Building: Collector-to-Column Connections in Frame S (Deck
Perpendicular to COlLECLOTS) .....ccuieuiiriieiieeiieeieeeee ettt ettt e seve s e eaneens 48
Figure 3.3 Phase 1 Test Building: Collector-to-Column Connections in Frame N (Deck
Parallel t0 COIIECLOTS) ....viiriiiiieiieeiieite et eeiee ettt e e te e ereesaeeeve e teeesbeessaeensaesaneens 49
Figure 3.4 Phase 1 Test Building: Composite Cross Sections of Collectors.................... 50
Figure 3.5 Phase 1 Test Building: Transverse Beam-to-Column Connections ................ 50
Figure 3.6 Phase 1 Test Building: Beam-to-Beam Connections .........c..ccccceverveneeneennnene 51
Figure 3.7 Phase 1 Test Building: Pin-Support ...........ccceeviieviieriienieiieeieeeecee e 51
Figure 3.8 Phase 1 Test Building: RC Footing 1 (for Cantilever Columns)..................... 52
Figure 3.9 Phase 1 Test Building: RC Footings 2 and 3 (for Gravity Columns )............. 53

Figure 3.10 Phase 1 Test Building (without Added Mass) Assembled on Shake Table .. 54

Figure 3.11 All Flange Weld (AFW) CONNECLION ......eeeevieiieeiieiieeieeiieeie e e eseee e 55
Figure 3.12 Top Flange Weld (TFW) CONNEctions ..........cccueevereenierieneeneenieneeneeneennens 55
Figure 3.13 Bolted Web (BW) CONNECIONS.......ccueeriieriieiiieiieeieeriee e eiieeeveeseeeeveesaeanns 56
Figure 3.14 Pin-support for Gravity COIUMN.........ccccerviiriiriiriiinienecieeiceeeieeeeeeeee 56
Figure 3.15 Phase 1 TeSt SEUP.....ccuieruiieiieiiieieeeie ettt ettt et et eveessaeeavaens 59
Figure 3.16 Additional Weight Layout for Phase 1 Test.......ccccoceeveriiniiininiiniiniiicnns 60
Figure 3.17 Clamping of Additional Weight ............ccceeiiriiiiiiieiiieiieiecieeie e 61
Figure 3.18 Construction Test Building and Setup..........ccccceevieieviieeciiieeieeeee e, 62



Figure 3.19 Photos of Phase 1 Test Setup........cccoeeviriiniiiiiniiniciciiceceecsecie e 64

Figure 3.20 Node Designations and Nodal Weights............cccccoeviiiviiiniinciiiniecieeee e 75
Figure 3.21 Beam Designations ........cc.ceecuieriieriienieeiiesie ettt ettt seee st e seee e 75
Figure 3.22 A1ea WeIghtS .....coouiiiiiiiiieieeeeee et 76
Figure 3.23 Tributary Seismic Weights at 2™ FlOOT ..........c.cccevevuevevreereeeniereeeessee e 76
Figure 3.24 Seismic Weights Tributary to Each Span of Collector Lines........................ 77

Figure 3.25 Linear Seismic Weights Tributary to (a) North and (b)South Collector Lines
................................................................................................................................... 77

Figure 3.26 Shear Force Flows Acting along Collector Lines due to (a) Positive and (b)
Negative FIoor ACCELErations .........cccueevuieeiieiieiiieiieeie ettt sve e eveeneees 78

Figure 3.27 Comparison of Floor Plans in (a) Prototype Structure and (b) Test Specimen

................................................................................................................................... 83
Figure 3.28 Comparison of Collector Sections in (a) Prototype Structure and (b) Test

N 151621141157 1 B PSRTSR 84
Figure 3.29 Types of Collector Buckling ...........ccccocveriiiiniininiiniinieicnecieeecsceee 103
Figure 3.30 L-shaped Frame Model Considered for Estimation of Specimen Lateral

SHETIIESS ..ttt s 103
Figure 3.31 Tributary Areas of Cantilever Columns ...........cccceeeveerieeieenienieeieereeneen 103
Figure 3.32 Instrumentation Plan for Phase 1 Test: Strain Gauge Layout ..................... 106

Figure 3.33 Instrumentation Plan for Phase 1 Test: Displacement Transducer Layout . 112

Figure 3.34 Instrumentation Plan for Phase 1 Test: String Potentiometer Layout......... 114
Figure 3.35 Instrumentation Plan for Phase 1 Test: Accelerometer Layout................... 117
Figure 3.36 Concrete Surface Strain Gauge ..........coceeveevierieneriienieneeienecie e 118
Figure 3.37 Displacement Transducers Installed at Steel Collector-to-Column Connection

................................................................................................................................. 118
Figure 3.38 Displacement Transducer Installed between Slab and Column................... 119
Figure 3.39 Displacement Transducers Installed at Gravity Column Pin-support......... 119
Figure 3.40 Displacement Transducer Installed between Slab and Collector ................ 120

X1



Figure 3.41 Displacement Transducers Installed at Cantilever Column Panel Zone ..... 120

Figure 3.42 Steel Coupon Stress-Strain CUIVES........c.eevveeieerieeiieenieereenieeeveesieeeveeenes 123
Figure 3.43 (a) Floor Plan and (b) 2-D Frame Model for Prototype Structure............... 130
Figure 3.44 Analytical Hysteresis Responses of Buckling-restrained Braces................ 130
Figure 3.45 Assignment of Gravity Loads to 2-D Frame Model for Prototype Structure
................................................................................................................................. 131
Figure 3.46 Assignment of Masses to 2-D Frame Model for Prototype Structure......... 131
Figure 3.47 Model Analysis Results for Prototype Model ...........cccceeevievieiciieniienneenen. 132
Figure 3.48 Input Motion Scaled to 100% Design Earthquake (DE) Level for Prototype
IMOET ...t 132
Figure 3.49 Results of Time History Analysis on Prototype Model at 20% Design
Earthqaule Level: FIoor ACCEIErations ...........cccueevveerieeiiienieeniieeie e eie e eve e 133
Figure 3.50 Results of Time History Analysis on Prototype Model at 20% Design
Earthqaule Level: Story Drift ANGIEs ......c.cooveviiiiiiiiiieiieeeceece e 135
Figure 3.51 Results of Time History Analysis on Prototype Model at 50% Design
Earthqaule Level: FIoor ACCEIErations ...........cccueevvieriieeiiienieeiieeieeiee e eiee e 136
Figure 3.52 Results of Time History Analysis on Prototype Model at 50% Design
Earthqaule Level: Story Drift ANGIEs ......c.cocveeiiiiiiiiiieiieeeeeece e 138
Figure 3.53 Results of Time History Analysis on Prototype Model at 100% Design
Earthqaule Level: FIoor ACCEIErations ...........cccueevvierieeiiienieeiieeie e e eree e 139
Figure 3.54 Results of Time History Analysis on Prototype Model at 100% Design
Earthqaule Level: Story Drift ANGIEs ......c.ccoveviiiiiiiiiieiieeeeeece e 141
Figure 3.55 Generation of Input Acceleration for Floor Acceleration Simulation Testing
................................................................................................................................. 142
Figure 3.56 Three Intensity Levels of (a) Time History Analyses on Prototype Model and
(b) Phase 1 Main Tests 0N SPECIMENS ......cceeevveeriieriieeiieiieeeeeieeeeeesreesaeeseeseneens 143
Figure 3.57 Sign Convention for Displacements and Inter-story Drift (Showing Positive
RESPOMNSES) ..ttt et et ettt e st esabee e et eeenabee e 164
Figure 3.58 Sign Convention for Member Forces (Showing Positive Responses)......... 164

Figure 3.59 (a) Sign Convention for Rotations (Showing Positive Responses) and
Measurements of Rotations at (b) Collector Connection and (¢) Pin-support........ 165

xii



Figure 3.60 Panel Zone: (a) Sign Convention of Rotation (Showing Positive Responses),
(b) Measurement of Shear Deformation, and (c) Positive Shear Deformation....... 166

Figure 3.61 (a) Determination of Member Force Diagrams for Base Shear Calculation;

and Measured Strain Profile in (b) Cantilever and (¢) Gravity Columns................ 167
Figure 3.62 Collectors in Frame N: (a) Cross Section Profile, (b) Composite Section
Considered, and (c) Fiber Section Used for Member Forces Recovery ................. 168
Figure 3.63 Collectors in Frame S: (a) Cross Section Profile, (b) Composite Section
Considered, and (c) Fiber Section Used for Member Forces Recovery ................. 168
Figure 3.64 Effective Concrete Slab Widths Considered for Collector Member Force
RECOVEIY ittt ettt e et e et esnsbeeeaaeesnnnee e 169
Figure 3.65 (a) Instrumented Sections at Collector Ends and (b) Strain Gauge Layout, (¢)
Assumed Strain Profile, and (d) Assignment of Strains to Fiber Section............... 170
Figure 3.66 (a) Instrumented Sections within Collector Spans and (b) Gauge Layout, (c)
Assumed Strain Profile, and (d) Assignment of Strains to Fiber Section............... 171
Figure 3.67 Constitutive Models for Concrete Slab .........cccoccevveniiiiniiniininicnicenne. 172
Figure 4.1 Impute Table Motion for (a) White Noise and (b) Impulse Tests................. 176

Figure 4.2 Variations of Measured (a) 1* mode frequency and (b) Damping Ratio ...... 176

Figure 4.3 Phase-1 White Noise Test ReSults.........ccceevieeiiiniiniiiiiicicceecieeeeeeen 177
Figure 4.4 Phase-1 Impulse Test ReSUltS.......cccuoeiiiiiieiiiiiiiieeeeeeee e 177
Figure 4.5 Phase 1 Tests: Measured Table Accelerations ..........c.cccceeeeveerieecieeneeeneennen. 178
Figure 4.6 Phase 1 Tests: Floor Acceleration Time HiStories ..........coceeveerieenieennennen. 179
Figure 4.7 Phase 1 Tests: Story Drift Angle Time HiStories ..........cccoeevverierciienieenneenen. 180
Figure 4.8 Phase 1 Tests: Base Shear versus Story Drift Relationships..........ccccceueeee. 181

Figure 4.9 Ground Motion (100% DE Level) for Analysis on 12F-SDII Building........ 186

Figure 4.10 Predicted 5™ Floor Acceleration Responses (100% DE Level) of 12F-SDII

BUILAINE. ..ottt ettt et e et eebeeeabeesbeessseenneas 186
Figure 4.11 Scaled 5™ Floor Acceleration of 12F-SDII Building (Target Floor

Acceleration for Test 1-3 of 0.5-Scale Model) .......cccceeuvvieiiiieiiiiciieeeceee, 186
Figure 4.12 Test 1-3: (a) Target and (b) Measured Input Accelerations ........................ 187

xiii



Figure 4.13 Test 1-3: (a) Target and (b) Measured Floor Accelerations........................ 187
Figure 4.14 Test 1-3: Comparison between Measured and Target Input Accelerations 188
Figure 4.15 Test 1-3: Comparison between Measured and Target Floor Accelerations 188

Figure 4.16 Test 1-3: Measured/Target Spectral Amplifications for Input and Output
ACCRIETALIONS. ....uvieeeiiieeiee ettt ettt et e et e e et e e s beeesabeeesabeeeeaseeeaaeeesseeennseeenneeas 189

Figure 4.17 Test 1-3: Output/Input Spectral Amplifications for Target and Measured
ACCRIETALIONS. ...ttt ettt ettt ettt et e st e s e et e e naeeenee 189

Figure 4.18 Test 1-3: Time Histories of (a) Floor Acceleration, (b) Story Drift Angle, and

(€) BASE SREAT ...ttt 193
Figure 4.19 Test 1-3: Comparison of Base Shears Determined from Two Methods ..... 194
Figure 4.20 Test 1-3: Base Shear versus Story Drift Angle Relationship ..................... 194
Figure 4.21 Test 1-3: Slips between Concrete Slab and Steel Collector Beams ............ 195

Figure 4.22 Test 1-3: Time Histories of Story Shears Taken by Columns and Diagonal
BIACES ...ttt 196

Figure 4.23 Test 1-3: Story Shears Taken by Members versus Total Story Shear
ReEIAtIONSIIPS ....viiiiieiieciieeieece ettt et b e et eeebeesbeessaeenneas 197

Figure 4.24 Test 1-3: Bending Moment Diagrams in Columns at Peak Positive
ACCEIETALION ..ottt ettt 198

Figure 4.25 Test 1-3: Bending Moment Diagrams in Columns at Peak Negative
ACCEIETALION ..ottt ettt 199

Figure 4.26 Test 1-3: Axial Force Diagrams in Columns at Peak Positive Acceleration200

Figure 4.27 Test 1-3: Axial Force Diagrams in Columns at Peak Negative Acceleration

................................................................................................................................. 201
Figure 4.28 Test 1-3: Strain Profiles of Collector 1 (2™ FIOOT)........ccccevevevereereererrennne. 209
Figure 4.29 Test 1-3: Strain Profiles of Collector 2 (2" FIOOT)........cccocevevevreereverercennnn. 210
Figure 4.30 Test 1-3: Strain Profiles of Collectors 3 and 4 (2" F10OT) ........ccccevvernee... 211
Figure 4.31 Test 1-3: Strain Profiles near Collector-to-Column Connections (2" Floor)

................................................................................................................................. 212
Figure 4.32 Effective Collector Sections near (a) AFW; (b) TFW; and (¢) BW

Connections (Frame N .........cooouiiiiiiiiiiiecec et 213

X1V



Figure 4.33 Effective Collector Sections near (a) AFW; (b) TFW; and (c) BW
Connections (Frame S) ......c.oooiiiioiiiieieeee e 214

Figure 4.34 Test 1-3: Assumed Strain Profiles for Force Recovery of Collector 1 (2™

FLOOT) e et e et e e e et e e et e e e aa e e etaeeeetaeeeraeens 215
Figure 4.35 Test 1-3: Assumed Strain Profiles for Force Recovery of Collector 2 (2™
FLOOT) ettt et e et e et eeeat e e etaeeeetaeeeraeens 216
Figure 4.36 Test 1-3: Assumed Strain Profiles for Force Recovery near Collector-to-
Column Connections (27 FLOOT)........c.ceeueueeeeeeeeeeeeeeeeeeeeee s 217
Figure 4.37 Test 1-3: Fiber Section Strain Profiles of Collector 1 (2 Floor)............... 218
Figure 4.38 Test 1-3: Fiber Section Strain Profiles of Collector 2 (2™ Floor)................ 219
Figure 4.39 Test 1-3: Fiber Section Strain Profiles near Collector-to-Column Connections
(279 FLOOT) .ttt ettt tenans 220
Figure 4.40 Test 1-3: Fiber Section Stress Profiles of Collector 1 (2 Floor)............... 221
Figure 4.41 Test 1-3: Fiber Section Stress Profiles of Collector 2 (2™ Floor)................ 222

Figure 4.42 Test 1-3: Fiber Section Stress Profiles near Collector-to-Column Connections
(29 FLOOT) . vttt bbbt 223

Figure 4.43 Test 1-3: Distribution of Axial Forces in Fibers of Collector 1 (2" Floor) 224
Figure 4.44 Test 1-3: Distribution of Axial Forces in Fibers of Collector 2 (2" Floor) 225

Figure 4.45 Test 1-3: Distribution of Axial Forces in Fibers near Collector-to-Column
CONNECIONS (27 FLOOT)........vveeeeeeeeeeeeeeee et n s 226

Figure 4.46 Test 1-3: Axial Force Diagrams along Collector Lines at Positive Peak
ACCEIETALION ..ottt ettt 236

Figure 4.47 Test 1-3: Moment Diagrams along Collector Lines at Positive Peak
ACCEIETALION ..ottt sttt s 236

Figure 4.48 Test 1-3: Axial Force Diagrams along Collector Lines at Negative Peak
ACCEIETALION ..ottt ettt 237

Figure 4.49 Test 1-3: Moment Diagrams along Collector Lines at Negative Peak
ACCEIETALION ...ttt sttt ettt sat et et st e b et 237

Figure 4.50 Test 1-3: Comparison of Axial Forces Taken by Composite of Bare Steel
Sections of Collectors at Positive Peak Acceleration .............cceceeviieiiiiniieninennnne 238

XV



Figure 4.51 Test 1-3: Comparison of Moments Taken by Composite of Bare Steel
Sections of Collectors at Positive Peak Acceleration ...........cccceceeeveeveicnicncnennen. 238

Figure 4.52 Test 1-3: Comparison of Axial Forces Taken by Composite of Bare Steel
Sections of Collectors at Negative Peak Acceleration...........cceccveeiieviiecciieneennnnns 239

Figure 4.53 Test 1-3: Comparison of Moments Taken by Composite of Bare Steel
Sections of Collectors at Negative Peak Acceleration...........c.ccceevevieviieeciiennennnnns 239

Figure 4.54 Test 1-3: Comparison of Column Shear and Collector Axial Forces Taken by
(a) Composite Section and (b) Bare Steel Section near Column N1 Top End ....... 240

Figure 4.55 Test 1-3: Comparison of Column Shear and Collector Axial Forces Taken by
(a) Composite Section and (b) Bare Steel Section near Column S1 Top End........ 240

Figure 4.56 Test 1-3: Comparison of Column Moment and Collector Column Taken by
(a) Composite Section and (b) Bare Steel Section at Column N1 Top End............ 241

Figure 4.57 Test 1-3: Comparison of Column Moment and Collector Column Taken by
(a) Composite Section and (b) Bare Steel Section at Column S1 Top End............ 241

Figure 4.58 Test 1-3: Collector End Rotation versus Story Drift Angle Relationships . 246

Figure 4.59 Test 1-3: Moment versus Rotation Relationships of Collector-to-Column
CONMECTIONS. ...ttt ettt ettt ettt et e et e bt e eabe e st e eabeebeesabeeseesnneeseesnsaans 247

Figure 4.60 Test 1-3: Estimated Stiffnesses for Moment versus Rotation Relationships of
Collector-to-Column CONNECHIONS ........ccueeuieriiieiieiie ettt 248

Figure 4.61 Test 1-3: Panel Zone Shear Deformation versus Story Drift in Columns (a)

NTANA (D) ST ottt et ettt et e e e enbeeeees 250
Figure 4.62 Test 1-3: Moment versus Shear Deformation Relationships of Panel Zones in
Columns (2) NT and (D) ST ....eiiiiie e 250
Figure 5.1 Configuration of BT-Seires Model..........c.cccoeviiiiiiniiiiiiiiciiecie e 253
Figure 5.2 Configuration of MS-Series Model..........cccceceriininiiniininiiiiienicncceen 253
Figure 5.3 Node Layout of Floor Diaghram for BT Model...........ccccoeveiieniiieniennnnnen. 258

Figure 5.4 Layouts of Floor Beams, Slab Beams and Slab Trusses for BT Model........ 258

Figure 5.5 Schematic Description of Modeling of Composite Floor Diaphragm (BT
Model used as an EXample) ........ccccviieiiiiiiiiieiiiie et 259

Figure 5.6 Node Layout of Floor Diaghram for Modidied Strip (MS) Model ............... 260

Figure 5.7 Layouts of Floor Beams and Slab Trusses for Modidied Strip (MS) Model 260

Xvi



Figure 5.8 Distributitions of Lumped Nodal Masses in BT Model and MS Model....... 261

Figure 5.9 Composite Sections for Collector Modeling...........coceeeeveerveeciieneeenieenineennen. 264
Figure 5.10 Composite Sections for Longitudinal Beam Modeling (with Cross Sections of
Added RC BIOCK) ..ottt ettt e e e saeennees 265
Figure 5.11 Composite Sections Transverse Beam Modeling (with Cross Sections of
Added RC BIOCK) ..ot 266
Figure 5.12 Modeling of Logitudinal Frames for Series-1 Models........c..ccccceeuervenenne. 270
Figure 5.13 Modeling of Logitudinal Frames for Series-2 Models...........cccceevuevrenennee. 270
Figure 5.14 Panel Zone for Three Types of Collector Connections...........cccceeveevenneenne. 272
Figure 5.15 Model BT-2: M0de Shapes ........ccceevieiiierieeiieieeieeeeeereesee e 2717

Figure 5.16 Model BT-2: Comparison of Experimental and Analytical Floor
ACCEIETALIONS. ...ttt sttt ettt s 280

Figure 5.17 Model BT-2: Comparison of Experimental and Analytical Story Drift Angles
................................................................................................................................. 280

Figure 5.18 Model BT-2: Comparison of Experimental and Analytical Vertical
Accelerations at Mid-span of East Chord ...........ccceevvveiiienieiiiiniecceeceee e 281

Figure 5.19 Model BT-2: (a) Experimantal and (b) Analytical Reuslts on Vertical
Acceleration at East Chord versus Horizontal Floor Acceleration Relationships .. 281

Figure 5.20 Model BT-2: Comparison of Experimental and Analytical Results on Base
Shear versus Story Drift Relationships ..........ccccevviiiviiiiiieiieniieiecieciceeee e 282

Figure 5.21 Model BT-2: Experimental and Analytical Results on Relationships of Story
Shears Taken by Members versus Total Story Shear (Frame N)............cccoeevvennnn. 282

Figure 5.22 Model BT-2: Comparison of Experimental and Analytical Results on
Collector Forces (at Positive Peak Acceleration) .........cccoeceeevveerieeciienieecieenieeieene 284

Figure 5.23 Model BT-2: Comparison of Experimental and Analytical Results on

Collector Forces (at Negative Peak Acceleration)..........ccccueeveveeeiieenciieeniieenineens 285
Figure 5.24 Model BT-2: Stress versus Strain Responses of Selected Slab Truss Elements
................................................................................................................................. 292
Figure 5.25 Model BT-2: Slab Shear Flows along Collector Lines ............cccccveevuvenneee. 293

Figure 5.26 Tributary Areas for Collectors Assuming Inertial Force Transmitted through
Compression Field of Concrete S1ab .........ccooovveeiiieeiiieeiiececeeeeeeee e 294



Figure 5.27 Model BT-2: Slab Shear Taken by Various Components at Positive Peak
ACCEIETALION ..ottt ettt s 295

Figure 5.28 Model BT-2: Slab Shear Taken by Various Components at Negative Peak

ACCEIETALION ...ttt ettt 296
Figure 5.29 Model BT-2: Member Forces Acting at North AFW Connection .............. 297
Figure 5.30 Model BT-2: Member Forces Acting at South AFW Connection .............. 297

Figure 5.31 Comparison of Analytical Results from Diffrenet Models: Floor
ACCEIETALIONS. ...ttt ettt ettt s 301

Figure 5.32 Comparison of Analytical Results from Diffrenet Models: Story Drift Angle
................................................................................................................................. 302

Figure 5.33 Comparison of Analytical Results from Diffrenet Models: Collector Axial
FOTCR ettt s 303

Figure 5.34 Comparison of Analytical Results from Diffrenet Models: Slab Shear Flow
Along ColleCtOr LINES ......ccuviiiiiiiieiiieiiecieeie ettt ebe e ereesnne e 304

Figure 5.35 Component-Based Spring Models for Collector-to-Column Connections
under Positive BeNding ...........coooiieiiiiiiiiniieeieciiece e 318

Figure 5.36 Component-Based Spring Models for Collector-to-Column Connections
under Negative BENdINg ........cceeviieiiiiiiieiiieeie ettt 318

Figure 5.37 (a) Bolted Joint Hysteresis; (b) Free-body Diagrams; and (3) Loading Time
History (Ma and Bocchini 2019) .....c..ooviiiiiiiiieiieieceee e 319

Figure 5.38 Upper-Bound and Lower-Bound Stiffnesses for Bolt Element Spring in
Componet-Based Spring Model for Collector-to-Column Connections using....... 319

Figure 5.39 Various Deformations of a Bearing-type Shear Tab Bolted Connection in
TOISION ...ttt ettt ettt 320

Figure 5.40 Various Deformations a Bearing-type Shear Tab Bolted Connection in
COMPIESSION ..eeviieiiieeeiiieeeireeeteeesteeesiteeessteeeereeesseeasseesssseesssseesssneessseeessseessseesnns 320

Figure 5.41 Rotational Springs in Series for Estimating Postive Bending Stiffness of
Instrumented Regions at Collector ConNections............cceeecveereeerieeneeeiieeneeeieenenn. 321

Figure 5.42 Rotational Springs in Series for Estimating Negative Bending Stiffness of
Instrumented Regions at Collector ConnNections............cceeecveereeeieeniveecieereeeneenenn. 321

Figure 5.43 Comparison of Experimental and Predicted Moment versus Rotation
Relations for Collector Connections (Test 1-3) .....cccoovviieiiiieiiiiiiieeceeecee e, 324

Xviil



Figure 5.44 Proposed Portal Method for a Frame with Collectors and Beam-to-Column
Assemblies for Lateral Stiffness Estimation (Taking Specimen for Example)...... 336

Figure 5.45 L-shaped Frame Model...........ccccoooiiiiiiiiiiiiii e 337
Figure 5.46 Lateral Deflection Components of Topmost-Story Interior Beam-to-Column
Assembly with Semi-Rigid Connections ............coceeveevierienerieneenenieneeceeeneeenee 337
Figure 5.47 Lateral Deflection Components of Topmost-Story Exterior Beam-to-Column
Assembly with Semi-Rigid Connections ............coceeveevieriineriieneenenieneerceeneenee 337
Figure 5.48 Story Shears Taken by Members versus Story Drift Relationships............ 338

Figure 5.49 Parametric Study on Effective Slab Width in Compression near AFW
COMMNECTIONS vttt ettt ettt ettt ettt ettt et et s bt et e e sae e bt e sbeesbeennesae e 346

Figure 5.50 Parametric Study on Effective Slab Width in Tension near AFW connections
................................................................................................................................. 347

Figure 5.51 Distribution Pattern of Effective Width Coefficients in an Equivalent Span
(Zhu et @l. 2015) it 348

Figure 5.52 Comparison of Constant and Varying Effective Slab Widths along Collector
LIS ettt 348

Figure 5.53 Comparison of Collector Axial Forces Obtained from Constant and Varying
Effective Slab Widths (at Postive Peak Acceleration)...........cccceeeveeviveriienieenneennen. 349

Figure 5.54 Comparison of Collector Axial Forces Obtained from Constant and Varying
Effective Slab Widths (at Negative Peak Acceleration).........c.ccecveeviveriienieenneenen. 349

Figure 5.55 Comparison of Collector Bending Moments Obtained from Constant and
Varying Effective Slab Widths (at Postive Peak Acceleration)............cccccecvvennennee. 350

Figure 5.56 Comparison of Collector Bending Moments Obtained from Constant and
Varying Effective Slab Widths (at Negative Peak Acceleration)..............ccoccu..... 350

Figure 5.57 Determination of Averaged Slab Shear Flow Acting along Collector Line 362

Figure 5.58 (a) Conventional Method and (b) Proposed Impoved Method for Estimating
Collector Axial Force and Associated Axial Force Diagram Patterns.................... 362

Figure 5.59 Comparison of Collector Axial Forces Obtained from Experiment, Dynamic

Analysis and Approximation Methods (at Postive Peak Acceleration).................. 363
Figure 5.60 Comparison of Collector Axial Forces Obtained from Experiment, Dyanmic

Analysis and Approximation Methods (at Negative Peak Acceleration)............... 363
Figure 5.61 Model Planar-BT ..........ccccioiiiiiiiiiiieiieeieeieee ettt 364

X1X



Figure 5.62 Model Planar-MS .........c.cooiiiiiiiniiieeeee et 364

Figure 5.63 Model Planar-Panel .............ccooviiiiiiiiiiiiiieciececeeeeee e 364
Figure 5.64 Comparison of Collector Axial Forces Obtained from Experiment and Static
Analyses on Planar Model Models .........ccccooiieiiiniiiiieiieeiiceeee e 365
Figure 6.1 Phase 2 Test Building: Roof and Floor Plans............ccccccoviiiiiiniinnnnnen. 370
Figure 6.2 Phase 2 Test Building: Elevations...........cccccceeriieiiiiniieiienie e 371

Figure 6.3 Phase 2 Test Building: Roof Collector-to-Column Connections (Frame S). 373

Figure 6.4 Phase 2 Test Building: Roof Collector-to-Column Connections at Column 4

................................................................................................................................. 374
Figure 6.5 Phase 2 Test Building: Transvers Beam-to-Column Connections................ 374
Figure 6.6 Phase 2 Test Building: Beam-to-Beam Connections ............cccceeevvereennenne. 375
Figure 6.7 Phase 2 Test Building: Column Splices .........ccccevvviiiriieeiiieinieeeiieeeieeee 375
Figure 6.8 Erection of Second Story Frames.........c.cccoceeveriiniiiinicniiicnicecieeeceeen 376
Figure 6.9 Installation of Roof Metal DeckK..........cccocveviieiiiiiiiiiiiecece e 376
Figure 6.10 Phase 2 Test Setup and Added Weight Layout ............cccceveriiniininicnennne. 378
Figure 6.11 Stopper Layout on Roof Level .........cccooovieiiiniiiiiiiiciiiececceeeee e 379
Figure 6.12 Added Weight Installation Details (on Roof Level)........cccccocevervinicnenne. 380
Figure 6.13 Placement of Added Mass Steel Plates ..........ccocveeeiieriiecieenieeieecieeeeee. 381
Figure 6.14 Shim Plates between Added Mass Plates and Stoppers ..........ccccecevvenenee. 381
Figure 6.15 Photos of Phase 2B Test SPeCIimen .........ccceevvieeiieiiierieeieenieeieeiee e 382
Figure 6.16 Node Designations and Nodal Weights at Roof Level...........cccccoceveenenne. 398
Figure 6.17 Beam Designations at Roof Level........cccccoveiiieiiiiniiiiiieeee 398
Figure 6.18 Area Weights at Roof Level (Phase 2B) ......ccccoooiiiiiiiiiiiiiiiieeeeee, 399
Figure 6.19 Tributary Seismic Weights at Roof Level (Phase 2B) ........cccccecvveevveenennen. 399

Figure 6.20 Seismic Weights Tributary to Each Span of Roof Collector Lines (Phase 2B)
................................................................................................................................. 400

XX



Figure 6.21 Linear Seismic Weights Tributary to (a) North and (b) South Roof Collector

Lines (Phase 2B) ....cccuiiiiiiiieieeieeee ettt ettt et et saeeaneas 400
Figure 6.22 Shear Forces between Slab and Roof Collectors due to..........ccccevuevveneenne. 401
Figure 6.23 Instrumentation Plan for Phase 2 Test.........cccceeeiiriieniiniieiieeieeeeeeeneen 404
Figure 6.24 Steel Tensile Coupon Stress-Strain CUIVES.......ccccoveveereeeieneenieniieneenieenes 423

Figure 6.25 Seven Measured Roof Accelerations and Associated Tributary Area and
WRIZILS ..ottt ettt et h e sttt e e ebe e bt e enbeebeesaeean 432

Figure 6.26 Six Measured 2" Floor Accelerations and Associated Tributary Area and
WRIZIES ..ottt ettt et e st et e et e e bt e enbe e beesaeean 432

Figure 6.27 (a) Measured Strain Response Near 2™ Floor AFW Connection and (b)
Hysteretic Responses Predicted by Giuffré-Menegotto-Pinto (GMP) Model......... 433

Figure 6.28 (a) Measured Strain Response Near Roof AFW Connection and (b)
Hysteretic Responses Predicted by Giuffré-Menegotto-Pinto (GMP) Model......... 433

Figure 6.29 (a) Measured Strain Responses on Concrete Slab and (b) Constitutive Models
Used for Predicting Associated Stress RESPOnSe........ccuevvevveerierieneenienienieiennne 433

Figure 7.1 Impute Table Motion for (a) White Noise and (b) Impulse Tests in Phase 2 437
Figure 7.2 Variations of Measured (a) 1* Mode Frequency and (b) Damping Ratio..... 437
Figure 7.3 Phase 2A White Noise Test ReSults ........ccoocveviieiiiiiieiieniiciecie e 438
Figure 7.4 Phase 2A Impulse Test ReSUILS ........ooceeiiiiiiiiiiiiiiceeee e 439

Figure 7.5 Measured Table Accelerations and Response Spectra for Phase 2A Tests... 440

Figure 7.6 Measured Table Acceleration for Phase 2A Testing..........ccceeveevieencenneenen. 441
Figure 7.7 Floor Acceleration Responses for Phase 2A Testing .........c.cccceeveveereveeeneennen. 442
Figure 7.8 Story Drift Angle Responses for Phase 2A Testing ..........ccccevevevvinenieneenne. 442
Figure 7.9 Story Shear Responses for Phase 2A Testing..........ccceeevvevieeciienieecieeninennnenn 443

Figure 7.10 Comparison of Story Shear Measured from Two Methods for Phase 2A Tests
................................................................................................................................. 443

Figure 7.11 Story Shear versus Story Drift Angle Responses for Phase 2A Tests......... 444

Figure 7.12 Yielding of Bottom Flange at 2" Floor AFW Connections (after Phase 2A
TESHINZ) «eveeeetie ettt ettt ettt e e e e et e e et e e et e e sbeeesaee e sbee e saeeensseesnsaeeensaeennnneeans 444

Xx1



Figure 7.13 Variations of Measured (a) 1 Mode f=Frequency and (b) Damping Ratio 448
Figure 7.14 Phase 2B White Noise Test ReSults .........cccveeeiieriiiiiinieeiieiecieceeeeeeen 449
Figure 7.15 Phase 2B Impulse Test ReSults.........cccoooieiiiiiiiiiiiiiiceeeceeeeeee, 451

Figure 7.16 Measured Table Accelerations and Response Spectra for Phase 2B Tests. 452

Figure 7.17 Measured Table Acceleration for Phase 2B Testing..........cccccceceeveennennen. 453
Figure 7.18 Floor Acceleration Responses for Phase 2B Testing ...........ccccccveeevvennnennnen. 454
Figure 7.19 Story Drift Angle Responses for Phase 2B Testing ........cccccecevveveniennenne. 454
Figure 7.20 Story Shear Responses for Phase 2B TeSting.........cccocveeevveeeiiienciieenieeenne, 455

Figure 7.21 Comparison of Story Shear Measured from Two Methods for Phase 2B Tests
................................................................................................................................. 455

Figure 7.22 Story Shear versus Story Drift Angle Responses for Phase 2B Tests......... 456

Figure 7.23 After Test 2B-3: Slight Yielding of Bottom Flange at Roof AFW
CONNECTIONS. ...ttt ettt ettt ettt et et e et e bt eeab e e st e enbeebeesabeebeesnaeenseesnseans 457

Figure 7.24 After Test 2B-3: Bolt Slippage at Roof West-Side TFW Connections....... 457
Figure 7.25 After Test 2B-3: Bolt Slippage at Roof East-Side TFW Connections........ 458

Figure 7.26 After Test 2B-3: Yielding of Bottom Flange at 2" Floor AFW Connections
................................................................................................................................. 458

Figure 7.27 After Test 2B-3: Bolt Slippage at 2" Floor West-Side TFW Connections 459
Figure 7.28 After Test 2B-3: Bolt Slippage at 2™ Floor East-Side TFW Connections.. 459

Figure 7.29 After Test 2B-3: Minor Flaking of Whitewash in Column Panel Zone of 2nd
F10Or TFW CONNECHIONS ....evvviniieiiiiiinieeienitenieeiteet ettt ettt 460

Figure 7.30 After Test 2B-3: Minor Flaking of Whitewash in Column Panel Zone of 2"
F10Or BW CONNECLIONS ....eeiiiiiiiiiiiiinieeienitenieeeeit ettt 460

Figure 7.31 After Test 2B-5: Mild Yielding of Bottom Flange at Roof AFW Connections
................................................................................................................................. 463

Figure 7.32 After Test 2B-5 Bolt Slippage at Roof West-Side TFW Connections........ 463
Figure 7.33 After Test 2B-5: Bolt Slippage at Roof East-Side TFW Connections......... 464

Figure 7.34 After Test 2B-5: Bolt Slippage at Roof West-Side BW Connections......... 464

xxii



Figure 7.35 After Test 2B-5: Yielding and Local Buckling of Bottom Flange at 2™ Floor
AFW Connection in South Frame.........c..cccooiiviiiriiiiiinininnncccccneeeee 465

Figure 7.36 After Test 2B-5: Yielding and Local Buckling of Bottom Flange at 2™ Floor
AFW Connection in North Frame.........c.ccocoooviniiiiiiiiininineecccnenene 466

Figure 7.37 After Test 2B-5: Bolt Slippage at 2™ Floor West-Side TFW Connections 467
Figure 7.38 After Test 2B-5: Bolt Slippage at 2™ Floor East-Side TFW Connections.. 467
Figure 7.39 After Test 2B-5: Bolt Slippage at 2™ Floor West-Side BW Connections .. 468

Figure 7.40 After Test 2B-5: Minor Flaking of Whitewash in Column Panel Zone of 2"

FL1oOT TEW CONNECLIONS ....veeuiieeiiieiiieiiiesiieeieeeite et ettt e site et e seee et esiteebeeseeeeaeeas 468
Figure 7.41 After Test 2B-5: Minor Flaking of Whitewash in Column Panel Zone of 2"
F1oOT BW CONNECHIONS ...cvtiiiiieiiieiiiieiiesiie ettt ettt st as 469
Figure 7.42 After Test 2B-5: Condition of Bottom End of Lateral Force-Resisting
COIUMIN ...ttt et et ettt et e st e et e sab e e bt e snaeeseesaeeens 469
Figure 7.43 After Test 2B-5: Cracking of Slab near Column Face at 2™ Floor BW
CONMECTIONS. ...ttt ettt ettt ettt et et e et e bt e et e e ateeabeebeesabeenseesnneeseesnnaans 469
Figure 7.44 Test 2B-5: Floor Acceleration Reponses..........cooccveeevveeinieeiniiennieeeieeenne, 473
Figure 7.45 Test 2B-5: Story Drift Angle Reponses.........cccccoeeverienieniniicneeneniceeenne. 473
Figure 7.46 Test 2B-5: Hysteresis RESpOnSes..........coevvveeriiieeiiiiniieeeieccieeeeiee e 474
Figure 7.47 Test 2B-5: Comparison of Story Shears Measured from Two Methods..... 474
Figure 7.48 Test 2B-5: Measured Roof Accelerations at Various Locations................. 475
Figure 7.49 Test 2B-5: Comparison of Roof Accelerations Measured at Various
LOCALIONS ...ttt 475
Figure 7.50 Test 2B-5: Measured 2™ Floor Accelerations at Various Locations........... 476

Figure 7.51 Test 2B-5: Comparison of 2" Floor Accelerations Measured at Various
LLOCAIONS ..ttt ettt ettt e st e st e et e et eeneeeaneas 476

Figure 7.52 Test 2B-5: Column Bending Moment Diagrams at Peak Positive Acceleration
................................................................................................................................. 477

Figure 7.53 Test 2B-5: Column Bending Moment Diagrams at Peak Negative
ACCEIETALION ...ttt 478

Figure 7.54 Test 2B-5: Column Axial Force Diagrams at Peak Positive Acceleration.. 479

xx1il



Figure 7.55 Test 2B-5: Column Axial Force Diagrams at Peak Negative Acceleration 480

Figure 7.56 Test 2B-5: Strain Profiles of North Roof Collector 1..........cccevvvierienenne. 487
Figure 7.57 Test 2B-5: Strain Profiles of 2" Floor Collector 1 Beams.......................... 487
Figure 7.58 Test 2B-5: Strain Profiles of North Roof Collector 2..........ccccoeviierienenne. 488
Figure 7.59 Test 2B-5: Strain Profiles of 2" Floor Collector 2............cccevevurvevruerenenens 488
Figure 7.60 Test 2B-5: Strain Profiles near North Roof Collector Connections............ 489
Figure 7.61 Test 2B-5: Strain Profiles near 2" Floor Collector Connections................ 489
Figure 7.62 Test 2B-5: Fiber Section Strain Profiles of North Roof Collector 1............ 490
Figure 7.63 Test 2B-5: Fiber Section Strain Profiles of 2™ Floor Collector 1 ............... 490
Figure 7.64 Test 2B-5: Fiber Section Strain Profiles of North Roof Collector 2............ 491
Figure 7.65 Test 2B-5: Fiber Section Strain Profiles of 2™ Floor Collector 2................ 491

Figure 7.66 Test 2B-5: Fiber Section Strain Profiles of Roof Collector Connections ... 492

Figure 7.67 Test 2B-5: Fiber Section Strain Profiles of 2™ Floor Collector Connections

Figure 7.68 Test 2B-5: Fiber Section Stress Profiles of Roof Collector Connections ... 493

Figure 7.69 Test 2B-5: Fiber Section Stress Profiles of 2™ Floor Collector Connections

Figure 7.70 Test 2B-5: Fiber Axial Force Profiles of Roof Collector Connections....... 494
Figure 7.71 Test 2B-5: Fiber Axial Force Profiles of 2™ Floor Collector Connections. 494

Figure 7.72 Test 2B-5: Axial Force Diagram along North Roof Collector Line at Positive
Peak Floor ACCEleration...........cccuieiuiieiieiiiiiieciie et 499

Figure 7.73 Test 2B-5: Axial Force Diagram along 2™ Floor Collector Lines at Positive
Peak Floor ACCELeration...........cocuieiuiieiiiiiieiieeiie et 499

Figure 7.74 Test 2B-5: Moment Diagram along North Roof Collector Line at Positive
Peak Floor ACCEleration...........cocueevuiieiiiiiieiiecie et 500

Figure 7.75 Test 2B-5: Moment Diagram along 2™ Floor Collector Lines at Positive Peak
F1OOT ACCEIETALION ...ttt st 500

XX1V



Figure 7.76 Test 2B-5: Axial Force Diagram along North Roof Collector Line at
Negative Peak Floor ACCeleration ...........cccueeeveevieeiiienieniienieeie e 501

Figure 7.77 Test 2B-5: Axial Force Diagram along 2™ Floor Collector Lines at Negative
Peak F1oor ACCEleration........c..coieuiriieieieiiiiniicieneeeceeeee e 501

Figure 7.78 Test 2B-5: Moment Diagram along North Roof Collector Line at Negative
Peak F1oor ACCEleration........c.coeeuirieiieieiiiiniinieneeie et 502

Figure 7.79 Test 2B-5: Moment Diagram along 2" Floor Collector Lines at Negative
Peak F1oor ACCEleration........c..coieuirieeieieiiiiniieienieeieceet e 502

Figure 7.80 Test 2B-5: Moment versus Rotation Responses of 2™ Floor Collector
CONNECLIONS. ...ttt ettt sttt st et b e e sae e 507

Figure 7.81 Test 2B-5: Moment versus Rotation Responses of Roof Collector
CONNECLIONS. ...ttt ettt st et e b e e sae e 508

Figure 7.82 Test 2B-5: Determination of Secant Stiffnesses for Moment versus Rotation
Relationships of Roof TFW Collector-to-Column Connections .............ccceueneene. 509

Figure 7.83 Test 2B-5: Determination of Secant Stiffnesses for Moment versus Rotation
Relationships of Roof BW Collector-to-Column Connections ............cccccveeveennee. 509

Figure 7.84 Test 2B-5: Determination of Secant Stiffnesses for Moment versus Rotation
Relationships of 2" Floor TFW Collector-to-Column Connections ...................... 510

Figure 7.85 Test 2B-5: Determination of Secant Stiffnesses for Moment versus Rotation
Relationships of 2" Floor BW Collector-to-Column Connections....................... 511

Figure 7.86 Test 2B-5: (a) Moment versus Rotation Relationship and (b) P-M Interaction
of North Roof AFW Collector CONNECtions ...........cceeeerueerieeieneenieniesiceneeeee s 512

Figure 7.87 After Test 2B-5: Yielding of Bottom Flange at North Roof AFW Collector-
t0-Column CONNECHION........ccuiviiriiriiriieiieiet ettt 512

Figure 7.88 Test 2B-5: (a) Moment-Rotation Relationship of Composite Section and (b)
P-M Interaction of Steel Section of North 2" Floor AFW Connection.................. 513

Figure 7.89 After Test 2B-5: Yielding and Local Buckling of Bottom Flange at North 2"
Floor AFW Collector-to-Column Connection ...........c.eecverveerieenieerieenieeieenneennnn 513

Figure 7.90 Test 2B-5: (a) Moment-Rotation Relationships of Composite Section and (b)
P-M Interaction of Steel Section of South 2" Floor AFW Connection ................. 514

Figure 7.91 After Test 2B-5: Yielding and Local Buckling of Bottom Flange at South 2"
Floor AFW Collector-to-Column Connection ...........c.eeceereeerieenieenieenieeieenneennen 514

XXV



Figure 7.92 Test 2B-5: Column Panel Zone Moment versus Shear Deformation

RESPONSES .ttt et e e e e e et e e e 515
Figure 8.1 Measured Slab Strains near 2™ Floor AFW Connections (Test 2A-5) ......... 519
Figure 8.2 Measured Slab Strains near 2" Floor AFW Connections (Test 2B-5) ......... 519
Figure 8.3 Measured Slab Strains near 2™ Floor TFW Connections (Test 2A-5).......... 520
Figure 8.4 Measured Slab Strains near 2" Floor TFW Connections (Test 2B-5).......... 520
Figure 8.5 Secant Stiffnesses for Semi-Rigid Collector-to-Column Connections ......... 535

Figure 8.6 Spring Models for (a) Composite and (b) Bare Steel Collector Connections 535

Figure 8.7 Approximation of Target Displacement of Bolted Joints in TFW Connections

................................................................................................................................. 536
Figure 8.8 Approximation of Target Displacement of Bolted Joints in BW Connections

................................................................................................................................. 536
Figure 8.9 Determination of Secant Stiffness of Bolted Joint.........c.ccoceeeeviriicniinenne. 536

Figure 8.10 Comparison of Experimental and Predicted Moment-Rotation Relations for
North Roof Collector Connections (Test 2B-5).....ccccocieriiiiieniieienieeieeeeeee 540

Figure 8.11 Comparison of Experimental and Predicted Moment-Rotation Relations for
2™ Floor Collector Connections (Test 2B-5).......c.ccoveueveveeeeeeererereseeeseseneseeeenenans 540

Figure 8.12 Proposed Portal Method for Topmost-Story Gravity Frame with Collectors
................................................................................................................................. 553

Figure 8.13 Assumed Collector Inflection Point Location Based on Connection Types 553

Figure 8.14 Proposed Lateral Load Analysis of Topmost-Story Gravity Frame with
COILECLOTS ..ttt 553

Figure 8.15 Deformation Configurations of Topmost-Story Interior Beam-to-Column
Subassembly with Semi-Rigid Connections............cceeeveeruieeieenieniiienieeieenee e 554

Figure 8.16 Deformation Configurations of Topmost-Story Exterior Beam-to-Column
Subassembly with Semi-Rigid Connections............ccceeeveeruieeieenieeciienieeieenre e 554

Figure 8.17 Deformation Configurations of Topmost-Story Interior Beam-to-Column
Subassembly with Rigid CONNECLIONS .......c.eeevieriieiiiiiniiieiierie et 555

Figure 8.18 Deformation Configurations of Topmost-Story Exterior Beam-to-Column
Subassembly with Rigid CONNECLIONS ......cc.eeevvieruieiiiiiniiieiierie et 555

XXVi



Figure 8.19 Proposed Portal Method for Determining Beam-to-Column Assemblies for
Estimating Lateral Stiffness of 2"-Story Gravity Columns ................cccccevevveveuncnn. 556

Figure 8.20 Test 2B-5: Story Shear Resisted by Members versus Story Drift for 2™ Story
COLUMNS ..ot 557

Figure 8.21 Test 2B-5: Story Shear Resisted by Members versus Story Drift for 1% Story
Columns and BIaCes ......c..coceveeiriiiiiiiinieniesien ettt 557

Figure 8.22 Test 2B-5: Story Shear Resisted by Members versus Total Story Shear for 2™
StOrY COIUMNS ....oeiiiieiiieiie ettt ettt e be e teeebeesbeeesbeeseeenseenneanns 558

Figure 8.23 Test 2B-5: Story Shear Resisted by Members versus Total Story Shear for 1%
Story Columns and BracCes...........cccueevieiieriieniieeie et ereesieesveesseeenaens 558

Figure 8.24 (a) Conventional and (b) Impoved Methods for Estimating Roof Collector
Axial Force in Specimen and Associated Axial Force Diagram Patterns............... 573

Figure 8.25 Comparison of Roof Collector Axial Forces Obtained from Experiment and
Simplified Models (at Positive Peak Acceleration)..........ccceccveeeiieniierieencieeniennnens 574

Figure 8.26 Comparison of 2™ Floor Collector Axial Forces Obtained from Experiment
and Simplified Models (at Positive Peak Acceleration) ...........ccceeevvevveeieennennnnens 574

Figure 8.27 Comparison of Roof Collector Axial Forces Obtained from Experiment and
Simplified Models (at Negative Peak Acceleration)...........cccceevveeiieniiencieenieennnnns 575

Figure 8.28 Comparison of 2™ Floor Collector Axial Forces Obtained from Experiment
and Simplified Models (at Negative Peak Acceleration)...........ccceeevvevieecieenirennnnnns 575

Figure 8.29 Design Reccomendations on Estimating Collector Axial Force Demands in
Multi-Story BUildigns ......cc.eeeviiiiiiiiieiiesieeie ettt 576

Figure 8.30 Strain and Stress Profiles near Composite Collector Connections Subjected to
Simutaneous Tensile Axial Force and Postive Bending Moment........................... 577

Figure 8.31 Limit States Considered for Design of Various Types of Collector

CONNECTIONS. ...ttt ettt ettt ettt et st et esab e e bt e sateebeenaeeens 578
Figure 8.32 Force Equilibrium of Collector Connection at Limit State ......................... 578
Figure 9.1 Phase 3 Test Building: OVErVIEW .........cccveriiiriieiiieiienieeiee e 581
Figure 9.2 Buckling-Restrained Brace Detail..........cccceeeeiieeiiiiniiiiciiececceeeee e 583
Figure 9.3 Top-End BRB Gusset Connection Detail (Second Story of Frame N) ......... 584

Figure 9.4 Bottom-End BRB Gusset Connection Detail (Second Story of Frame N).... 585

XxXvii



Figure 9.5 Bottom-End BRB Gusset Connection (Second Story of North Frame)........ 586

Figure 9.6 Phase 3 Test Setup and Added Weight Layout.........c.cccceeeevverienciieneenneennen. 587
Figure 9.7 Photos of Test BUllding..........ccoceiiiiiiiiiiiiiiee e 588
Figure 9.8 Instrumentation Plan for Phase 3 Test........ccccevvviiiiiiiieiiiiiiciecieeeeeeeeen 590
Figure 9.9 Variations of Measured (a) frequencies for 1% and 2"! Modes and (b) Damping

RALIO ...t e s 618
Figure 9.10 Phase 3 White Noise Test Results.........ccceverieniiiiniiniiiinicnccceceene, 619
Figure 9.11 Phase 3 Impulse Test ReSults ..........ccceviievieniiiniiiiieiececeeeee e 622

Figure 9.12 Measured Table Accelerations and Response Spectra for Phase 3 Tests.... 623

Figure 9.13 Measured Table Acceleration for Phase 3 Testing..........ccceevvevevveniieeneennen. 625
Figure 9.14 Floor Acceleration Responses for Phase 3 Testing.........cccceceeveieiieenneennen. 626
Figure 9.15 Story Drift Angle Responses for Phase 3 Testing........ccccoceeeeveenieneenenne. 627
Figure 9.16 Story Shear Responses for Phase 3 Testing ......c..cccceeeeveevienicnenncneeneenne. 628
Figure 9.17 Story Shear versus Story Drift Angle Responses for Phase 3 Tests............ 629
Figure 9.18 Top View of Damaged Roof DeckK.........ccceevueriiniiiiniiniininiinicicnecene, 630
Figure 9.19 Damage of Side Lap Connection...........ccoeceeevierieeirenienieeneeeieesreesve e 631
Figure 9.20 Damage of Arc Spot Welds.......c.coviviiiiinieiiinienieeniceccseceeeeseee e 632
Figure 9.21 Residual Deformation of Roof East Chord ............cccoeveeiieiieniiiiiienieenen. 633
Figure 9.22 Residual Deformation of Roof West Chord ..........ccccoceviiviniiniincnicneenne. 633
Figure 9.23 Residual Deformation of Roof West Chord...........ccoocevviiieiiiiiniiiieieee, 634
Figure 9.24 Residual Deformation of Roof Beams (after Deck Removed).................... 634

XXVili



LIST OF TABLES

Table 3.1 Seismic Weights from Various Components Tributary to 2" Floor ................ 70
Table 3.2 Area Load from Slab and Added Weights..........ccceevieniiiiieniiciecieeeee, 73
Table 3.3 Summary of Seismic Weights Tributary to 2" Floor..........ccccccocevevruevereennnne, 73
Table 3.4 Seismic Weights Tributary to Each Span of North Collector Line .................. 74
Table 3.5 Seismic Weights Tributary to Each Span of South Collector Line .................. 74
Table 3.6 Comparisons of Dimensions of Collectors in Prototype and Specimen........... 82

Table 3.7 Comparisons of Tributary Floor Area and Tributary Seismic Weights of

Collectors in Prototype and Specimen...........cccueeeiveriierieerieeiienieeieesie e seee e 82
Table 3.8 Similitude Relationship.........cccoeeveriiiiiiiiiiiniieeee e 82
Table 3.9 Design Compressive Strength for South Collector...........cccvevievciienienirenenne. 95
Table 3.10 Design Compressive Strength for North Collector...........cocevevviniiniincnnne 96
Table 3.11 Design Positive Flexural Strength of North Collector............cccceveeviiniennne. 97
Table 3.12 Design Positive Flexural Strength of South Collector..........c..coceveeiinicnnnnne 98
Table 3.13 Design Strength for AFW Connection............c.eecuverieeriienieeneenieeseeeve e 99
Table 3.14 Design Strength for TEW Connection...........ccoceevereereeneeicneenenneneeneenne 100
Table 3.15 Design Strength for BW Connection in W14x30 Collector............c..cc........ 101
Table 3.16 Design Strength for BW Connection W14x26 Collector.........c.ccccevvenneenee. 102
Table 3.17 Steel Tensile Coupon Test Results ........c..cccveviieiiieiiiiiiienieciiecieeeeeee e 122
Table 3.18 Concrete Cylinder Test ReSults ...........coceeveriiniininiiinicniiicnicieeecscceen 122
Table 3.19 Test MatrixX (Phase 1).....ccoociiiiiiiiiiiiieiecie et 129
Table 3.20 Effective Slab Widths for Collector Member Force Recovery..................... 159
Table 3.21 Information of Fiber Sections used for 2™ Floor Collectors ........................ 160
Table 4.1 Results of Phase 1 Impulse and White Noise Tests........cocceevuienierieiiiiennnnns 175
Table 4.2 Peak Response Quantities of Phase 1 Tests......cccccveviieiienieeciienieiieciieens 175

XX1X



Table 5.1 Specimen Model Designation............cocueeeereerierieneenienienieieneenieee e 252

Table 5.2 Lower-Bound Stiffness for Collector-to-Column Connections...................... 271
Table 5.3 Upper-Bound Stiffness for Collector-to-Column Connections....................... 271
Table 5.4 Stiffness for Column Panel Zone Rotational Springs.............ccceeeveeeveeniiennnnnns 272
Table 5.5 Modal Analysis RESULILS .......cccceeiiiiiiiiiiiicee e 276
Table 5.6 Initial Stiffnesses for Various Deformations of a Bolted Joint (for Collector 1)
................................................................................................................................. 312
Table 5.7 Comparison of Experimental and Predicted Rotational Stiffnesses for
Collector-to-Column Connections in Frame N.........cccccooeiiiiniiiiiciiecieeeie e 322
Table 5.8 Comparison of Experimental and Predicted Rotational Stiffnesses for
Collector-to-Column Connections in Frame S...........ccccoeoiiiiiiiiiiiiicieccee e, 323
Table 5.9 Calculation of Lateral Stiffness of Beam-to-Column Sub-Assemblies.......... 333
Table 5.10 Summary of Lateral Stiffness of Beam-to-Column Sub-Assemblies........... 335
Table 6.1 Seismic Weights from Various Components Tributary to 2" Floor of Phase 2
Test BUIIAING.....cc.eiiiiiiieie et et 388
Table 6.2 Seismic Weights from Various Components Tributary to Roof of Phase 2 Test
BUILAINEG ..ottt ettt ettt 391
Table 6.3 Area Loads from Slab, Roof Deck, and Added Weights...........cccceevveuvennn. 394

Table 6.4 Summary of Seismic Weights Tributary to 2" Floor of Phase 2 Test Building
................................................................................................................................. 394

Table 6.5 Summary of Seismic Weights Tributary to Roof of Phase 2A Test Building 395
Table 6.6 Summary of Seismic Weights Tributary to Roof of Phase 2B Test Building 395

Table 6.7 Seismic Weights Tributary to Each Span of North Collector Line at 2™ Floor of

Phase 2 Test BUILAINg ......cc.oiiiiiiiieiiieiiececeeee et e 396
Table 6.8 Seismic Weights Tributary to Each Span of South Collector Line at 2™ Floor of

Phase 2 Test BUILAING ......coviiiiiiieiiieiecieeeee et 396
Table 6.9 Seismic Weights Tributary to Each Span of Each Collector Line at Roof of

Phase 2 Test BUILAING ......covviiiiiiieiieece ettt 397
Table 6.10 Steel Tensile Coupon Test ReSults ........ccccveeeiiieeiieeniieeiieeiee e, 422

XXX



Table 6.11 Concrete Cylinder Test ReSults ...........coceeviriinieniniinieniiinecieeeccceeen 422

Table 6.12 Phase 2A TeSt MALIIX ....cc.eeuerieriieieeiesieeteeie ettt 425
Table 6.13 Phase 2B TeSt MatriX......c.covieeiieriieiieiie ettt ettt 425
Table 6.14 Information of Fiber Sections used for 2™ Floor Collectors ........................ 431
Table 7.1 Phase 2A Impulse and White Noise Test Results........cccccoceevenieniinienicneenne. 436
Table 7.2 Peak Response Quantities of Phase 2A TestS......ccceeveeiieriieniieenienieeieeeieens 436
Table 7.3 Phase 2B Impulse and White Noise Test Results........c.ccoceevenieniininicneenne. 447
Table 7.4 Peak Response Quantities of Phase 2B TestS .......cccovveeiieriienieeniieiieciieeens 447
Table 8.1 Experimentally Determined Slab Effective Widths.........c..cccccooiniiiinninnne 518

Table 8.2 Comparison of Experimental and Predicted Stiffnesses for 2" Floor Collector-
to-Column Connections in Frame N ..........cccooiiiiiiiiiiiiicceceee e 537

Table 8.3 Comparison of Experimental and Predicted Stiffnesses for 2" Floor Collector-
to-Column Connections in Frame S...........ccccoooviiiiiiiiiiicceeee e 538

Table 8.4 Comparison of Experimental and Predicted Stiffnesses for Roof Collector-to-
Column Connections in Frame N ........cccccooiiiiiiiiiiiiieee e 539

Table 8.5 Lateral Stiffness of 2" Story Collector-to-Column Subassemblies Based on
Experimental Secant Stiffnesses of Collector Connections..........c.ccecveveereeeeennnene 550

Table 8.6 Lateral Stiffness of 2" Story Collector-to-Column Subassemblies Based on

Collector Connection Stiffness from the Proposed Method .........c..ccceveeiiniinee 551
Table 8.7 Percentage of Story Shear Resisted by Columns in 2™ Story ...........cccc.ce...... 552
Table 8.8 Compactness Check for Collectors with AFW Connections.........cc..cccoeueeee. 573
Table 9.1 Mechanical Properties of BRB Core Plate ...........cccooveeiiiiiieniieiieieciies 609
Table 9.2 Yield Force and Deformation of BRB...........cocoiiiiiiiiiiiiiee, 609
Table 9.3 Cylinder Test Results of Concrete for Phase 3 Testing..........ccceveeveeniiennnnnns 610
Table 9.4 Phase 3 TeSt MAtIiX ....cc.eeecuieiieiieeiieeieeiie ettt ettt et ens 611
Table 9.5 Phase 3 Impulse and White Noise Test Results..........ccccoevieeciienienciieniennnns 617
Table 9.6 Peak Response Quantities for Phase 3 Tests .......ccccveeevieeviieecieeecieeeiieeeen 617

XXX1



ACKNOWLEDGEMENTS

This research was supported by the National Science Foundation (NSF) under Grant
CMMI-1662816, Engineering for Natural hazards (ENH) and 2019 NSF Supplement. The
experimental research was supported by industry partners American Institute of Steel Construction
(AISC), The California Field Ironworkers Administrative Trust, The Herrick Corporation, Annie-
Johnson Company, CoreBrace, and Testing & Inspection Services. The project advisory board
includes representatives from Degenkolb Engineers, Walter P. Moore, and the California Office
of Statewide Health Planning and Development (OSHPD). These supports are greatly appreciated.

Experimental testing was performed by using the NHERI@UCSD Large High
Performance Outdoor Shake Table (LHPOST). The research was indebted to the commitment and
hard work of the staff members: Messrs. Alex Sherman, Robert Beckley, and Jeremy Fitcher. The
author would like to thank the staff members of Charles Lee Powell Structural Research
Laboratories: Messrs. Andrew Sander, Darren McKay, Abdullah Hamid, Noah Aldrich, Mike
Sanders, and Dr. Christopher Latham and the staff members of Caltrans Seismic Response
Modification Device (SRMD) Test Facility: Messrs. Danny Innamorato and Edward Stovin for
their technical assistance towards the completion of this test program. Accomplishing a three-
phase testing program at LHPOST in a timely manner in Summer 2019 was just like winning an
epic war. I will always cherish the memories of working with laboratory staff during my Ph.D.
journey.

Foremost, I would like to express my deep appreciation to my advisor, Professor Chia-
Ming Uang, for his unwavering support, encouragement, and guidance during my Ph.D. study and
research at the University of California, San Diego (UCSD). I have benefited greatly from his

wealth of knowledge, research attitude, and meticulous editing. He has set an example of

xXxxii



excellence as a researcher, mentor, instructor, and role model. I have been so fortunate to have a
supervisor who cared about my professional growth and helped me gain a substantial teaching
experience at UCSD. I am also very grateful that Prof. Uang gave me opportunities to conduct
shake table tests at the unique LHPOST facility and work on several research projects in
cooperation with other researchers and industrial partners.

Special thanks are extended to Professor Robert B. Fleischman from University of Arizona
(UA) for leading and coordinating this NSF collaborative research among three universities (UA,
UCSD, and Lehigh University) and providing invaluable guidance for this doctoral work. I would
also like to thank the committee members Professor Pui-Shum Shing, Professor Joel P. Conte, Prof.
Machel L. Morrison, and Professor Kenneth Vecchio for all their guidance through this process;
their discussion, ideas, and feedback have been invaluable.

Last but not least, a big “Thank You” to my family and relatives, my parents, aunts, and
siblings for their endless support throughout the years. Special thanks to my beautiful wife, Meng-
Hsuan, for taking care of everything and to my wonderful child, Chuan-En, for being such a good
boy always cheering me up.

Parts of Chapters 1, 2, 3, 4, 6, and 7 are based on material published in the 17" World
Conference on Earthquake Engineering, titled “Earthquake simulator testing on behavior of
seismic collectors in steel buildings” with co-authors Uang C.-M., and Fleischman R.B. (2020).
Materials were also submitted for publication in the 12 National Conference on Earthquake
Engineering, titled “Shake Table Tests on Seismic Response of Collectors in Steel Buildings” with

co-authors Uang C.-M., and Fleischman R.B. (2022). I serve as the first author of these papers.

xxxiii



VITA

2005 Bachelor of Science in Civil Engineering, National Taiwan University
2007 Master of Science in Civil Engineering, National Taiwan University
2008-2017 Assistant Researcher, National Center for Research on Earthquake Engineering

2022 Doctor of Philosophy in Structural Engineering, University of California San Diego

PUBLICATIONS

Refereed Journals

Li, C.H., Vidmar, Z, Saxey, B., Reynolds, M. and Uang, C.M. (2022). “A Procedure for
Assessing Low-Cycle Fatigue Life of Buckling-Restrained Braces,” Journal of Structural
Engineering, ASCE. 148(2): 04021259. DOI: 10.1061/(ASCE)ST.1943-541X.0003237

Sabelli, R., Saxey, B., Li, C.H. and Thornton, W.A. (2021). “Design for local web shear at brace
connections: An adaptation of the Uniform Force Method,” Engineering Journal, AISC.
58(4): 223-265.

Lin, J.L., Chow, T.K., Li, C.H. and Yeh, Y.K. (2021). “A Comparative Study of Seismic
Performance of Steel Framed Buildings with Varied Plan-Asymmetric Properties,” Journal
of Earthquake and Tsunami, 15(4): 2150016. DOI: 10.1142/S1793431121500160.

Tsai, C.Y., Tsai, K.C., Li, C.H., Wu, C.C, Lin, K.C. and Jhuang, S.J. (2020). “Seismic Fracture
Evaluation of Diaphragm Joints in Welded Beam-to-Box Column Moment Connections,”
Earthquake Engineering & Structural Dynamics, 49(13): 1344-1362. DOL:
10.1002/eqe.3293.

Chen, P.C., Ting, G.C. and Li, C.H. (2020). “A versatile small-scale structural laboratory for
novel experimental earthquake engineering,” Earthquakes and Structures, 18(3): 337-348.
DOI: 10.12989/¢as.2020.18.3.337

Wang, K.J., Chuang, M.C., Tsai, K.C., Li, C.H., Chin, P.Y., and Chueh, S.Y. (2019). “Hybrid
testing with model updating on steel panel damper substructures using a multi-axial testing
system,” Earthquake Engineering & Structural Dynamics, 48(3): 347-365, DOI:
10.1002/eqe.3139.

Li, C.H., Tsai, K.C., Su, L., Lin, P.C., and Lin, T.H. (2018). “Experimental investigations on
seismic behavior and design of bottom vertical boundary elements in multi-story steel plate
shear walls,” Earthquake Engineering & Structural Dynamics, 47(14): 2777-2801, DOI:
10.1002/eqe.3106.

XXX1V



Tsai, K.C., Hsu, C.H., Li, C.H., and Chin, P.Y. (2018). “Experimental and analytical
investigations of steel panel dampers for seismic applications in steel moment frames,”
Earthquake Engineering & Structural Dynamics, 47(6): 1416-1439, DOI: 10.1002/eqe.3023.

Chuang, M.C., Hsieh, S.H., Tsai, K.C., Li, C.H., Wang, K.J. and Wu, A.C. (2018). “Parameter
identification for on-line model updating in hybrid simulations using a gradient-based
method,” Earthquake Engineering & Structural Dynamics, 47(2): 269-293, DOI:
10.1002/eqe.2950.

Wu, A.C,, Tsai, K.C., Yang, H.H., Huang, J.L., Li, C.H., Wang, KJ., and Khoo, H.H. (2017).
“Hybrid experimental performance of a full-scale two-story buckling-restrained braced RC
frame,” Earthquake Engineering & Structural Dynamics, 46(8):1223-1244, DOI:
10.1002/eqe.2853.

Li, C.H., Tsai, K.C., Huang, H.Y., and Tsai, C.Y. (2017). “Cyclic Tests of Steel Plate Shear
Walls Using Box-shape Vertical Boundary Elements With or Without Infill Concrete,”
Earthquake Engineering & Structural Dynamics, 46(14): 2537-2264, DOLI:
10.1002/eqe.2917.

Clayton, P.M., Dowden, D.M., Li, C.H., Berman, J.W., Bruneau, M., Lowes, L.N., and Tsai,
K.C. (2016) “Self-Centering Steel Plate Shear Walls for Improving Seismic Resilience,”
Special Issue: Frontiers of Structural and Civil Engineering, Vol. 10, 283-290.
DOI:10.1007/s11709-016-0344-z.

Dowden, D.M., Clayton, P.M., Li, C.H., Berman, J.W., Bruneau, M., Lowes, L.N., and Tsai,
KC. (2016). “Full-Scale Pseudodynamic Testing of Self-Centering Steel Plate Shear Walls,”
Journal of Structural Engineering, ASCE, 142(1): 04015100, DOI:
10.1061/(ASCE)ST.1943-541X.0001367.

Sen, A.D., Roeder, C.W., Berman, J.W., Lehman, D.E., Li, C.H., Wu, A.C., and Tsai, K.C.
(2016). “Experimental Investigation of Chevron Concentrically Braced Frames with Yielding
Beams,” Journal of Structural Engineering, ASCE, 142(12): 04016123, DOI:
10.1061/(ASCE)ST.1943-541X.0001597.

Pan, K.Y., Wu, A.C., Tsai, K.C., Li, C.H., and Khoo, H.H. (2016). “Seismic retrofit of
reinforced concrete frames using buckling-restrained brace with bearing block load transfer
mechanism,” Earthquake Engineering & Structural Dynamics, 45(14): 2303-2326, DOI:
10.1002/eqe.2763.

Lin, P.C., Tsai, K.C., Wu, A.C., Chuang, M.C., Li, C.H., and Wang K.J. (2015). “Seismic design
and experiment of single and coupled corner gusset connections in a full-scale two-story
buckling-restrained braced frame,” Earthquake Engineering & Structural Dynamics, 44(13):
2155-2177, DOI: 10.1002/eqe.2577.

Li, C.H., Tsai, K.C., and Lee, H.C. (2014). “Seismic design and testing of the bottom vertical
boundary elements in steel plate shear walls. Part 2: experimental studies,” Earthquake
Engineering & Structural Dynamics, 43(14): 2155-2177, DOI: 10.1002/eqe.2442.

XXXV



Tsai, K.C., Li, C.H., and Lee, H.C. (2014). “Seismic design and testing of the bottom vertical
boundary elements in steel plate shear walls. Part 1: design methodology,” Earthquake
Engineering & Structural Dynamics, 43(15): 2237-2259, DOI: 10.1002/eqe.2443.

Li, C.H., Tsai, K.C., Chang, J.T., Lin, C.H., Chen, J.C., Lin, T.H., and Chen, P.C. (2012),
“Cyclic test of a coupled steel plate shear wall substructure,” Earthquake Engineering &
Structural Dynamics, 41(9): 1277-1299, DOI: 10.1002/eqe.1180.

Yu, Y.J., Tsai, K.C., Li, C.H., Weng, Y.T., and Tsai, C.Y. (2012). “Earthquake response
analyses of a full-scale five-story steel frame equipped with two types of dampers,”
Earthquake Engineering & Structural Dynamics, 42(9): 2237-2259, DOI: 10.1002/eqe.2273.

Li, C.H., Tsai, K.C., Lin, C.H., and Chen, P.C. (2010). “Cyclic tests of four two-story narrow
steel plate shear walls. Part 2: experimental results and design implications,” Earthquake
Engineering & Structural Dynamics, 39(7): 801-826, DOI: 10.1002/eqe.964.

Tsai, K.C., Li, C.H., Lin, C.H., Tsai, C.Y. and Yu, Y.J. (2010). “Cyclic tests of four two-story
narrow steel plate shear walls—Part 1: Analytical studies and specimen design,” Earthquake
Engineering & Structural Dynamics, 39(7): 775-799, DOI: 10.1002/eqe.977.

Technical Reports

Li, C.H. and Uang, C.M. (2021). “Earthquake Simulator Testing and Associated Study on
Seismic Behavior and Design of Collectors in Steel Buildings,” Report No. SSRP-21/05,
University of California, San Diego, La Jolla, CA.

Li, C.H. and Uang, C.M. (2021). “Experimental Investigation on Cyclic Behavior of Buckling-
Restrained Braces Experiencing Fire,” Report No. TR-21/03, University of California, San
Diego, La Jolla, CA.

Li, C.H. and Uang, C.M. (2021). “Qualification Testing of CoreBrace All-Steel Buckling-
Restrained Braces (S Series),” Report No. TR-21/02, University of California, San Diego, La
Jolla, CA.

Li, C.H. and Uang, C.M. (2021). “Qualification Testing of CoreBrace Bolted Buckling-
Restrained Braces (P Series),” Report No. TR-21/01, University of California, San Diego, La
Jolla, CA.

Li, C.H. and Uang, C.M. (2020). “Strain Aging Effect on Cyclic Response of Buckling-
Restrained Braces,” Report No. TR-20/06, University of California, San Diego, La Jolla, CA.

Li, C.H. and Uang, C.M. (2020). “CoreBrace BRB Collar Tests for San Francisco Tower
Project,” Report No. TR-20/05, University of California, San Diego, La Jolla, CA.

Li, C.H., Mansing, R., Reynolds, R. and Uang, C.M. (2020). “Qualification Testing of
CoreBrace Bolted Buckling-Restrained Braces (J Series),” Report No. TR-20/03, University
of California, San Diego, La Jolla, CA.

XXXV1



Mansing, R., Li, C.H., Reynolds, R. and Uang, C.M. (2020). “Qualification Testing of
CoreBrace Bolted Buckling-Restrained Braces (H Series),” Structural Systems Research
Project Report No. TR-20/02, University of California, San Diego, La Jolla, CA.

Li, C.H. and Uang, C.M. (2020). “CoreBrace BRB Qualification Tests for Seattle Waterfront
Pedestrian Bridge Project,” Report No. TR-20/01, University of California, San Diego, La
Jolla, CA.

Mansing, R., Li, C.H., and Uang, C.M. (2019). “Qualification Testing of CoreBrace Buckling-
Restrained Braces with Perforated Steel Cores,” No. TR-19/06, University of California, San
Diego, La Jolla, CA.

Li, C.H., Reynolds, R. and Uang, C.M. (2018). “Fatigue Testing of CoreBrace Buckling-
Restrained Braces,” Report No. TR-18/06, University of California, San Diego, La Jolla, CA.

XXXVil



ABSTRACT OF THE DISSERTATION

Earthquake Simulator Testing and Associated Study on Performance and Design of

Seismic Collectors in Steel Buildings

by

Chao-Hsien Li

Doctor of Philosophy in Structural Engineering
University of California San Diego, 2022

Professor Chia-Ming Uang, Chair

Collectors are structural components that play a critical role to transmit inertia forces in the
floor diaphragms to the vertical seismic-force resisting system in a building structure. Yet little
research has been done on collectors. A three-phase test program was conducted on a half-scale,
two-story steel building by using the NHERI@UCSD large high performance outdoor shake table.
The main objectives of this project were to investigate the inertial force load path in the floor

diaphragms and the seismic behavior of collectors and their connections.
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Phase 1 tests were performed as a “single-story phase” with only the first story with a
composite slab constructed. An innovative experimental technique was developed such that the
absolute acceleration history response of any floor in a multi-story prototype building experiencing
nonlinear response and higher-mode effects could be simulated by using a re-usable single-story
specimen through a transfer function approach. Test results validated this testing technique.

Phase 2 tests were conducted after a second story with a bare steel roof deck was added to
the test building; the conventional testing method with the scaled historical ground acceleration as
the input motion was used. In Phase 3, two buckling-restrained braces were added to the second
story to modify the building dynamic characteristics and the collector seismic load path.
Earthquake simulation tests were conducted again until the failure of side-lap connections of the
roof deck occurred.

Test results showed that the current collector design would overestimate the axial forces in
the roof collectors because it neglects the effect of flexural rigidity of the collector connections,
which would mobilize gravity columns to transfer some inertial forces to the story below. An
improved design method for estimating the roof collector axial forces that considers the flexural
rigidity of the collector connections was proposed. Test results also showed that the unintended
moment demand produced by the connection rigidity would cause the steel connections in
composite collectors to experience axial forces higher than that assumed in design.
Recommendations including connection design requirements and collector width-to-thickness

ratios were also made.
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1. INTRODUCTION

1.1 Background

Building structures are typically composed of horizontal spanning elements such as beams,
floor diaphragms and, roof decks as well as vertical elements, such as columns, diagonal braces,
and walls. Together these elements comprise an integral 3-D system that resists both vertical and
lateral loads. Earthquake horizontal forces are actually the inertial effects generated by the building
mass being accelerated horizontally; the great majority of the earthquake forces is usually
generated from the mass of the roof and floor diaphragm systems. The seismic resistance of a
building is composed of a continuous lateral load path from the horizontal floor diaphragm systems
to the primary vertical elements of seismic force-resisting system (SFRS), which in turn transmit
the forces to the foundation.

Collectors, or drag struts, are key structural elements that “collect” inertial forces in the
floor of roof diaphragms and then deliver them to the primary vertical elements of SFRS. As shown
in Figure 1.1, in the cases where the SFRS only occupies a partial length of a frame line across the
floor diaphragm, collectors are located along the remaining parts of that frame line and serve to
collect the diaphragm shears before transferring them to the SFRS. In addition, these collectors
must transfer the forces through connections to the columns. In steel structure buildings, collectors
commonly used by the designers are either special reinforcement in the floor slab or steel beams
beneath the slab.

Loss of collectors is potentially catastrophic, as has been shown by failures of collectors in
concrete structures, including the collapse of CTV building (Figure 1.2) in the 2011 Christchurch
earthquake (Royal Commission 2012), and the collapse of nine parking garages in the 1994

Northridge earthquake (EERI 1994), in which shear or core walls were undamaged, but the floor



system was detached, resulting in collapse of the gravity load resisting system. Despite the critical
nature of seismic collectors, little research has focused on collectors, and both the seismic behavior
and demands on these elements are not well understood.

Current design code provisions for collectors recognize their critical role through special
load combinations that include the System Overstrength Factor €, resulting in large design forces.
This design approach is an attempt to ensure that the collector elements remain elastic. Likewise,
seismic collectors are typically designed for direct axial force actions and gravity load for idealized
conditions without a consideration of actual boundary conditions, the composite slab effect or the
effect of frame drift. This design intent permits relaxation of some of the more stringent detailing
requirements associated with special seismic details [e.g., the WUF-W moment connection (AISC
2016a)] that undergo major inelastic action. It is unclear if the collector connections will remain
elastic under the combination of seismic effects (including compatible deformations) and gravity
effects. Thus, establishing realistic values for all aspects of the design, including gravity design, is
crucial for making recommendations for the design steel seismic collectors and their connections.

Due to the cyclic nature of earthquake loads, collectors must alternately carry tension and
compression while under the presence of effects from gravity load and frame lateral drift. In the
cases where the collectors are provided by beams in the floor or roof systems of a steel building,
the collectors must be designed both as tension and compression members. Both collector
connection strength and collector element stability are key aspects of collector design. Tension
design focuses on the collector connections. The collector itself is designed as a beam-column,
since the member is under combined flexure (due to gravity load) and axial load (due to collector

action). The controlling compression limit state for a steel collector depends on the bracing



condition of the floor or roof system, including strong-axis or weak axis flexural buckling,
torsional or constrained-axis flexural torsional buckling (AISC 2018).

In many modern steel building structures, SFRS are allocated in only a few of the frame
bays within the floor plan, resulting in very long collector lines. Composite action between the stee
beam and concrete slab is attained through the shear studs. In general, the magnitude of collector
force increases with the area tributary to the collector line. The assumed uniform transfer of inertial
forces into the collectors leads to a linear collector axial force diagram (AISC 2018; Sabelli et al.
2011). Thus, collector forces are larger in the bays nearer to the SFRS (see Figure 1.3).

The connections used to transmit the collector forces across the gravity load-resisting
columns or to the vertical members of SFRS vary depending on the magnitude of the collector
force. For lower-level collector forces, the conventional shear tab connection used for gravity load
design can be sued to carry the combined shear and tension, sometimes supplemented by collector
reinforcing bars in the slab that are properly anchored in the slab, as described in a design example
in the AISC Seismic Design Manual (AISC 2018). As collector forces grow, a modified version
of the shear tab connection employing multiple bolt rows, termed the multiple bolt row shear tab
(MST) connection [Figure 1.4(a)], is often employed. As the collector force demands increase
further, a typical collector connection design involves connecting the top flange to the column.
One typical detail in the US involves welding the top flange, which is called the top flange weld
(TFW) connection [Figure 1.4(b)]. When the strength of this detail is still insufficient, both flanges
are welded to the column, and the connections is termed the all flange weld (AFW) connection in
this study.

Currently there is no “standard” collector connection details and design procedure. In

addition to the three typical collector connections (MST, TFW, and AFW), designers do come up



with other types of connections. Figure 1.5 shows the TFW collector connection with horizontally
slotted bolt holes in the web, which are intended to minimize the moment demands. Figure 1.6
shows the bolted flange plate collector connection which utilizes the bolted joints on both collector
flanges to transfer the collector forces. Figure 1.7 shows the double shear tab collector connection,
which puts all the bolts in double shear so as to reduce the number of bolts.

Although various types of collector connections are used in practice, no physical testing
has yet been done to evaluate their performance. Understanding the performance of seismic
collectors and their connections for the development of a rational design procedure is challenging
as it is a system issue involving several components of different materials at each floor level in a
multistory. Equally challenging is the identification of the load path from the distributed inertia
forces in the floor diaphragm to SFRS, especially from physical testing. This lack of knowledge
impacts not only new construction but also the assessment and retrofit of existing buildings,
especially critical care facilities in high seismic regions. This also applies to older non-seismic
compliant steel buildings nationwide, where inadequate or non-existent seismic collectors are

often a major concern.



Figure 1.1 (a) Collectors in a Floor Diaphragm; and (b) Collector Actions (Sabelli et al. 2011)
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Figure 1.2 Collapse of CTV Building in 2011 Christchurch, New Zealand earthquake (Royal
Commission 2012)
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1.2 UA-UCSD-LU Collaborative Research Project

This study is part of a National Science Foundation (NSF) Engineering for Natural Hazard
(ENH) research project conducted through the collaboration among researchers from the
University of Arizona, University of California, San Diego (UCSD), and Lehigh University. The
main goal of this joint research is to advance knowledge on the seismic performance, analysis, and
design of collectors in steel buildings with composite floor and roof systems.

In this project, an integrated experimental and analytical program makes use of the NSF
Natural Hazard Engineering Research Infrastructure (NHERI) Facilities, including (1) large-scale
testing of collector elements and collector connections at the NHERI Lehigh Experimental Facility,
(2) shake table testing of a two-story structure with seismic collectors in a steel composite floor
and an unfilled roof deck at the NHERI@UCSD Large High Performance Outdoor Shake Table
(LHPOST), and (3) nonlinear static and dynamic analysis of steel seismic collectors in steel
composite floor systems and unfilled deck roof systems at all three universities.

The joint research aims to provide new knowledge on (1) the collector seismic load path,
(2) collector limit states, including collector connection failure and collector member stability
modes, (3) the effect of the composite slab on connection design, (4) collector properties (strength,
stiffness and deformation capacity) in the presence of other actions (gravity load, frame lateral
drift), and (5) modeling of collector connections for numerical simulation of seismic response.

The research team also works with the American Institute of Steel Construction (AISC)
and an advisory panel composed of experts from seismic design consultants and regulatory
agencies to evaluate seismic collector details, from code minimum to best practice designs, and to

develop relevant and impactful design recommendations.



1.3 Objective and Scope of Research

The main objectives of this research project, which involved shake table testing and
associated analytical studies, include (1) investigating the collector load paths in the floor and roof
diaphragms, (2) examining the seismic behavior and performance of steel collectors and collector-
to-column connections, (3) evaluating the adequacy of current design practice, and (4) developing
collector connection modeling and frame analysis procedure.

In this research, a 3-Phase shake table test program were planned on a half-scale, two-story,
multi-bay steel test building with a composite floor diaphragm at the second floor and a metal deck
diaphragm at the roof level. Three commonly used collector connections, including the all flange
weld (AFW), top flange weld (TFW), and bolted web (BW) details, were employed in the test
building. Phase 1 of this program involved the testing with only the first story of the test building
with a composite slab was constructed. An innovative testing methodology was developed such
that the floor absolute acceleration time history of any floor in a multi-story building could be
simulated by using this single-story specimen through a transfer function approach.

A series of analytical studies by using the line element frame models were also conducted
and the combined experimental and numerical simulation results for Phase 1 testing were used to
investigate the load path. In addition, a parallel analytical study was carried out to develop the
modeling techniques for seismic analysis of steel building structures with collectors and composite
floor diaphragm.

Phase 2 tests were conducted after the second story with a bare steel roof deck was added
to the test building. Three commonly used collector connections were also employed for the bare
steel roof collectors. The two-story structure was treated as a building and tested with the

conventional earthquake simulation testing by using the time-scaled historic ground motions as



the input motions. The Phase 2 test results were used to investigate the seismic behavior of
composite and bare steel collectors as well as their connections. Test results were used to evaluate
the adequacy of the current practice and develop the associated design recommendations. Phase 2
test results were also used to develop approximation methods for predicting the collector force
demand and the rotational stiffnesses of collector connections.

In Phase 3, a pair of buckling-restrained braces (BRBs) were added to the 2" story of the
test building to modify the building dynamic characteristics and the collector seismic load path.

Earthquake simulation testing conducted until a failure of the bare steel roof deck occurred.
1.4 Literature Review

1.4.1 Diaphragm Force for Collector Design

Collectors and the floor diaphragms in multistory building need to be designed for the peak
floor acceleration excited by the earthquakes with considering the higher mode effect. Although
each floor should be designed for the peak response acceleration for that floor, it would be overly
conservative to design the vertical elements of the SFRS for the sum of all the individual peaks
because each floor reaches its peak response at a different time during a seismic event. Thus, as
shown in Figure 1.8, two different sets of seismic design forces in the building code are used for
seismic design of the building structures (Sabelli et al. 2011):

(1) One set of design forces, F,, is for the design of SFRS. In practice, this set of forces is typically
determined by using the Equivalent Lateral Force (ELF) procedure or the modal response
spectrum analysis procedure. For discussion purpose, this set of forces is called the “seismic
design force”. Again, seismic design forces do not necessarily reflect the maximum inertial

forces induced at a particular diaphragm level.
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(2) A second set design forces, Fyy,

which is related to the peak acceleration response, is applied
to the design of the diaphragm system including the collectors. For discussion purpose, this set
of forces is called the “diaphragm design force” as it is used for design of diaphragm system.

Section 12.10 in the modern building code ASCE 7 (ASCE 2016) stipulates that the

diaphragm design force at level x of a building, F,

x> 18 computed as:

Fpe = 25w, (1.1)

where F; is the seismic design force applied to level i. w; is the weight tributary to level i, while
Wy is the weight tributary to diaphragm at level x. The force determined from Eq. (1.1) shall not

be less than

Ey = 0.25p51,Wpy (1.2)
where Sp is the design spectral response acceleration parameter at short periods, while 1, is the
seismic importance factor. Also, the force determined from Eq. (1.1) needs not exceed

Eyx = 0.45psl,Wpy (1.3)
Note that the diaphragm design force determined from Eq. (1.1) is constructed based on the seismic
design force, F,, which is typically determined from the ELF procedure and thus it is related to the
response modification factor R and the system overstrength factor (). On the other hand, Egs. (1.2)
and (1.3) are used to define the minimum and maximum values for F,,, respectively. These two

equations are related to the response spectrum parameter Sy but are not dependent on the system

parameters R and (1.
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Failure of connections between concrete diaphragms and concrete shear walls in the 1994
Northridge earthquake triggered code changes for collectors. With an attempt to ensure the
collectors remain elastic during the design earthquake, ASCE 7 Section 12.10.2 regulates that, for
structures assigned to Seismic Design Categories (SDC) C through F, collector elements and their
connections shall be designed to resist the maximum of the following:

(1) Force calculated using the seismic load effects including overstrength factor ) with seismic
design forces, F,, determined by the ELF procedure or the modal response spectrum analysis.

(2) Force calculated using the seismic load effects including overstrength factor €0y with
diaphragm design forces, F,,, determined by Eq (1.1).

(3) Force calculated using the load combinations with seismic with diaphragm design forces, F,,,
determined by Eq (1.2).

Other than using the above-mentioned conventional method, in performance-based seismic
design, nonlinear time history analysis is typically used to determine the design forces in the
diaphragms and collectors (Sabelli et al. 2011). Input ground motions are sometimes selected and
scaled with a focus on the fundamental period of vibration. However, because peak diaphragm
accelerations and design forces may be affected by higher vibration modes, the selection and
scaling procedure needs to properly address these vibration modes. Different ground motions will
result in differing degrees of response in a given structure, and thus multiple ground motions are
typically used is the analysis.

In addition, ASCE 7 Section 12.10.3 stipulates an alternative procedure for determining
the design forces for diaphragm and collectors. This “new” diaphragm design force procedure was
firstly adopted in the 2016 version of ASCE 7 (ASCE 2016) in recognition of large peak inertial

forces that can develop during a seismic event. These forces can be substantially larger than the
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design forces computed from the conventional method. It has been shown that diaphragms
designed using conventional design procedure may be subjected to inelasticity during design level
earthquakes (Rodriguez et al, 2007). Figure 1.9 compares the conventional and new ASCE 7
diaphragm design forces, indicating an impact on collector design (Anshul et al. 2018).

Note that the conventional diaphragm design procedures using seismic design forces
reduced by the response modification factor, R, associated with the SFRS. By contrast, the
alternative diaphragm design procedure using larger and more accurate elastic design forces
incorporated with a diaphragm design force reduction factor, R, that reduces the diaphragm
demands based on the ductility and overstrength in the diaphragm. So far, the alternative procedure
is being mandated only for precast concrete diaphragms in buildings assigned to SDC C through
F, and are being offered as an alternative to the conventional method for other precast concrete
diaphragms, cast-in-place concrete diaphragms, and wood-sheathed diaphragms supported by
wood framing. Thus, there is no currently available code-prescribed R factor for composite slab
or bare steel metal deck diaphragms. However, the values of R for different types of diaphragms
have been proposed by the latest NERHRP Recommended Seismic Provisions (FEMA 2020)

including R, = 2.5 for bare steel deck diaphragms satisfying specific special detailing requirements.

1.4.2 Seismic Responses of Shear Tab Beam-to-Column Connections

No experiment has done on collector-to-column connections so far. However, some typical
collector connections (e.g., AFW, TFW, and MST connections) used in the current practice are
modified from the shear tab beam-to-column connections (also referred to as the single-plate
connections) intended for gravity frames.

A series of quasi-static cyclic tests on full-scale beam-to-column assemblies with shear tab

connections were conducted by Liu and Astaneh-Asl (2000; 2004) at the University of California,
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Berkeley (UCB), as shown in Figure 1.10(a). Among thirteen test specimens with shear tab
connections, nine of them were constructed with concrete slabs to represent the composite shear
tab connections, while the remaining four were the bare steel connections. Test results showed that
these specimens exhibited ductile behavior up to inter-story drift levels on the order of 0.06-0.14
rad. This indicates that both bare steel and composite shear tab connections have sufficiently large
rotational capacity such that they can retain their gravity load-carrying capacity at a rotation angle
far beyond that of most steel moment frame connections. The rotation capacity of the shear tab
connections is inherently resulted from plastic deformation of the shear tab, elongation of bolt
holes, and slip of bolts in the connection. Brittle fracture with limited rotational capacity is possible
if the shear tab and beam web are too thick to permit these local ductile inelastic deformations, or
if the shear tab welds do not have adequate capacity.

Figure 1.10(b) shows the typical moment-rotation response for bare steel shear tab
connections. Test results showed that this type of connection can reach a moment capacity on the
order of 15-20% of the plastic moment capacity of the beam. The moment-rotation curves are
often non-symmetric, mainly due to the following reasons. First, the initial moment in the
connection due to gravity load makes the connection appear weaker in one direction, since the
applied seismic deformation immediately increases the moment in one direction while decreases
the moment in the other. Secondly, the binding between the steel beam flange and the column
flange causes the connection to be much stronger in the negative moment direction than in the
positive moment direction at rotations larger than about 0.06 rad. Note that this added strength was
not observed in all tests and it came only at very large rotations, and it depends on variables such
as the clearance gap, which varies from beam to beam and from fabricator to fabricator. Thus, this

added resistance cannot be counted on seismic design.
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Figure 1.10(c) shows the typical moment-rotation response for composite shear tab
connections. Test results indicated that the connection could develop a moment capacity on the
order of 30-60% of the beam plastic moment capacity. The moment rotation curves are invariably
non-symmetric, which is mainly caused by the presence of concrete slab. The composite slab
increases the moment capacity significantly in positive bending. However, the composite action
was lost at a level of about 0.04 rad drift, with the crushing of the concrete causing a significant
drop in moment capacity. On the other hand, the composite slab has very little effect under negative
bending. Hence, for a composite shear tab connection, it is appropriate to compute the positive
moment capacity based on composite and the negative moment capacity based on the bare steel
section. Like bare steel connections, composite-shear-tab connections may also develop additional
bending moment at large rotations due to binding action. Again, this binding action does not
provide an increase in resistance that can be effectively used in seismic design.

Liu and Astaneh-Asl (2004) proposed a backbone moment-rotation curve for the composite
shear tab connections. In Figure 1.11(a) the first quadrant represents the positive bending response,
and the third quadrant represents negative bending response. For a bare steel shear tab connection,
both positive and negative bending would have the same response as shown in the third quadrant.
The responses shown in Figure 1.10(b) and (c) are for a ductile connection. Note that failure modes
(or limit states) must be evaluated as part of the connection model development. Possible ductile
failure modes for composite gravity connections include (1) gross yielding of shear tab, (2) gross
yielding of beam web, (3) bearing at bolt holes, and (4) concrete slab crushing. Potential non-
ductile failure modes include (1) net section fracture of shear tab, (2) net section fracture of beam

web, (3) bolt fracture, and (4) weld fracture.
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To evaluate the governing failure mode, the shear tab is discretized at each bolt location
based on the bolt spacing and edge distances as shown in Figure 1.11(b). The discretized segments
are called equivalent bolt elements. The shear and tension capacity of an equivalent bolt element
is compared to the bolt and weld fracture capacities to establish which failure mode will govern in
the loading directions parallel and perpendicular to the beam span. The lowest capacity governs
the connection capacity and the connection behavior, which is referred to as F; for shear and F,
for tension. These capacities should be evaluated using the strength equations of the AISC
Specification (AISC 2016c), where the expected material strengths are used and the resistance
factors are set to 1.0. If the non-ductile modes do not govern, then the connection is assumed to be
ductile and can be represented by the cyclic backbone curve shown in Figure 1.11(a).

The moment at connection slip, Mg;;,, is based on a plastic distribution of bolt friction

forces as shown in Figure 1.11(c) and (d) for positive and negative bending, respectively. The bolt

slip force, F;p, is computed as:

Fsip = uTp (1.4)
where p is the friction coefficient, and T}, is the minimum pretension force. The values of u and
T, can be referred to the AISC Specification. For the composite connection:

M,

= 0.67F;;, * (no. of tension bolt) - d (1.5)

lip lip
where d is the distance between the bolt group centroid and top of concrete slab. For the bare steel

connection:

Mg, = 1.5Fg;;, - (no. of tension bolt) - d (1.6)
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where d is the distance between centroids of tension and compression bolts. As illustrated in
Figure 1.11(a), the rotation at connection slip, 6y, is assumed to be 0.0042 rad. The initial
stiffness of the connection is equal to My, /Oy

As illustrated by the idealized force distribution in Figure 1.11(e), the positive moment
capacity, M;,,,, can be determined by multiplying the tension resistance of bolts on the lower
portion of the shear tab by an effective moment arm. Based on test results, bolts near the top of the
shear tab are assumed to resist the applied beam shear, with the remaining bolts available to
provide positive moment resistance. For a expected gravity-induced shear force, V;, the number of
equivalent bolt elements required to provide shear resistance is determined from N, =V, /F,
rounded up to the nearest integer. The maximum normal force that can be developed is the lesser

between the total tension resistance of the equivalent bolt element, T, and the compression capacity
of the concrete slab, C, where

C = 0.85f besra (1.7)
where f' is the compressive strength of concrete. Effective slab width, b, is taken as the width
of column face. Slab depth is taken as a = h, for deck parallel to the beam and a = 0.6k, for deck
perpendicular to the beam. If T > C, concrete slab is the weak link and governs the connection
capacity. Otherwise, T governs the connection capacity and the effective slab compression depth,

Aesr 1s computed as:

As shown in Figure 1.11(e), the lever arm dimension d is then determined based on the distance

between the centroid of the bolt tension force T and the compression depth (lesser of slab thickness

a or a.gr). The positive moment capacity, My,4, , can then be calculated as:

17



Mo = d - min (T, C) (1.9)
As illustrated in Figure 1.11(a), M}, is assumed to be reached at a connection rotation of 0.03
rad for a composite connection. Beyond this, the moment resistance is reduced linearly to M,.o, =
M, . atarotation of 0.04 rad, where M,,,,, is the the negative moment capacity of the connection.
Tests conducted by Liu and Astaneh-Asl (2000a, 2004) showed that the presence of a slab
could increase the negative moment capacity, M, 4, up to 50% above the bare steel connection,
due to continuity of the slab, metal deck and slab reinforcement. However, such contribution in
negative bending was inconsistent. Therefore, it was suggested to evaluate the negative moment
capacity based on the bare steel connection. Similar to the calculation for M}, , the number of
gravity shear bolts N, is determined first; however, for negative bending, this number is not
rounded up to the nearest integer. The bolts at the bolt group centroid are assumed to resist the
shear load and assigned as shear bolts, starting at the center and distributed evenly above and below
the centroid. The remaining bolts are assumed to resist flexure. A fully plastic force distribution is
shown in Figure 1.11(f). Assuming that each equivalent bolt strength is governed by the tension
capacity, F,, M;},,, is computed as:

Mpox=d-T (1.10)
where the lever arm dimension d is taken as the distance between flexure bolts centroids, and the
bolt tension force, T, is based on the bolted joint strength. It was assumed that M, is reached at
0.02 rad.

FEMA 355D (FEMA 2000) also provides two simplified equations to predict the rotational
stiffnesses, kg, of composite and bare steel shear tab connections, respectively. The stiffness of the
connection depends upon the depth of the bolt group, d,,g4, [see Figure 1.12(a)] since deeper bolt

groups provide increased connection stiffness. Therefore, as shown Figure 1.12(b), two equations
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from linear regression of test data from the UCB test results (Liu and Astaneh-Asl 2000; 2004)

and some other historical test data (Richard et al., 1980; Astaneh-Asl et al., 1989) were derived:
ks = 28000(dp, — 5.6") (1.11)
For composite shear tab connections, kg is estimated as:
ks = 28000(d,, — 3.3" (1.12)
Note that this stiffness is not the maximum stiffness of the connection. It is a secant
stiffness to the rotation at which 50% to 75% of the maximum resistance is achieved. The UCB
test results showed that, for the bare steel shear tab connections, the rotational stiffness, kg, was

about 10% of the bending stiffness (E1/L) of the beam. For the composite shear tab connections,

ks, was between 30% and 150% of EI /L.

1.4.3 Modeling of Floor Diaphragm Systems

So far, there is limited research on modeling of the in-plane response of steel-concrete
composite slabs. Thus, past research on modeling of in-plane behavior of concrete slab and shear
wall is reviewed. Lu and Panagiotou (2013) proposed a Beam-Truss model (Figure 1.13) for
nonplanar reinforced concrete walls. This modeling approach was validated by experimentally
measured responses. The model used nonlinear diagonal truss elements to represent the diagonal
field of concrete in compression. The angle of the diagonals with respect to the horizontal elements
is 84 [Figure 1.13(h)] was suggested to be ranged between 40° and 50°. The area of each diagonal
is the product of the thickness of the panel and the effective width b, = a - sin(8), where a is
the length of the subpanel [Figure 1.13(f)]. In addition, nonlinear fiber-section Euler-Bernoulli
beam elements were employed to represent the steel and concrete in the vertical direction, while

nonlinear truss elements were used to represent concrete and steel rebars in the horizontal direction.
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Linear beams were used in parallel with the horizontal truss elements to model the out-of-plane
flexural rigidity of the wall segments.

The concrete material model used for the vertical and horizontal elements should reflect
the compressive and tension strengths that can be developed in the concrete. For the diagonal truss
elements, the concrete material model was suggested to be compression-only (i.e., zero tensile
strength). In addition, it should account for the biaxial strain field on the concrete compressive
behavior as described by Vecchio and Collins (1986). Thus, the compressive stress-strain behavior
is dependent on the strain, €,, normal to the axis of the truss element, which is measured by the
zero stiffness strain gauge elements intentionally placed in the model. With the measured, &,, for
the reduction in diagonal compressive strength due to biaxial tension can be obtained by
multiplying the instantaneous compressive strength of the diagonal trusses by a stress reduction
factor (5.

For the modeling of bare steel roof diaphragm, Tremblay et al. (2004) simulated the cyclic
testing (Essa et al. 2003) on a screwed-nailed steel deck diaphragm specimen by using a deep
horizontal plane truss as shown in Figure 1.14. A Wayne-Stewart model (Stewart 1987) was
employed for the diagonal trusses to capture the cyclically pinched hysteresis responses of in-pane
shear force-deformation behavior of the diaphragm. A good agreement between analytical and

experimental results confirmed the validity of the plane truss model.
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1.5 Organization of Dissertation

The remainder of the dissertation is organized as follows:

e Chapter 2 describes the development of a testing methodology for floor acceleration simulation
for Phase 1 testing. This includes the derivation of transfer function for generating the required
input motion for shake table tests and the numerical verification of the testing methodology.

e Chapter 3 describes Phase 1 shake table test program, including the specimen design, test setup,
instrumentation, loading protocol, and data reduction.

e Chapter 4 describes Phase 1 test results. The first part of this chapter is the general description
of the global responses of the test building for all tests. The second part presents in detail the
specimen responses of Test 1-3, which was tested with the highest intensity in this phase. This
part begins with an evaluation of the proposed testing methodology for floor acceleration
simulation, followed by the detailed specimen responses, including the strain profiles and
experimentally derived member forces in collectors and moment-rotation responses of
collector connections.

e Chapter 5 describes numerical simulation of Phase 1 testing and design implications. The first
part describes the modeling of the test specimen and analysis results. The second part presents
the design implications learned from experimental and analytical results, which include the
prediction of rotational stiffness of collector connections, the effective slab width of composite
collector, and the prediction of collector axial force demand.

e Chapter 6 describes Phase 2 test program, including the specimen design, test setup,
instrumentation, loading protocol, and data reduction.

e Chapter 7 describes Phase 2 shake table test results. The first part is the general description of

the global responses of the test building for all tests. The second part presents in detail the
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specimen responses from Test 2B-5, which was tested with the highest intensity in this phase.
Detailed specimen responses, including strain profiles and member experimentally derived
forces in collectors, and the moment-rotation responses of collector connections are presented.

e Chapter 8 describes design implications learned from Phase 2 testing. This chapter begins with
the effective slab width determination for composite collectors. Subsequently, a proposed
method for predicting the rotational stiffness of collector connections and a proposed lateral
load analysis for the topmost gravity frame with collectors were developed. Design
recommendations on collectors and collector connections are presented.

e Chapter 9 describes Phase 3 shake table test program, including the specimen design, test setup,
loading protocol, instrumentation, data reduction, and general test results.

e Chapter 10 provides a summary and conclusions from this research and suggestions for future
research.

Part of this chapter is based on the material published in the 17" World Conference on
Earthquake Engineering, titled “Earthquake simulator testing on behavior of seismic collectors in
steel buildings” with co-authors Uang C.-M., and Fleischman R.B. (2020). Materials were also
submitted for publication in the 12" National Conference on Earthquake Engineering, titled
“Shake Table Tests on Seismic Response of Collectors in Steel Buildings” with co-authors Uang
C.-M., and Fleischman R.B. (2022). The author of this dissertation serves as the first author of

these papers.
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2. DEVELOPMENT OF TESTING METHODOLOGY FOR FLOOR ACCELERATION

SIMULATION

2.1 General

The main objective of the Phase 1 test program was to investigate the load path of inertial
forces in the composite floor diaphragm system in steel buildings and to investigate the seismic
behavior of steel collectors and their connections. Therefore, the main goal of the test program is
to excite a test specimen to produce realistic floor accelerations in a multistory building. However,
distributed inertial forces in a floor diaphragm cannot be simulated easily by using a quasi-static
testing or pseudo dynamic testing technique in the laboratory. Hence, the shake table test at the
NHERI@UCSD LHPOST is ideal for this research.

The earthquake-induced floor accelerations in a multi-story building are quite often
affected by the higher mode responses. Although it is ideal that a multi-story test building be
constructed for this purpose, it is very expensive and time-consuming to do so. Therefore, a testing
methodology for the floor acceleration simulation was developed in this research to allow a single-
story test frame to reproduce the floor acceleration time history from any floor in a prototype multi-
story building. Figure 2.1 illustrates the concept and challenge for floor acceleration simulation.
As shown in Figure 2.1(a), a 12-story building (Torabian et al. 2017) designed by the Steel

Diaphragm Innovation Initiative (SDII) research team (https://steeli.org/) was chosen to be the

prototype structure. This 12-story building was designed with buckling-restrained braced frames
(BRBFs) for its lateral force-resisting system (LFRS). See Appendix F for detailed description of
the prototype structure. A series of nonlinear time history analyses were performed on a numerical
model representing the prototype building to obtain the floor absolute acceleration responses under

various intensities of earthquake events. Some numerically predicted floor acceleration responses,
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denoted as iif (t), were selected to be the target responses. The subscript represents the i-th
floor, while the superscript “t” means the “absolute” (or “total”) acceleration.

As shown in Figure 2.1(b), a single-story test frame composed of a LFRS with a floor
diaphragm and multiple bays of gravity frames is intended for shake table testing. This single-
story test frame can be idealized as a single-degree-of-freedom (SDOF) system. The LFRS
contributes to the structural dynamic properties of this SDOF system. Further, multiple bays of
gravity frame are needed for the investigation on how the inertial forces in the floor system are

collected by a series of collectors and connections and then transferred into the LFRS. The

challenge of this test program lies in generating a shake table input acceleration, iig(t), that can

excite the single-story test frame to reproduce the target floor acceleration, i} (t). To tackle this
“inverse” problem which estimates the required input motion from a target output response for a
system, a linearly elastic single-story test frame is designed such that the elastic frequency-domain
structural dynamic theory can be used to develop the procedure for generating the required input
table accelerations. This elastic test frame then can be used repeatedly to simulate the target

acceleration time history at any given floor of the prototype or any other prototype.

2.2 Development of Testing Methodology
Figure 2.2(a) shows the mathematical model of an SDOF system subjected to an input
ground acceleration, i (t). The equation of motion for this system is
mii*(t) + ci*(¢) + ku*(t) = —miiy(t) (2.1)

where m, ¢, and k are the mass, damping coefficient, and stiffness, respectively; ii*, u*, and u*

are the relative acceleration, relative velocity, and relative displacement, respectively. Note that

[T3aT)

the superscript “ is used to represent that these quantities belong to the test specimen so as to be
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distinguish them from those quantities of the prototype structure. Equation (2.1) can be rewritten

as:

i (t) + 28wt (t) + wru™(t) = —iig(t) (2.2)

where w,, and ¢ are the natural angular frequency and damping ratio, respectively. Taking a Fourie

transform of Eq. (2.2) and considering the properties @*(w) = iwu*(w) and ii*(w) = —w?u*(w),
the equation of motion can be further rewritten as:

—w*u* () + i2¢wy0u’(w) + wiu*(w) = —iiy(w) (2.3)

This equation gives the relationship between u*(w) and iig(w) so that the transfer function,

Hy(w), for an SDOF system [see Figure 2.2(a)] can be obtained:

u*(w) B 1
ity (w) T w? — 28w, — w?2

Ho(w) = 2.4)

However, the SDOF system with an output of absolute (total) acceleration, iit*, as shown
in Figure 2.2(b), is more of interest for this research because the inertial force of the diaphragm
and its collectors and chords are directly related to ii**. The transfer function, H(w), for this

system can be derived by taking a Fourie transform of ii**(t). The absolute acceleration is
Ut (t) = () + g (t) (2.5)
Taking a Fourie transform of Equation (2.5) yields
i (w) = " (w) + iy (w) = —w?u*(w) + iy (w) = —w?Hy(w)iy(w) + i, (w)
(2.6)
= [1 — w?Hy(w)]iig(w)
So the transfer function, H(w), between the absolute acceleration, ii**(w), and the ground

acceleration, iig(w), is obtained:
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it (w) 28w + w?

H(w) = i, () =[1-w’Hy(w)] = —w? + 28wy w + w?

2.7)

To use Eq. (2.7) to generate the required input shake table motion for the SDOF test specimen
shown in Figure 2.1(b), a fast Fourier transform (FFT) of iif(t), the target i-th floor absolute
acceleration in the prototype building, is conducted to obtain the frequency-domain response
iif (w). Then the required input acceleration for the test frame, iy (w), in the frequency domain

can be calculated as:

itf (w)
H(w)

iig(w) = (2.8)

Finally, an inverse fast Fourier transform (IFFT) of iz (w) is performed to obtain the required
input shake table acceleration for the test specimen, iiz(t) in the time domain. It is noted that, by
using this test methodology, the structural dynamic characteristics such as natural frequency and

damping ratio of the single-story test frame has nothing to do with those of the multi-story

prototype structure.

2.3 Numerical Verification

Figure 2.3 shows an example structure and the associated numerical model for a numerical
verification of the proposed testing technique. As shown in Figure 2.3(a), the 4-story BRBF (4F-
BRBF) in the AISC Seismic Design Manual (AISC 2018) was chosen to be the protype structure.
A two-dimensional (2-D) frame model was developed to represent the half one 4F-BRBF by using
the nonlinear structural analysis software PISA3D (Lin et al. 2012). This prototype model has a
fundamental period T; = 0.819 sec (w4 = 7.67 rad/sec) for its first mode with 2% Rayleigh
damping for the 1° and 2" modes. A nonlinear time history analysis with an input motion from the

1994 Northridge earthquake record (‘Vasquez Rock Park’ Station) scaled to the maximum
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considered earthquake (MCE) level at the period T; was carried out. For scaling of the ground
motion, the MCE response spectrum was constructed based on the ASCE 7 (ASCE 2016) and the
assumed spectral response accelerations Spg = 1.0 and Sp; = 0.6. As illustrated in Figure 2.4(a),
the numerically computed third-floor absolute acceleration time history, ii5(t), was then selected
as the target floor acceleration for specimen model.

Figure 2.3(b) shows a trial single-story test specimen intended to simulate & (t). This test
frame is composed of 1-bay moment frame and 13 gravity columns interconnected by a composite
floor. The single-bay pin-based moment resisting frame (MRF) in the interior longitudinal frame
serves as the LFRS for the test frame, which leads to a long collector line running across the
remaining three bays of the interior frame. The total lateral stiffness, k, of the pin-based MRF can

be computed by a plane frame analysis shown in Figure 2.5, which lead to the following:

_F*_24El 1_%+%(Irb) (2.9)
u H3 Lo '
5+2()

where H and L are the height and span length of the MRF, respectively; I, and [, are the moments
of inertia of the column and beam in the MRF.

The corresponding numerical model for the interior frame was developed by using PISA3D
as well. Elastic beam elements were used for this specimen model. The mass source for this is the
composite slab and the masses of the columns were lumped at the top ends in the interior frame.
All the columns in this model were pin-supported and all the collectors were modeled as pin-ended
beams. A modal analysis shows that the fundamental period of this specimen model was T,; =0.19
sec (w;, = 33.07 rad/sec). The Rayleigh damping was assumed to be 2% for the 1% and 2" modes.
Based on the transfer function shown in Egs. (2.7), the required input ground motions for the

specimen model, iiz(t), was generated [see Figure 2.4(b)]. Subsequently, a time history analysis
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on the specimen model with the input ground motion, iiz(t), was carried out to obtain the output
absolute acceleration, iit*(t), of the specimen model. Figure 2.4(c) shows that the achieved floor
accelerations of the specimen model, iit*(t), matches the target floor acceleration, ii5(t), of the
prototype structure very well, which confirms the effectiveness of the proposed testing
methodology in reproducing any target floor acceleration response.

In addition to the floor acceleration, the collector-to-column connection rotation is another
physical quantity of interest in this research. However, the testing methodology does not guarantee
that the test specimen can simulate the prototype deformation. Since the proposed procedure
requires an elastic specimen, the specimen model responds within the elastic range. By contrast,
the prototype 4F-BRBF model experiences a good amount of inelastic deformation under the MCE
level earthquake ground motion. Hence, it is expected that the deformation in the test specimen
can be much smaller than that in the protype structure.

For the prototype model [see Figure 2.6(a)], the pin-ended rigid beams between the BRBF
and the leaning gravity column are considered as collectors in this model. Take the rotation of the
joint between the collector and BRBF columns on the 3rd floor (denoted as Joint X) as an example
to compare with those of the two collector-to-column joints (denoted as Joints A and B) in Figure
2.6(b) in the specimen model. As expected, Figure 2.6(c) shows that the rotations of Joints A and
B are much smaller than that at Joint X. In addition, the prototype model had a significant residual
displacement while the elastic specimen model does not have this issue. In the specimen model,
the rotation of the collector-to-column joint adjacent to the MRF, Joint A, is also smaller than that
of Joint B, which represents the collector-to-column joints at gravity columns. This is because the
beam in the MRF would somewhat restrain the rotation of the top ends of the MRF columns, while

the pin-ended collectors provide no restraint on the rotation of the column top ends.
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2.4 Improvements on Test Specimen Configuration

The above-mentioned analytical studies indicate that the test specimen composed of LFRS
and gravity frames in a regular configuration [see Figure 2.3(b)] would not be able to reproduce
the prototype collector-to-column joint rotation responses. In addition, the specimen responses in
the joint rotation would be much smaller than the prototype structure responses. Note that the
current practice on collector design only considers the acceleration-triggered axial force demands
combined with the flexural demand due to gravity. The deformation-triggered seismic flexural
demands are ignored. This may be due to the simplification of collector-to-column joints as pin-
connections in the analytical models used in the design offices so that the seismic forces would
not induce flexural demands in the collectors. However, in the real world, the collector-to-column
joints would possess certain amount of rotational rigidity so that the rotation of joints would result
in flexural demands on these joints. Hence, it is preferable that the shake table tests can induce a
considerable magnitude of rotations at the collector-to-column joint although the proposed testing
methodology does not allow the test specimen to reproduce the prototype collector-column joint
rotation time histories.

In order to increase the collector joint rotation responses in the test specimen, as shown in
Figure 2.7(a), a revised specimen configuration was considered. The LFRS of the specimen was
revised to be a pin-based L-shaped frame. In addition, a pin-connection is used between the beam
of the L-shaped frame and the adjacent gravity column GC 1 to increase the rotation of the collector
end there. A frame analysis as shown in Figure 2.7(b) was conducted to estimate the lateral

stiffness, k, of the L-shaped frame, resulting in the following equation:

) I, 3/,
T | L h |
H L
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By using a shorter height for the gravity columns, it can be shown that the collector joints

would experience a larger rotation:

H
Hj*t == QEF == (F) HZFRS (211)

where 6}, is the rotation of collector-to-column joints, 8¢ is the story drift angle of the gravity
frame, and ;s is the story drift angle of the LFRS (i.e., L-shaped frame). H is the story height
of the LFRS, while H' is the story height of the gravity frame. It is shown that, with the

intentionally shorter gravity columns, 6}, can be magnified from 6} s by an amplification factor

of H/H'. That is to say, the magnitude of collector-to-column joint rotations in the specimen can
be tuned by adjusting the ratio H/H'.

Figure 2.8 shows the PISA3D analysis results for a numerical verification on the revised
test program. Again, the analytical 3 floor acceleration, ii& (t), of the prototype 4F-BRBF model
was taken as the target response [see Figure 2.8(a)]. Modal analysis results showed that the
fundamental period of the revised specimen model was T,; = 0.20 sec (w, = 31.42 rad/sec). The
Rayleigh damping was assumed as 2% for the 1 and 2" modes for the specimen model. The
required input acceleration, iig(t), was computed again for the specimen model to reproduce the
target floor acceleration. A time history analysis with input motion iz (t) was carried out on the
specimen model [see Figure 2.8(b)]. Figure 2.8(c) shows the comparison of collector-to-column
joint rotation responses between the prototype and specimen models. Although the specimen
cannot reproduce the time history of the prototype collector-to-column joint rotation, the
magnitude of joint rotations in the revised specimen was closer to that of the prototype structure
responses.

Figure 2.8(d) shows a comparison of responses of the collector-to-column joint rotation

(top half) and floor acceleration (bottom half) in a time window from 5" to 11" seconds. The
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collector-to-column joint rotation time history in the specimen does not follow the prototype
structure response, while the specimen reproduces the prototype floor acceleration very well. Since
the specimen behaves elastically, the collector-to-column joint rotation and the floor acceleration
are completely out of phase by 180 degrees in the specimen. Hence, in the specimen, the peak
floor acceleration coincides with the peak collector-to-column joint rotation (at time t;). By
contrast, for the prototype structure, there is no significant relationship between the two responses.
The peak collector-to-column joint rotation (at time t,) does not coincide with the peak floor
acceleration (at time t;). This could be due to the inelastic responses of the prototype structure.
Furthermore, at the time (¢;) when the 3™ floor acceleration of prototype structure reaches the peak
value, the rotation of 3™ floor collector-to-column joint is not large. On the other hand, at the time
(t) when the collector-to-column joint rotation reaches peak value, the floor acceleration is very
low. Theses indicate that, in an inelastic response, the acceleration-triggered axial force and
deformation-triggered flexural demand in the collectors might not reach peak values at the same
time. By contrast, as the specimen behaves elastically during the shake table tests, the collectors
would experience the peak axial force and peak flexural demand simultaneously.

Theoretically, by shortening the gravity column height to H', the magnitude of the
collector-to-column joint rotation in the elastic specimen can be tuned to match the peak response
expected in the inelastic prototype structure. However, imposing this level of deformation to the
collector-to-column joints in test specimen could be too stringent because of the coincidence of
peak axial force and peak flexural demands in the specimen collectors. Furthermore, as well be
shown later from testing, the collector-to-column joints have a certain amount of flexural rigidity
such that the gravity columns would resist some story shear. Shortening the gravity column height

too much for the specimen would result in an unreasonably high flexural stiffness of the gravity
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column, which would distort the amount of how the inertial force that is dragged into the collectors.
Other than trying to match the magnitude of the specimen responses to exactly match that of the
prototype structure, a mild shortening of gravity columns was eventually adopted in the design of
the test building (as shown in Section 2.3) to amplify the collector-to-column joint rotation to some
acceptable level.

Part of this chapter is based on the material published in the 17" World Conference on
Earthquake Engineering, titled “Earthquake simulator testing on behavior of seismic collectors in
steel buildings” with co-authors Uang C.-M., and Fleischman R.B. (2020). Materials were also
submitted for publication in the 12" National Conference on Earthquake Engineering, titled
“Shake Table Tests on Seismic Response of Collectors in Steel Buildings” with co-authors Uang
C.-M., and Fleischman R.B. (2022). The author of this dissertation serves as the first author of

these papers.
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3. PHASE 1 TEST PROGRAM

3.1 General

In Phase 1 test program, a single-story test building was tested at the NHERI@UCSD
Large High Performance Outdoor Shake Table (LHPOST) by using the proposed floor
acceleration simulation testing methodology as introduced in Chapter 2. Three floor acceleration
simulation tests were performed to excite the testing building to reproduce the 5™ floor acceleration
responses of a prototype 12-story building structure under the earthquakes with intensities at 20%,
50%, 100% of design earthquake level, respectively.

The main objective of the Phase 1 test program is to investigate the load path of the inertial
forces among the composite floor diaphragm system in steel buildings and investigate the seismic
behavior of steel collectors. This chapter describes the testing program including specimen design
test setup and instrumentation plan. The associated test results are presented in Chapter 4, while
the implications and interpretations of the test results along with numerical simulation results are

presented in Chapter 5.

3.2 Test Specimen and Setup
3.2.1 Test Building

For Phase 1 test program, a 0.5-scale one-story test building with a composite floor slab was
designed to simulate the earthquake-induced acceleration time-history response of any floor of a
prototype multi-story building such that a realistic inertial force transfer mechanism could be
reproduced in the floor diaphragm system of the test building. Figure 3.1 though Figure 3.10 show
the important information of the Phase 1 test building. For the complete design drawings for the

test building, refer to Appendix A.
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As shown in Figure 3.1(a), the floor plan of the single-story test building was 38 feet long
and 18 feet wide. The composite slab, made with 2-in. concrete over 1'/2-in. metal deck, extends
beyond the beam centerlines around the perimeter of the building by one foot. In the longitudinal
(West-East) direction, which was the direction of shaking, there were two 14-ft long bays, one 5-
ft long bay, and one 5-ft long cantilever span. Two longitudinal frames, called Frame N and Frame
S [see Figure 3.1(b)], were relatively located at the north and south sides of the specimen. Two
W12x170 cantilever columns (on Column Line 1) at the west end of the building constituted the
lateral force-resisting system (LFRS) in the longitudinal direction. The remaining six W8x40
columns (on Column Lines 1, 2, and 3) served as the gravity columns. To resist the shaking in the
longitudinal direction, the edge beams running along Column Lines N and S served as the
collectors, while the edge beams at the west and east sides of the floor plan functioned as the
diaphragm chords. The north half of the metal deck was oriented to be parallel to collectors, while
the south half was perpendicular to the collectors. On each collector line, the four collectors from
west to east are designated “Collector 17, “Collector 2”7, “Collector 37, and “Collector 47,
respectively. The 14-ft long Collectors 1 and 2 were made of W14x30 shape, The 5-ft long
Collectors 3 and 4, the two chords, and the remaining floor beams were made of W14x26 shape.
In the transverse direction of the specimen, four single-bay chevron braced frames [see Figure
3.1(c)] were employed on Column Lines 1, 2, 3, and 4 to take out the torsional action and the
translational motion in the transverse direction from the 1% mode of the structure.

For the test building, all the W-shape members were made of A992 steel. All the braces were
made with long leg back-to-back A36 double angle section 2L.5%3x3/3. All the plates, including
continuity plates, stiffeners, and gusset plates, were made of A572 Gr. 50 steel. For the composite

slab, the 20-ga. thick, 1'/2-in. deep Verco PLB-36 deck was used and the fill was lightweight
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concrete with a specified compressive strength, f,/ = 4 ksi. The edge form L11'/2"x31/2"x10 ga.
was employed for the 1-ft slab overhang. The wire mesh 6x6-W1.4xW1.4 (10 ga.) was placed in
the concrete slab. Headed studs with a !/2-in. diameter were placed on the beams (collectors, chords
and floor beams) at a center-to-center spacing of 6 in. For the collector-to-column connections,
beam-to-column connections, beam-to-beam connections, and gusset plate connections, all the
connection bolts were pre-tensioned by using °/s”-diameter A325 T.C. bolts.

Figure 3.1(b) shows the elevation of the longitudinal frames (Frames S and N). For each
longitudinal frame, the cantilever column (Columns S1 or N1) at the west end of the frame served
as the LFRS. The cantilever column was embedded into a 3’ tall reinforced concrete (RC) footing
(designated as RC Footing 1), which was mounted to the shake table and provided a fixed-base
condition for the steel column. The remaining gravity columns were pin supported. A 4’-3" tall RC
footing (designated as RC footings 2 and 3), serving as a spacer, was placed underneath the pin
support of each gravity column. The story height of LFRS (from the top of RC footing 1 to the
beam center line) was 8-ft, while the story height of gravity frame (from the pin-support to the
beam center line) was 6'-4". A shorter story height for the gravity frame was intentionally used to
increase the rotation of the collector-to-column collections. It is noted that the cantilever column,
which is the type of LFRS occupying the least floor area, was selected to make the LFRS for the
test building to accommodate the longest span for the collectors. Since Collectors 1 and 2, on the
two 14-ft spans (Spans 1 and 2, respectively), are the main subject of this research. The Collectors
3 and 4, on the two 5-ft spans (Spans 3 and 4, respectively) and the slab over these two spans were
constructed to carry more added weights such that a higher inertial force demand can be delivered
into Collectors 1 and 2. In each longitudinal frame, a diagonal double-angle brace was employed

to support the cantilever span (Span 4).
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As the inertial force dragged into the collectors and then transmitted to the LFRS, the axial
force demands in the collectors and their connections increased gradually from east to west of the
test building. The closer to LFRS the collector is located, the higher the axial forced demand is.
Hence, three types of collector-to-column connection detail, which are commonly used in the U.S.
practice, were employed. Figure 3.2 and Figure 3.3 show the three connections details used in
Frame S and N, respectively. For the collector-to-column connections at the cantilever columns
(Column S1 and N1), the all-flange weld (AFW) detail [see Figure 3.2(a) and Figure 3.3(a)] was
used. In addition to the bolted connection between shear tab and collector web, complete-joint-
penetration (CJP) groove welds were used for the top and bottom flanges of the collector. The
weld access hole per AWS D1.1/D1.1 (AWS 2015) was employed, and the steel backings was not
removed for each flange. Continuity plates were installed in the panel zone at the elevations aligned
up with the collector top and bottom flanges. Note that the continuity plates were welded to the
column flanges and column web by using CJP and double fillet welds, respectively.

For the collector-to-column connections at the gravity columns on Column Line 2 (Columns
S2 or N2), the top flange weld (TFW) detail [see Figure 3.2(b) and Figure 3.3(b)] was employed.
In addition to the bolted web, only the collector top flange was connected to the column by using
CJP weld. In the panel zone, the continuity plates were only installed at the elevation aligned with
the collector top flanges. Note that the welding details used for the flange welds and continuity
plates in AFW connection were adopted for TFW connections. In addition, a horizontal stiffener
was installed underneath the extended shear tab connecting the transverse beam to the column web.
The stiffener was connected to the column flanges by using double fillet welds, while a gap was

left between the stiffener and the column web.
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Lastly, for the remaining collector-to-column connections at the gravity columns (Columns
S3, N3, S4, and N4) on Column Lines 3 and 4, the bolted-web (BW) connection detail, actually a
shear tab connection, was used [see Figure 3.2(c) and Figure 3.3(c)]. The shear tabs were welded
to the column flange by using double fillet weld. With a !'/2-in. beam setback, five /s"-diameter
A325T.C. bolts with a 2"-spacing and 1'/4"-edge distances were used for each shear tab connection.
Note that similar five-bolt shear tab connections were used for AFW and TFW connections as well.
However, the center of the shear tab connection was aligned with the steel collector center line for
BW connections, while the shear tabs in AFW and TFW connections were located at an elevation
resulting in the topmost bolt 27/s inches below the top face of the collector. For BW connections,
no continuity plate was installed in the panel zone. For the transverse beam-to-column connection,
a pair of horizontal stiffeners were welded to the column flanges and relatively placed above and
below the extended shear tab. A gap was left between each stiffener and the column web.

Figure 3.4(a) and Figure 3.4(b) show the composite cross sections for the collectors in
Frames S and N, respectively. Figure 3.5 and Figure 3.6 show the details of the transverse beam-
to-column connections and the beam-to-beam connections, respectively. For each of these
connections, an extended shear tab connection was used. Figure 3.7 shows the details of the pin-
support for the gravity columns. For each W8x40 gravity column, a 3/4"-thick base plate was
welded to the column bottom end and an 8"-long double-angle shape, 2L6x6x%/4, was bolted to
the bottom side of the column base plate. With 1'/16”-diameter bolt holes, a 1”-diameter A325 bolt
served as the “pin” to connect the double-angle to the stem of an inverted T-shaped fixture built
up from 1”-thick plates. Figure 3.8 shows the details of the 3'-tall RC footing, designated as RC
footing 1, for the cantilever columns. The footing was made of normal weight concrete with a

specified compressive strength, f,;/ = 8 ksi and a steel cage formed by #6 and #4 rebars respectively
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oriented in the longitudinal and transverse directions. The W12x170 column was embedded into
the RC footing with an embedment length of 2’-6". With four 7/s”-diameter thread rods, a */4"-thick
column base plate was welded to the column for positioning the column before pouring of the
concrete. To increase the rigidity and strength of the embedded column base connection, two 1'-
7" long W10x60 beam segments were welded to the column flanges and stuck out horizontally at
the mid-height of footing. In addition, one hundred /4”-diameter headed studs were welded to the
steel column and beam segments for each footing. Figure 3.9 shows two types of 4'-3” tall RC
footings that served as the spacers underneath the gravity columns. Figure 3.9(a) shows the footing,
named RC footing 2, for the gravity columns on Column Lines 2 and 3, while Figure 3.9(b) shows
the footing, named RC footing 3, for the gravity columns on Column Line 4. These footings were
made of normal weight concrete with f, = 5 ksi and a steel cage formed by #6 and #4 rebars

respectively oriented in the longitudinal and transverse directions of the test frame.
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Figure 3.1 Phase 1 Test Building: Overview
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Figure 3.10 Phase 1 Test Building (without Added Mass) Assembled on Shake Table
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| nfl ha

Figure 3.11 All Flange Weld (AFW) Connection

Figure 3.12 Top Flange Weld (TFW) Connections
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Figure 3.13 Bolted Web (BW) Connections

Figure 3.14 Pin-support for Gravity Column
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3.2.2 Test Setup

The test building was constructed on the NHERI@UCSD Large High Performance
Outdoor Shake Table (LHPOST). Figure 3.18 demonstrates the procedures of construction of test
building and setup. Figure 3.15 and Figure 3.19 show the overview of Phase 1 test setup. Eight RC
footings were mounted to the shake table through 13/4”-dia. DYWIDAG post-tensioning (PT) rods,
tensioned to 200 kips each. For each of the two cantilever column footings (designated as RC
footing 1), as shown in Figure 3.15 (c), a pair of clamping beams made from HSS9x7x%/gs were
placed on the top of footing to accommodate four PT rods outside the footing area, resulting in
eight PT rods in total used for each footing. For each of the four footings designated as RC footing
2, four PT rods were used to anchor the footing together with the steel pin-support. For each of the
four gravity column footings designated as RC footing 2, four PT rods were used to anchor the
footing together with a steel pin-support on the footing. For each of the two gravity column
footings designated as RC footing 3, a pair of clamping beams made from HSS9x7x°/3 were placed
on the top of a steel pin-support on the footing to accommodate four PT rods outside the footing
area, resulting in five PT rods in total used for mounting the footing together with the pin-support.

Several RC blocks, serving as the added mass, were attached onto the composite slab
through 13/s"-dia. DYWIDAG post-tensioning (PT) rods, tensioned to 150 kips each. As shown in
Figure 3.15(a) and (b), the four groups of added mass blocks relatively spanned over the four spans
(named Spans 1, 2, 3, and 4, relatively, from west to east) of the testing building in the longitudinal
direction. In the transverse direction, the added masses were concentrated at the central region of
the slab so that the RC blocks were located away from the collectors and would not markedly

affect the stiffness and strength of the collectors.
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Figure 3.16 shows the detailed dimensions and locations of the added mass blocks. Figure
3.17 shows the details for clamping the RC blocks onto the slab. To reduce the loss of PT forces
during the stressing of the rods, a coupler made from HSS6.000x0.500 was used to increase the
length of the stressed segment of each rod. Two types of bearing plates (denoted as Types 1 and 2
in Figure 3.17) were placed underneath at the PT locations to spread out the bearing forces acting
on the bottom of slab, preventing the crush of the slab. The total added weights (designated as
Added Weights 1, 2, 3, and 4, respectively), including each group of RC blocks together with the
associated PT rods, nuts, washers, and bearing plates, on Spans 1, 2, 3, and 4 were 26.02 kips,

27.00 kips, 11.45 kips, and 16.12 kips, respectively.
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Figure 3.18 Construction Test Building and Setup
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(0) Installation of Added Mass Blocks
Figure 3.18 Construction Test Building and Setup (continued)
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Figure 3.19 Photos of Phase 1 Test Setup
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3.2.3 Seismic Weight Calculations

To illustrating the calculations of seismic weights tributary to the composite slab floor (2™
floor) of the test building, the node and beam designations respectively shown in Figure 3.20 and
Figure 3.21 are employed. Figure 3.20 also shows the weights from the columns, braces, and beam-
to-beam connections are treated as nodal weights. The weights of the beams (steel collectors, chord,
and floor beams shown in Figure 3.21) are considered as line weights. Figure 3.22 shows that the
weights from the composite slab and added weights are simplified as area weights.

Two seismic weights are of interest in this research. The first one is the total seismic weight
tributary to the 2" floor, denoted as W, . which is used for seismic force determination in practice.
As shown in Figure 3.23, W, includes the weights from the composite slab, added weights, steel
beams, columns, double-angle braces, and the bolts and plates used for the connections. The
second seismic weight of interest is that tributary to collector lines on the 2™ floor, denoted as
W, which is used for the determination of the collector axial force demand. As shown in Figure
3.24, the weight sources of W, are almost the same as those of W, except that the weights from
the columns and the diagonal braces in the longitudinal frames are not included in W5 because
the inertial forces generated from the masses of columns and longitudinal braces would not be
transmitted into the collectors.

Table 3.1 shows the seismic weight calculation results for the seismic weight from six

components. The considerations for the six components are summarized as follows:

(1) Concrete slab and metal deck
Based on the geometry of the composite slab profile, the slab can be divided into two
regions: interior and exterior slabs. The interior slab was composed of corrugated metal deck,

which was the 20-ga. thick, 1'/2-in. deep Verco PLB-36 deck, and 2-in. thick lightweight concrete
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above the deck. Based on the product catalog, the unit weight (per unit area) for the interior
composite slab, denoted as wy, is 25.50 psf. In addition, the exterior slab, which was the 1-ft slab
overhang, was made by using the edge form L11!/2"x3!/2"x10 ga. the area weight for the interior
composite slab, denoted as wg, is 39.26 psf. See Table 3.1(a) for the weight calculation results on

composite slab.

(2) Added weights

As shown in Figure 3.16, four groups of added mass blocks, were installed onto the
composite slab. Together with the PT rods, couplers, washers, bearing plates used for installation
of mass blocks, the total weights for the four added weight groups from west to east (denoted as
Added Weights 1, 2, 3, and 4 in Figure 3.16) were W,; = 25,965 lbs, W,, = 26,945 lbs, W 3 =
11,245 1bs, and W,, = 15,884 Ibs, respectively. See Table 3.1(b) for the calculations of added

weights.

(3) Steel columns

The seismic weight from the steel columns considers the part of the columns in the upper
half of the story and the part extending out above the 2™ floor. It includes the weight from the
continuity plates and stiffeners in the column panel zones. In addition, the shear tabs and the bolts
used for the collector-to-column or beam-to-column connections are also considered as a part of
the column weight. See Table 3.1(c) for the calculations of column weights. For numerical
simulation, the calculated seismic weight tributary to each column is considered as a nodal load

applied on the nodes marked by red circles in Figure 3.20.

(4) Steel beams
The seismic weight tributary to each steel beam (collector, chord, or floor beam) was

calculated by multiplying a linear weight by the clear beam length. The linear weight includes the
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beam self-weight and the headed studs spaced 6-in. on center on the beams. To avoid the double
counting of the concrete slab weight at the shear stud locations, the weight of the shear studs was
determined by a factor n,, =1 — p./ps, where p. = 110 pcf and pg = 490 pcf are the unit weight
of the concrete and steel, respectively. See Table 3.1(d) for the weight calculation results on steel

beams.

(5) Steel double-angle braces

The seismic weight from the steel double-angle braces considers the self-weight of the
braces and the gusset plates connections in the upper half story. For inconvenience, the shear tabs,
bolts, and stiffeners on the beams at the brace-to-beam intersections are included as well. For
numerical simulation, these weights are lumped to the nodes at the brace-to-beam intersections,
which are marked by blue circles in Figure 3.20, as nodal loads or nodal masses. See Table 3.1(e)

for the weight calculation results on double-angle braces.

(6) Beam-to-beam connections

The seismic weight from the beam-to-beam joints considers the shear tabs and stiffeners at
the brace-to-beam connections. For numerical simulation, these weights are lumped to the nodes
at the beam-to-beam intersections, marked by orange circles in Figure 3.20, as nodal loads or nodal
masses. See Table 3.1(e) for the weight calculation results on beam-to-beam joints.

As shown in Figure 3.22 the seismic weights from the composite slab and added mass can
be simplified as uniform area load applied on the floor, which can be used to determine the lumped
masses or weights for the nodes on the floors, such as the nodes in shown in Figure 3.20. Table
3.2 shows the calculations on these area loads. The area loads from the interior and exterior slabs

are W = 25.5 psfand wg = 39.6 psf, respectively. The area loads for four groups of added weights
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(Added Weights 1, 2, 3, and 4, respectively) are w,; =418.23 psf, w,, =434.02 psf, w,z =351.39
psf, and w,, = 447.43 psf, respectively.

Table 3.3 shows the summary of the seismic weight tributary to the 2" floor. The total
seismic weight for the seismic force determination is W, = 113.300 kips. The contributions from
composite slab, added weights, steel beams, steel columns, double-angle braces, and beam-to-
beam joints are 19.41%, 70.64%, 6.11%, 2.91%, 0.82%, and 0.10%, respectively. The total seismic
weight tributary to collector lines is W, = 109.873 kips. The contributions from composite slab,
added weights, steel beams, double-angle braces, and beam-to-beam joints are 20.02%, 72.85%,
6.30%, 0.73%, and 0.10%, respectively.

To determine the collector axial force demand triggered by the floor acceleration, it
requires the calculations of seismic weight tributary to each collector. Figure 3.24 illustrates that
the seismic weight, Wy, or Wy;, tributary to the i-th span of the north or south collector line,

respectively. Also, the following relationship holds:

4 4
Wyr :ZWI\,H +ZW5'1' (3.1)
=1 =1

For simplicity, it is assumed that seismic weight is uniformly distributed along the collector, so
that the linear weight, wy; or wg;, to the i-th span of the north or south collector line, respectively,

can be determined from:

wy; = Wyi/Li
(3.2)
ws; = Wei/L;
where L; is the i-th span length.

Table 3.4 and
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Table 3.5 shows the calculations for seismic weights tributary to the north and south
collector lines, respectively. Figure 3.25 demonstrates the variation of the linear seismic weight
tributary to the collectors along the collector lines. Figure 3.26 shows that the inertial forces, Fj,

on the slab triggered by a floor acceleration, ay,,, are transferred into the collectors through the

shear forces between the slab and collectors. In practice, it is considered a rational approach to
assume that these shear forces are uniformly distributed. Therefore, the shear forces, vy; and vg;,
which are acting along the i-th span of north and south collector lines, respectively, can be
determined from:
i
Uni = Wy X <

(3.3)

r L Grir

T
Vgi = Wg; X

These shear forces can be used to compute the axial force demand in the collectors.
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3.2.4 Comparison of Test Specimen and Prototype Structure

A 12-story building with buckling restrained braced frames (BRBFs) for the seismic force-
resisting system (SFRS) from the version 1.0 of the Steel Diaphragm Innovation Initiative (SDII)
building archetypes (Torabian et al. 2017) was selected as the prototype structure for this research.
See Appendix F for detailed description of the prototype structure. Figure 3.27 shows the
comparison of floor plans between the prototype structure and test specimen. The longitudinal
direction of the prototype building is the direction of interest in this study because significant force
demands would be induced in the long collector line between the two BRBFs in each perimeter
frame in this direction. For simplicity, the floor area tributary [shown by dashed line in Figure
3.27(a)-top] to one BRBF together with half of its adjacent collector line was considered for design
of the long collector line. Note that, for comparison purpose, the floor area considered for the
collector line design shown in Figure 3.27(a)-bottom was plotted on the same scale as the test
specimen floor plane shown in Figure 3.27(b). The two 14'-long collectors, denoted as Collectors
1 and 2, in the test specimen were intended to represent the two 33'-4" long collectors (also
designated Collectors 1 and 2) in the prototype structure. The model/prototype ratio for the
collector beam span is 0.42.

In addition, Figure 3.28 shows the comparison of the cross sections of the composite
collectors in prototype structure and test specimen. Table 3.6 lists the comparisons of the
dimensions of the collectors in the prototype structure and test specimen. The model/prototype
ratios of various dimensions are ranging from 0.44 to 0.65 except for two outliers: the average rib

width of deck, w;., and steel beam flange, by. The model/prototype ratios for w,. and by were 0.354

and 0.814, respectively. The low model/prototype ratio for w;. is due to the configuration of the

available shallow metal deck used for the test specimen. The high model/prototype ratio for by is
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due to the difference in the design methodologies adopted to determine the collector section
between prototype and specimen. For prototype design, the collector section was determined by
the member force check without considering the design of the collector-to-column connections.
By contrast, for the test specimen, the selection of collector section was governed by the design of
the collector-to-column connections. Since the AFW and TFW connections were employed for the
14'-ft long collectors, the axial force strength of the connections was mainly determined from the
beam flange area. Hence, a section with a longer flange width was selected to provide adequate
welds between the beam flange and column, which resulted in a high model/prototype ratio for by.
However, in general, the model/prototype ratios tabulated in Table 3.6 indicates that the collectors
in the test specimen can represent an approximately 0.5-scale collector.

Figure 3.27(a) and (b) also show the floor areas (A) tributary the collectors in the specimen
and prototype building, respectively. Note that these tributary areas to the collectors are defined
based on the assumption that the inertial force generated from the seismic mass in the area will be
transfer to the corresponding collector. It is different from the commonly seen tributary area that
is used for the gravity load design. In addition, the total seismic weight in the tributary area of a
collector is defined as the tributary seismic weight to the W collector. As listed in Table 3.7, the
model/prototype ratios for A and Wy are 0.076 and 0.116, respectively, both of which are smaller
than the theoretical ratio of 0.25 for a 0.5-scale specimen based on the similitude-based scaling
laws (Table 3.8 lists the similitude relationships for the key parameters based on scaling laws).
Hence, these two parameters (A; and Wy ) were distorted in the specimen. A low A in the
specimen is unavoidable because the transverse dimension of the test building is restricted by the
shake table area. To increase the tributary weight Wy to collectors, heavy added-on RC blocks

were placed on the specimen. However, only a part of floor area in the specimen was used to
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accommodate the mass blocks because the added weights were intentionally concentrated at the
central region of the floor, away from collectors, to avoid affecting the stiffness of the collectors.
In addition, it was only allowed to pile up a limited number of mass blocks for each group of added
masses because it is undesirable to have the center of added mass too far away from the slab.
Hence, the resulting Wr to the collectors in the specimen was unavoidably lower than the
theoretical value. Lastly, the average area weight Wy applied on the floor is estimated by dividing
Wy by Ar. The model/prototype ratio for Wy is 1.538, which is higher than the theoretical value
of 1.0 per solitude laws. This suggests that the area gravity load from added mass on the specimen
is higher than the average superimposed gravity load on the prototype floors.

However, the low tributary area and low tributary weights to the collectors in the specimen
is considered acceptable. This is because cantilever columns (i.e., LFRS) of the test building was
designed to remain elastic even though the specimen is subjected to a floor acceleration up to 2.7
g, which is much higher than the target peak floor acceleration required in Phase 1 test program.
In other words, the LFRS of the test building was intentionally “overdesigned” so that, although
seismic weight tributary to the collectors was low, high inertial force demands on the collectors

can be generated by scaling up the input motion such that a high floor acceleration can be produced.
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Table 3.6 Comparisons of Dimensions of Collectors in Prototype and Specimen

Specimen
Dimension | Unit | Prototype | Specimen | /Prototype Note for Dimension
Ratio
L (in.) 400 168 0.420 |Collector beam span
t. (in.) 4.5 2 0.444  |Thickness of concrete above metal deck
h, (in.) 1.5 0.500 [Height of metal deck
w, (in.) 2.125 0.354 |Average rib width of metal deck
Sy (in.) 12 6 0.500 |Rib spacing of metal deck
d (in.) 21.1 13.8 0.654  |Steel beam height
by (in)| 827 6.73 0.814  |Steel beam flange width
tw (in.) 0.43 0.23 0.535 |Steel beam web thickness
tr (in.)| 0.685 0.385 0.562  |Steel beam flange thickness

Table 3.7 Comparisons of Tributary Floor Area and Tributary Seismic Weights of Collectors in
Prototype and Specimen

Specimen .
Parameter Unit | Prototype |Specimen| /Prototype Thgoretlcal Model/Protqtype
. Ratio for 0.5-scale Specimen
Ratio
Tributary Area, Ay (ft}) | 1666.67 126 0.076 0.25
Tributary Weight, Wy | (kips) | 159.16 18.5 0.116 0.25
Area Weight, Wy (psf) | 95.50 146.83 1.538 1
Table 3.8 Similitude Relationship
. Model/Prototype Ratio
Parameter Model/Prototype Ratio for 0.5-scale Specimen

Length L 0.500

Time VL 0.707

Mass L? 0.250

Displacement L 0.500

Velocity VL 0.707

Acceleration 1 1

Stress 1 1

Strain 1 1

Force L? 0.250

Moment L3 0.125

Energy L3 0.125

Area L? 0.250

Moment of Inertia L* 0.0625
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3.3 Specimen Design Strengths per Current Practice
3.3.1 Collector Compressive Strength

Collector beams with composite slabs are continuously braced for minor axis flexural
buckling. The composite slab also provides significant continuous torsional bracing. This
continuous torsional bracing is often sufficient to preclude torsional buckling altogether. This can
be verified by using the approaches developed by Helwig and Yura (1999). However, for
simplicity, designers usually conservatively neglect the effect of the continuous torsional bracing
from the slab and consider the constrained-axis torsional buckling about the top flange [see Figure
3.29(d)] for the collector design. Hence, the compressive strength of a collector with composite
slab is governed by the weaker strength between the major axis flexural bucking and constrained-
axis torsional bucking.

For the 14'-long W14x30 collectors in the Phase 1 test building, the effective lengths with
respect to the major-axis flexural, minor-axis flexural, and torsional buckling modes, respectively
denoted as Ly, Ly, and L., are taken as:

Lo = (KL), = 1.0(14 ft) = 14 ft
Ly = 0 (lateral movement is braced by the slab)

14 ft, for south collectors
Le; = (KL), = { 7 ft, for north collectors
Note that the effective length factors, K, and K,, are conservatively assumed as 1.0.

For major axis flexural buckling mode [Figure 3.29(a)], the elastic buckling stress, F,, is computed

by:

N (3.4)
(%)
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On the other hand, as suggested in the AISC Specification (AISC 2016¢) Commentary
Section E4, the elastic buckling stress, F,, for the constrained-axis torsional buckling [Figure
3.29(d)], is determined from

1
AyTy?

(3.5)

_ n?El, <h_§
¢ (L)% \ 4

+ a2> + G]l

where E and G are Young’s modulus and shear modulus of steel, respectively. 4y, I,,, and ] are
gross cross-sectional area, minor-axis moment of inertia about, and torsional constant of the steel
section. a is the distance from the centroid to lateral restraint on the member minor axis. h,, is the

distance between flange centroids. The polar radius of gyration about the shear center is 7, =

12 + 1,2 + a?, where r, and ,, are the radii of gyration about major axis and minor axis for the

steel section, respectively. w is the factor to address the effects of bracing flexibility, taken as 0.9.
Inserting the expression for 7, in the denominator term in Eq. (3.5) and taking a = d /2, for the
case when the restraint is at the top flange, Eq. (3.5) is rewritten as:

n?EL, (h2 + d?) 1

F, =09 +
e 4(L,)? I, + 1, + 0.254,d>

(3.6)

where d is the depth of the steel section and I, is the moment of inertia about the major axis.
For each of the two buckling modes considered, the corresponding critical stress, F,., is determined
per AISC Specification Section E3 with the following equations
Fy F,
<0.658Fe> F, =2<225

E, = (3.7)
0.877FE,,

Since there is no compactness requirement for the collector beam in the current building
codes (AISC 2016b, 2016c¢), it is allowed to employ slender sections for collectors. When a

collector section is slender for axial compression, the effective area, 4., of the section accounting
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for local buckling effect is determined per AISC Specification Section E7. For the W14x30

collectors made of A992 steel (F, = 50 ksi), the flange is compact (bs/2t; = 8.74 < A, =

0.56,/E/F, = 13.49), while the web is slender (h/t,, = 45.4 > 4, = 1.49,/E /F, = 35.88). The

effective width for the web, h,, is determined from:

‘
E
< A
h, A< A, /F
el el
hl{1-c 1> A,
cr

where h is the clear height of the web. ¢, is the effective width imperfection adjustment factor (=

(3.8)

0.18 for stiffened elements). ¢, is computed as (1 - m) /(2¢,). 4 is the width-to-thickness
ratio of the web. A, is the limiting width-to-thickness ratio for members subject to axial
compression. F,; is the elastic local bucking stress and computed as [(c,A,-) /A]?F,
Subsequently, the effective area, A,, of the section is estimated from:
A, =Ay—t,(h—h,) (3.9)
Finally, the design compressive strength is computed by:
BcPr = o (ForAo) = 0.9F, 4, (3.10)
Note that A, is replaced by A, when collector section is compact. The smaller of the design

compressive strengths of the two bucking modes considered is the governing compressive strength
of the collector. Table 3.9 and Table 3.10 show the calculations of ¢.P, for the 14’-long W14x30

collectors in Frames S and N, respectively.

87



3.3.2 Collector Flexural Strength for Gravity Design

The design flexural strength of collector for gravity design was computed per Section 13.2
of the AISC Specification (AISC 2016¢). Table 3.11 and Table 3.12 show the calculations of the
design positive flexural strength, ¢, M,,, for the composite section of the north and south 14-ft long
collectors, respectively. As the steel collector section (W14x30) has a web width-to-thickness ratio
h/t, =454 < 3.76\/% = 90.6, the nominal positive flexural strength, M,, was determined
from the plastic stress distribution for the limit state of yielding. The nominal strengths for steel
and concrete, F,, = 50 ksi and f. = 4 ksi, respectively, were used for the calculations of M,,.

The compression force, C., in the concrete slab was determined from the smallest of:

Ccl = AsFy (3.11)
C; =20, (3.13)

where A; is the cross-sectional area of the steel section, h, is the thick of concrete slab above the
metal deck, and bsf is the effective slab width, which was determined per Section 13.1a of the
AISC Specification. 2Q,, is the sum of nominal strengths of steel headed stud anchors between the
point of maximum positive moment and the point of zero moment. It is assumed that the collector
under the gravity loads acts as a simply supported beam subjected to a uniform load. Thus, the
number of studs (= 13) allocated at each half span of the 14-ft collector was used to compute £Q,,.
The nominal shear strength, @Q,,, of one steel headed stud anchor was determined as follows (AISC

2016¢):

Qn = 0.5450\/f/E, < RyRyAg,F, (3.14)
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where Ag, is the cross-sectional area of the steel headed stud, E. is the modulus of elasticity of
concrete, which was determined from E,. = w}°,/f; (ksi), and F, is the specified minimum tensile
strength of a steel headed stud anchor. R, and R,, are reduction factors for stud design.

The effective thickness of concrete slab, a, was determined from:

Ce

a=——-—-
0.85f/bes/

(3.15)

At the assumed limit states, the distance from the concrete slab force (C,) to the steel top flange,

Y,, was determined as:

a

a:ywn—z (3.16)

where Y, is the distance from the top of steel collector to top of concrete slab.

For calculation of M,,, the combination of a root of the web and its adjacent fillets for the
steel collector section was idealized as a rectangular shape with a depth of Kg,), = (k - tf) and
an area K., = (AS — 245 — AW) /2, where k is the dimension of the k-area, t is the flange
thickness, Ay = brty is the flange area, and A,, = (d — 2k)t,, is the web area. d, bf, and t,, are
the depth, flange width, and web thickness of the steel section, respectively.

Assuming the plastic neutral axis (PNA) is located whing the steel web, the distance from

the bottom of the steel section to the PNA, ypy 4, Was computed as:

1[4, C,

yPNA=k+t_ -5t

.12 E_Karea_Af (3.17)

Then, M,, was calculated by summing up the moments generated by steel and concrete components

of the composite section under the plastic stress distribution.
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3.3.3 B1 and B2 Multipliers for Collector Design

In this section, the B; and B, multipliers per in AISC Specification (AISC 2016c¢)
Appendix 8 were computed to evaluate the second-order effects on the collector design. The B,

multiplier, accounting for P-A effect, is determined from:

1
B=—s—2>1
2 1 _ ®Pstory (3.18)

Pe story
where a@ = 1.0 for LRFD and Ps,yy is the total vertical load supported by the story. The total
seismic weight tributary to the 2™ floor of test specimen, W,r, was used to estimate Pstory, 1.€.,
Pstory = Wop = 113.3 Kips. P, story 1s the elastic critical buckling strength for the story in the

direction of translation being considered and computed by:

HL
Pe story = RME (3.19)

where
H = total story shear, in the direction of translation being considered, produced by the lateral
forces used to compute Ay
L = story height, taken as the height (= 8 ft) of the cantilever columns in the test building
Ay = first-order interstory drift, in the direction of translation being considered
Ry =1—=0.15(Pns/Pstory)
Py, 7= total vertical load in columns in the story that are part of moment frames in the direction
of translation being considered
Note that H/Ay represents the lateral stiffness of the test building in the longitudinal
direction. For simplicity, it is assumed that the rigidity of the TFW ad BW collector-to-column

connections is negligible and that the lateral stiffness of the test building is provided by the two
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cantilever columns and the collectors framing to these two columns through AFW connections. A
L-shape frame model (see Figure 3.30), composed of a cantilever column and a beam with one
end connected to the column and the other end supported by a roller, was used to estimate the
lateral stiffness of each longitudinal frame of the test building. By summing up the stiffnesses from

two longitudinal frame, the total lateral stiffness of the specimen, H/Ay, is estimated as:

H (2F ) X St L 3 ! ] (3.20)
—_— = rames - e — .
Ay L2 | 1 +§(1b/Lb) |

| 4\I./L: /]|

This gives the result: H/Ay = 392.91 kips/in. Furthermore, Py, ¢ (= 5.76 kips) is estimated by the
summation of the vertical loads carried by the two cantilever columns, which is the total of the

weights located in the tributary areas (see Figure 3.31) of the cantilever columns. With Py, and
Pstory, the value of Ry, (=0.9924) is determined. Plugging the values of Ry, L, and H/Ay into Eq.
(3.19), the value of P, sty is obtained (= 37,432 kips). Finally, by using Eq. (3.18), the value of
B, is determined (= 1.003).

The B, multiplier, accounting for the P-§ effect on the collector, is determined from:

ab, = (3.21)

where @ = 1.0 for LRFD. The equivalent uniform moment factor, C,,, is conservatively taken as
1.0 because gravity loads served as the transverse loading between the supports of the collector.
P. is the required second-order axial strength and calculated by P,;; + B, P}; . It is assumed that P,;
= 0 because the gravity-induced axial force in the collector is negligible. P, is estimated by the
axial force in the Collector 1 induced by a floor acceleration of 2.0 g. It is assumed that the total

inertial force generated from the seismic weight tributary to two collector lines, W, will be
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transferred to and evenly shared by the two cantilever columns. Thus, the west end of each

Collector 1 will see the axial force:

1 a
P, = (E) X Wip X ( ;’r) (3.22)

where the floor acceleration, ag;,., is taken as 2 g. This resulted in P, = W, = 109.9 kips.
In addition, the elastic critical buckling strength of the member in the plane of bending,

P,,, is determined from:

_ m’El (3.23)
et (Lcl)z .
where ET" is taken as E1,. of the collector. I, is the moment of inertia about the major axis (x-axis
of the section). The effective length of the collector in the plane of bending is taken as L., =

(KL),= 1.0(14 ft) = 14 ft. The computed P, is 2,951 kips. Plugging the values of the variables

into Eq. (3.21), the value of B; is obtained (= 1.039).
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3.3.4 Collector-to-Column Connection Strength

Three types of collector-to-column connections (AFW, TFW and BW connections) were
employed for test building. In current practice, engineers usually compute the axial force resistance,
@Ry, torar» Of a collector connection and check it with the resultant force demand, R, at the

collector end. Note that the resultant force R,, is determined from the following equation:
R, = |P*+V,” (3.24)

where F, is the floor acceleration-triggered axial force, while V; is the gravity-induced shear force

in the collector. On the other hand, the general formula for the design strength of these three types

of connections can be expressed as follows:

DRy total = nf¢Rn,f + ¢R, (3.25)
where Ry, 1orq; = total design strength of the connection; @R, » = design strength of each welded
flange; @R, ,,= design strength of bolted connection at collector web; and ny = number of welded
flanges. Note that ny = 2, 1, and 0 for the AFW, TFW and BW connections, respectively.

To determine the strength of each welded flange, ¢pR,, ¢, two limit states are considered.
One is yielding of the flange and its corresponding design strength, ¢pR;, ¢4, is computed by:
PRy 1 = Pl Ap (3.26)
where ¢, = 0.90; F, is the yield stress of flange; and Af is the flange area (= bgty). The other is
fracture of the flange weld and its corresponding design strength, ¢ R, ¢,, is estimated as:
GRn 2 = B Ay (3.27)
where ¢ =0.75 and F,,, is the nominal stress of weld metal. Finally, the smaller strength between

these two limit states gives the governing strength, ¢R,, ¢, for the welded flange as follows:
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@R, = min(PR,, r1, PR, f2) (3.28)

To determine the strength of bolted connection at collector web, ¢R,, ,,,, seven limit states

are considered. They include: (1) gross section yield of shear tab; (2) net section fracture of shear
tab; (3) shear rupture of bolts; (4) bearing or tear-out of bolt holes on shear tab; (5) bearing or tear-
out of bolt holes on collector beam web; (6) block shear rupture of shear tab; and (7) block shear
rupture of collector beam web. Table 3.13 and Table 3.14 show the calculations of the design
strengths of AFW and TFW connections, respectively. Table 3.15 and Table 3.16 show the
calculations of the design strengths of the BW connections in the W14x30 and W14x26 collectors,

respectively.
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Table 3.9 Design Compressive Strength for South Collector

Effective Lengths
Loy = 168 in. Lo, = 168 in.
Material Properties
= 29000 ksi E, = 50 ksi
G= 11154 ksi
Section Information
Section W14x30 I, = 291 in.*
Ay = 8.85 in.? L, = 19.6 in.*
d= 13.8 in. Ty = 5.73 in,
by = 6.73 in. n, = 1.49 in.
ty = 0.27 in. h, = 13.4 in.
te = 0.385 in. ] = 0.38 in.*
Compactness Check
Element Ar Classification
Flange b /2tp = 8.74 0.56,/E/F, = 13.49 Compact
Web h/t, = 45.4 1.49,/E/F, = 35.88 Slender
¢ P, for Major-Axis Flexural Buckling ¢.P, for Constrain-Axis Torsional Buckling
Lex/Ty = 29.32 W= 0.9
F, = 332.96 ksi = 27.82 ksi
E,/F, = 0.15 E,/F, = 1.80
F., = 46.95 ksi F.,. = 23.56 ksi
ArJE, [Fer = 37.03 <2 Y 52.27 >
c = 0.22 = 0.22
Cy = 1.485 Cy = 1.485
Fy = 68.92 ksi F, = 68.92 ksi
h= 12.26 in. h= 12.26 in.
h, = 10.89 in. h, = 12.26 in.
A, = 8.48 in. A, = 8.85 in.
B, = 358.4 kips ¢:B, = 187.7 kips

Governing ¢.B, = 187.7 kips
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Table 3.10 Design Compressive Strength for North Collector

Effective Lengths
Loy = 168 in. Lo, = 84 in.
Material Properties
E= 29000 ksi E, = 50 ksi
G= 11154 ksi

Section Information

Section W14x30 I, = 291 in*
Ag= 8.85 in.2 L, = 19.6 in*
d= 13.8 in. T = 5.73 in.
b = 6.73 in. T, = 1.49 in.
ty = 0.27 in. h, = 13.4 in.
tr = 0.385 in. J= 0.38 in.*

Compactness Check

Element A A Classification
Flange bg /2ty = 8.74 0.56,/E/F, = 13.49 Compact
Web h/t, = 45.4 1.49,/E/F, = 35.88 Slender
¢ P, for Major-Axis Flexural Buckling ¢.P, for Constrain-Axis Torsional Buckling
Lex/Ty = 29.32 W= 0.9
F, = 332.96 ksi E, = 95.64 ksi
F,/F, = 0.15 E,/F, = 0.52
F., = 46.95 ksi F.,. = 40.17 ksi
ArJE, [Fer = 37.03 <2 Y 40.03 <A
c = 0.22 L= 0.22
Cy = 1.485 Cy, = 1.485
Fy = 68.92 ksi F, = 68.92 ksi
h= 12.26 in. h= 12.26 n.
h, = 10.89 in. h, = 11.43 in.
A, = 8.48 in.? A, = 8.63 in.
¢cPB, = 358.4 kips ¢.P, = 311.9 kips

Governing ¢.B, =311.9 kips

96



Table 3.11 Design Positive Flexural Strength of North Collector

Steel Beam Section Composite Slab Headed Stud Anchor
Section W14x30 fi = 4 ksi Condition Deck Parallel
E, = 50 ksi w, = 110 pcf Ngtya = 13 in.
d= 13.8 in. E.= 2408 ksi dgq = 0.5 in.
by = 6.73 in. = 33 in. Agg = 0.1963 in.?
ty = 0.27 in. c = 2 in. E, = 65 ksi
tr = 0.385 in. h, = 1.5 in. Ry = 0.85
k= 0.785 in. wy = 2.125 in. Ry, = 0.75
Ag= 8.85 in.2 w,/h, = 1.42 Qn1 = 9.635 kips
Af = 2.59105 in.? Cer 442.5 kips Qnz = 8.136 kips
Ay, = 3.3021 in.? Ce 224.4 kips Qn= 8.136 kips
Korea =  0.1829 in.? Ce3 105.8 kips 2Q, = 105.8 kips
Kiep = 0.4 in. C.= 105.8 kips
Design Positve Flexural Strenth, ¢, M},
a= 0.943 in. Area Force y Y — Ypna M,
Component
Yeon = 3.5 in. (in.?) (kips) (in.) (in.) (kip-in.)
Y, = 3.029 in. Steel #1 2.5911 129.55 0.193 -10.62  1376.49
YpNa = 10.82 in. Steel #2 | 0.1829 9.14 0.585 -10.23 93.58
szs = 23.90% Steel #3 | 2.7088 135.44 5.801 -5.02 679.39
bp = 0.9 Steel #4 | 0.5933 29.67 11.916 1.10 32.60
Steel #5 | 0.1829 9.14 13.215 2.40 21.93
Steel #6 | 2.5911 129.55 13.608 2.79 361.46
Concrete - 105.77 16.829 6.01 635.81
Total = 3201.24
oM, = 240 kip-ft
[Note]

1. Cc1= AsFy; Ceo=0.85f/A.; Cc3= £Qp; and C.= min (C,q, C, Cc3)

2. inZO-SAsa\/ feEg; QnZZRngAsaFu; and Q,= min (Q1, Qn2)
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Table 3.12 Design Positive Flexural Strength of South Collector

Steel Beam Section Composite Slab Headed Stud Anchor
Section W14x30 fi = 4 ksi Condition  Deck Perpendicular
E, = 50 ksi w, = 110 pcf Ngtya = 0.5 in.
d= 13.8 in. E.= 2408 ksi dgq = 0.1963 in.
by = 6.73 in. b= 33 in. Agg = 65 in.?
ty = 0.27 in. h. = 2 in. E, = 1 ksi
tr = 0.385 in. h, = 1.5 in. Ry = 0.6
k= 0.785 in. wy = 2.125 in. Ry, = 9.635
Ag= 8.85 in.2 w,/h, = 1.42 Qn1 = 7.658 kips
Af = 2.59105 in.? Cor = 442.5 kips Qnz = 7.658 kips
Ay, = 3.3021 in.? Cer = 224.4 kips Qn= 99.5 kips
Korea =  0.1829 in.? Ce3 = 99.5 kips 2Q, = 0.5 kips
Kiep = 0.4 in. C.= 99.5 kips
Design Positve Flexural Strenth, ¢, M},
a= 0.887 in. Area Force y Y — Ypna M,
Component
Yeon = 3.5 in. (in?) (kips) (in.) (in.)  (kip-in.)
Y, = 3.056 in. Steel #1 2.5911 129.55 0.193 -10.39  1346.63
YpNa = 10.59 in. Steel #2 | 0.1829 9.14 0.585 -10.00 91.47
szs = 22.50% Steel #3 | 2.6465 132.33 5.686 -4.90 648.54
bp = 0.9 Steel #4 | 0.6556 32.78 11.801 1.21 39.79
Steel #5 | 0.1829 9.14 13.215 2.63 24.03
Steel #6 | 2.5911 129.55 13.608 3.02 391.31
Concrete - 99.55 16.856 6.27 624.11
Total=  3165.89
oM, = 237 kip-ft
[Note]

1. Ccr= AsFy; Ceo=0.85f/A.; Cc3= £Qp; and C.= min (C,q, C, Cc3)

2. Qn1=0.5444+/ ¢ Ec; Qua=RgRpAsq Fy; and Q= min (Qpy, Qn2)
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Table 3.13 Design Strength for AFW Connection

Collector Connection Type=  AFW ng = 2
Bolt Parameters Bolt Hole Layout Collector (W14x30)
dp = 0.625 in. dp, 0.6875 d= 13.8 in.
Ap = 0.31 in.2 ny, = 5 by = 6.73 in.
Type A325-N n, = 1 ty, = 0.27 in.
Foe = 90 ksi n, = 5 tr = 0.385 in.
F, = 54 ksi Sy = 2 E, = 50 ksi
u= 0.3 e, = 1.25 F, = 65 ksi
D, = 1.13 Sp = 0 Shear Tab
hs = 1 ep= 1.25 [= 10.5 in.
Ty = 19 kips Enw = 1.25 w= 3 in.
ng = 1 Design Coefficient t, = 0.25 in.
U= 1 Fy, = 50 ksi
Ups = 1 Eyp= 65 ksi
Design Strength of Each Welded Flange, ¢pR;, ¢
Yield of Flange Fracture of Weld
b = 0.9 ¢= 0.75
Ap = 2.591 in. Ap = 2.591 in.2
E, = 50 ksi E., = 70 ksi
GRpf1 = 116.6 kips ORy f2 = 136.0 kips
Governing ¢R,, f = 116.6 kips  (Controlling Limit State: Yield of Flange)

Design Strength of Bolted Connection at Collector Web, ¢R,, ,,

Gross Section Yield of Shear Tab | Net Section Fracture of Shear Tab Shear Rupture of Bolts
¢ = 0.9 ¢= 0.75 ¢= 0.75
Ay = 2.625 in.2 A, = 1.6875 in.2 o, = 12.43 kips
ORy w1 = 118.1 kips ORp w2 = 82.3 kips PRy w3 = 62.1 kips
Bearing/Tearout (B/T) of Bearing/Tearout (B/T) of . .
Bolt H%)les on Sh(ear "l)"ab Bolt Holﬁs on Collgctor)Web Bolt Slip Resistance
¢= 0.75 ¢= 0.75 ¢= 1.0
lee= 0.90625 in. lee= 0.90625 in. ¢r, = 6.44 kips
les= 0 in. les= 0 in. PR, we = 322 kips
The = 17.67 kips The = 19.09 kips
Tos = 0 kips Tns = 0 kips
SRy wa = 66.3 kips ORy w5 = 71.6 kips
Block Shear Rupture (BSR) of Block Shear Rupture (BSR) of
Shear Tab Collector Web
¢= 0.75 ¢= 0.75
Ap = 1.25 in.? Ap = 1.35 in.
Agy = 0.625 in.2 Agy = 0.675 in.?
Apy = 0.4375 in.2 Apy = 0.4725 in.?
DRy we = 73.7 kips PRy, 7 = 79.6 kips
Governing ¢R,, ,, = 62.1 kips  (Controlling Limit State: Shear Rupture of Bolts)

Total Design Strength of Collector Connection, R, ota:

Governing ¢R, tora1 =  295.3

kips
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Table 3.14 Design Strength for TFW Connection

Collector Connection Type=  TFW ng = 1
Bolt Parameters Bolt Hole Layout Collector (W14x30)
dp = 0.625 in. dp, 0.6875 d= 13.8 in.
Ap = 0.31 in.2 ny, = 5 by = 6.73 in.
Type A325-N n, = 1 ty, = 0.27 in.
Foe = 90 ksi n, = 5 tr = 0.385 in.
F, = 54 ksi Sy = 2 E, = 50 ksi
u= 0.3 e, = 1.25 F, = 65 ksi
D, = 1.13 Sp = 0 Shear Tab
hs = 1 ep= 1.25 [= 10.5 in.
Ty = 19 kips Enw = 1.25 w= 3 in.
ng = 1 Design Coefficient t, = 0.25 in.
U= 1 Fy, = 50 ksi
Ups = 1 Eyp= 65 ksi
Design Strength of Each Welded Flange, ¢pR;, ¢
Yield of Flange Fracture of Weld
b = 0.9 ¢= 0.75
Ap = 2.591 in. Ap = 2.591 in.2
E, = 50 ksi E., = 70 ksi
GRpf1 = 116.6 kips ORy f2 = 136.0 kips
Governing ¢R,, f = 116.6 kips  (Controlling Limit State: Yield of Flange)

Design Strength of Bolted Connection at Collector Web, ¢R,, ,,

Gross Section Yield of Shear Tab | Net Section Fracture of Shear Tab Shear Rupture of Bolts
¢ = 0.9 ¢= 0.75 ¢= 0.75
Ay = 2.625 in.2 A, = 1.6875 in.2 o, = 12.43 kips
ORy w1 = 118.1 kips ORp w2 = 82.3 kips PRy w3 = 62.1 kips
Bearing/Tearout (B/T) of Bearing/Tearout (B/T) of . .
Bolt H%)les on Sh(ear "l)"ab Bolt Holﬁs on Collgctor)Web Bolt Slip Resistance
¢= 0.75 ¢= 0.75 ¢= 1.0
lee= 0.90625 in. lee= 0.90625 in. ¢r, = 6.44 kips
les= 0 in. les= 0 in. PR, we = 322 kips
The = 17.67 kips The = 19.09 kips
Tos = 0 kips Tns = 0 kips
SRy wa = 66.3 kips ORy w5 = 71.6 kips
Block Shear Rupture (BSR) of Block Shear Rupture (BSR) of
Shear Tab Collector Web
¢= 0.75 ¢= 0.75
Ap = 1.25 in.? Ap = 1.35 in.
Agy = 0.625 in.2 Agy = 0.675 in.?
Apy = 0.4375 in.2 Apy = 0.4725 in.?
DRy we = 73.7 kips PRy, 7 = 79.6 kips
Governing ¢R,, ,, = 62.1 kips  (Controlling Limit State: Shear Rupture of Bolts)

Total Design Strength of Collector Connection, R, ota:

Governing @R, torar = 178.7

kips
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Table 3.15 Design Strength for BW Connection in W14x30 Collector

Collector Connection Type=  BW ng = 0
Bolt Parameters Bolt Hole Layout Collector (W14x30)
dp = 0.625 in. dp, 0.6875 d= 13.8 in.
Ap = 0.31 in.2 ny, = 5 by = 6.73 in.
Type A325-N n, = 1 ty, = 0.27 in.
Foe = 90 ksi n, = 5 tr = 0.385 in.
F, = 54 ksi Sy = 2 E, = 50 ksi
u= 0.3 e, = 1.25 F, = 65 ksi
D, = 1.13 Sp = 0 Shear Tab
hs = 1 ep= 1.25 [= 10.5 in.
Ty = 19 kips Enw = 1.25 w= 3 in.
ng = 1 Design Coefficient t, = 0.25 in.
U= 1 Fy, = 50 ksi
Ups = 1 Eyp= 65 ksi
Design Strength of Each Welded Flange, ¢pR;, ¢
Yield of Flange Fracture of Weld
b = 0.9 ¢= 0.75
Ap = 2.591 in. Ap = 2.591 in.2
E, = 50 ksi E., = 70 ksi
GRpf1 = 116.6 kips ORy f2 = 136.0 kips
Governing ¢R,, f = 116.6 kips  (Controlling Limit State: Yield of Flange)

Design Strength of Bolted Connection at Collector Web, ¢R,, ,,

Gross Section Yield of Shear Tab

Net Section Fracture of Shear Tab

Shear Rupture of Bolts

¢ = 0.9 ¢= 0.75 ¢= 0.75
Ay = 2.625 in.2 A, = 1.6875 in.2 o, = 12.43 kips
ORy w1 = 118.1 kips ORp w2 = 82.3 kips PRy w3 = 62.1 kips
Bearing/Tearout (B/T) of Bearing/Tearout (B/T) of . .
Bolt H%)les on Sh(ear "l)"ab Bolt Holﬁs on Collgctor)Web Bolt Slip Resistance
¢= 0.75 ¢= 0.75 ¢= 1.0
lee= 0.90625 in. lee= 0.90625 in. or, = 6.44 kips
les= 0 in. les= 0 in. PR, we = 322 kips
The = 17.67 kips The = 19.09 kips
Tos = 0 kips Tns = 0 kips
SRy wa = 66.3 kips ORy w5 = 71.6 kips
Block Shear Rupture (BSR) of Block Shear Rupture (BSR) of
Shear Tab Collector Web
¢= 0.75 ¢= 0.75
Ap = 1.25 in.? Ap = 1.35 in.
Agy = 0.625 in.2 Agy = 0.675 in.?
Apy = 0.4375 in.2 Apy = 0.4725 in.?
DRy we = 73.7 kips PRy, 7 = 79.6 kips
Governing ¢R,, ,, = 62.1 kips  (Controlling Limit State: Shear Rupture of Bolts)

Total Design Strength of Collector Connection, R, ota:

Governing @R, torar = 62.1

kips
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Table 3.16 Design Strength for BW Connection W14x26 Collector

Collector Connection Type=  BW ng = 0
Bolt Parameters Bolt Hole Layout Collector (W14x26)
dp = 0.625 in. dp, 0.6875 d= 13.8 in.
Ap = 0.31 in.2 ny, = 5 by = 6.73 in.
Type A325-N n, = 1 ty, = 0.27 in.
Foe = 90 ksi n, = 5 tr = 0.385 in.
F, = 54 ksi Sy = 2 E, = 50 ksi
u= 0.3 e, = 1.25 F, = 65 ksi
D, = 1.13 Sp = 0 Shear Tab
hs = 1 ep= 1.25 [= 10.5 in.
Ty = 19 kips Enw = 1.25 w= 3 in.
ng = 1 Design Coefficient t, = 0.25 in.
U= 1 Fy, = 50 ksi
Ups = 1 Eyp= 65 ksi
Design Strength of Each Welded Flange, ¢pR;, ¢
Yield of Flange Fracture of Weld
b = 0.9 ¢= 0.75
Ap = 2.113 in. Ap = 2.113 in.2
E, = 50 ksi E., = 70 ksi
®Ry 1 = 95.1 kips ORy f2 = 110.9 kips
Governing ¢R,, f = 95.1 kips  (Controlling Limit State: Yield of Flange)

Design Strength of Bolted Connection at Collector Web, ¢R,, ,,

Gross Section Yield of Shear Tab | Net Section Fracture of Shear Tab Shear Rupture of Bolts
¢ = 0.9 ¢= 0.75 ¢= 0.75
Ay = 2.625 in.2 A, = 1.6875 in.2 o, = 12.43 kips
ORy w1 = 118.1 kips ORp w2 = 82.3 kips PRy w3 = 62.1 kips
Bearing/Tearout (B/T) of Bearing/Tearout (B/T) of . .
Bolt H%)les on Sh(ear "l)"ab Bolt Holﬁs on Collgctor)Web Bolt Slip Resistance
¢= 0.75 ¢= 0.75 ¢= 1.0
lee= 0.90625 in. lee= 0.90625 in. ¢r, = 6.44 kips
les= 0 in. les= 0 in. PR, we = 322 kips
The = 17.67 kips The = 18.03 kips
Tos = 0 kips Tns = 0 kips
DRy wa = 66.3 kips PR, s = 67.6 kips
Block Shear Rupture (BSR) of Block Shear Rupture (BSR) of
Shear Tab Collector Web
¢= 0.75 ¢= 0.75
Ap = 1.25 in.? Ap = 1.275 in.
Agy = 0.625 in.2 Agy = 0.6375 in.2
Apy = 0.4375 in.2 Apy = 0.44625 in.
DRy we = 73.7 kips PRy, 7 = 75.2 kips
Governing ¢R,, ,, = 62.1 kips  (Controlling Limit State: Shear Rupture of Bolts)

Total Design Strength of Collector Connection, R, ota:

Governing @R, torar = 62.1

kips
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Figure 3.29 Types of Collector Buckling
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Figure 3.30 L-shaped Frame Model Considered for Estimation of Specimen Lateral Stiffness
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3.4 Instrumentation and Data Filtering

Phase 1 test building was thoroughly instrumented with a combination of accelerometers,
displacement transducers, uniaxial electrical resistance strain gauges, and strain gauge rosettes.
Instrumentation plans are shown in Figure 3.32 through Figure 3.35. A total of 285 separate data
channels were used for Phase 1 tests. All sensors were sampled at a rate of 256 Hz throughout each
recorded motion. The measured sensor signals were filtered using an 8" order Butterworth low-
pass filter with a cutoff frequency of 30 Hz and a zero-phase digital filtering process built into
MATLAB (Mathworks 2019). Prior to each motion, the gages were biased such that the initial
readings of all instruments were zero.

Figure 3.32 shows the strain gauges layout. Strain gauges and rosettes were located at
several sections along each column and collector. Uniaxial strain gauges were placed on both
flanges at two elevations for each column to recover the member force distributions, such as
moment diagram or axial force diagram. The collectors were heavily instrumented at the sections
7 inch (about half steel beam depth) away from the column faces of the collector-to-column
connections at Column Lines 1, 2, and 3. For these critical sections, in addition to the gauges
placed at five elevations along the steel collector section depth, a concrete-embedded strain gauge
and a concrete surface gauge (see Figure 3.36) were place in the concrete slab so that the strain
profile of the composite section can be measured. In addition, strain gauges were placed on the
steel flanges at the mid-span and quarter span of each 14-ft long collector (Collectors 1 or 2) and
at the mid-span of east and west chords. Furthermore, each double-angle brace was instrumented
with a strain gauge. Strain gage sections were distributed over the frames to both recover an

accurate moment diagram and to provide redundancy in the case of damaged or malfunctioned

gages.
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Figure 3.33 shows the displacement transducers layout. Displacement transducers were
used to measure rotations of the collector-to-column connections and pin-supports, slip of the
concrete slab, and shear deformations in the panel zones. Figure 3.37 and Figure 3.38 show the
setup of the displacement transducers used to measure the rotation of the collector-to-column
connections. Figure 3.39 shows a typically instrumented pin-support. Figure 3.40 shows the setup
of the displacement transducers used to measure the slip of the concrete slab. Figure 3.41 shows a
typically instrumented panel zone.

Figure 3.34 shows the string potentiometer layout. String potentiometers were placed on
the reference columns and a reference frame, which were fixed outside of the shake table, to
measure the absolute displacements of the test building at the footing level and 2™ floor. Figure
3.35 shows the accelerometer layout. On the test building, accelerometers were located at the top
ends of the columns on Column Lines 1 and 4 and at the mid span of the east chord to monitor
accelerations in three orthogonal directions at these locations. In addition, an accelerometer,
designated as A19, oriented horizontally in the East-West direction, was installed on the added

mass block on the 2" span.
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Figure 3.36 Concrete Surface Strain Gauge
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Figure 3.37 Displacement Transducers Installed at Steel Collector-to-Column Connection
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Figure 3.39 Displacement Transducers Installed at Gravity Column Pin-support
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Figure 3.40 Displacement Transducer Installed between Slab and Collector

Figure 3.41 Displacement Transducers Installed at Cantilever Column Panel Zone
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3.5 Material Properties

A992 steel was specified for all the beams and columns, A572 Gr. 50 Steel was specified
for the additional plates, including shear tabs, continuity plates, gusset plates, and stiffeners, and
A36 steel was specified for the double-angle braces. The specified grades and material properties
based on tensile coupon test results are summarized in Table 3.17. Tensile test results in the form
of stress-strain curves are shown in Figure 3.42. All materials satisfied ASTM requirements except
the W12x170 column flange and web coupons.

The specified concrete compressive strengths, £, for the 2™ floor slab, cantilever column
footings, gravity column footings were 4 ksi, 8 ksi, and 5 ksi, respectively. Table 3.18 shows the
results of the concrete cylinder tests that were conducted on the Phase 1 test day. A325 (Group A)
high-strength bolts were specified for the collector-to-column connections, transverse beam-to-

column connections, beam-to-beam connections, and gusset plate connections.
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Table 3.17 Steel Tensile Coupon Test Results

Nominal Measured F F Elone.®
Component Steel Type | Thickness | Thickness ky . (k:i) % )g '
(in.) (in.) (ksi) 0
W12x170 Column Flange A992 1.560 1.520 48.52 | 66.54 | 458
W12x170 Column Web A992 0.960 1.022 49.40 | 66.73 | 47.2
W8x40 Column Flange A992 0.560 0.510 52.77 | 68.31 | 41.7
W8x40 Column Web A992 0.360 0.357 54.70 | 69.36 | 34.7
W14x30 Collector Flange-1 A992 0.385 0.362 53.52 | 75.25 | 34.8
W14x30 Collector Flange-2 A992 0.385 0.364 53.81 | 75.02 | 32.6
W14x30 Collector Web-1 A992 0.270 0.271 55.56 | 75.19 | 34.6
W14x30 Collector Web-2 A992 0.270 0.271 55.33 | 75.23 | 323
W14x26 Collector Flange A992 0.420 0.392 52.63 | 70.27 | 379
W14x26 Collector Web A992 0.255 0.269 54.60 | 69.35 | 36.5
Shear Tab (PL'/4") A572 Gr. 50 0.250 0.253 70.37 | 76.57 | 21.1
a) Elongation values are based on test results of coupons with 2 in. gage length
Table 3.18 Concrete Cylinder Test Results
Age | f/ of Each Cylinder | Average f,
Component (Days) (ksi) (ksi)
#1: 6.357
Gravity Column Footings -Truck #1 68 #2: 6.103 6.181
#3: 6.082
#1: 5.424
Gravity Column Footings -Truck #2 68 #2: 5.234 5.348
#3: 5.386
#1: 8.432
Cantilever Column Footings 53 #2: 8.673 8.182
#3: 7.441
#1: 3.968
2" Floor Slab 15 #2: 4.468 4.218
#3: 4217

Test Date: 8/20/2019
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3.6 Testing Protocol

3.6.1 General

As shown in Table 3.19, Phase 1 testing was composed of three main tests, which were
carried out by using the proposed floor acceleration simulation testing methodology, and several
dynamic characterization tests. The three main tests, designated as Tests 1-1, 1-2, and 1-3,
respectively, were conducted to excite the testing building to reproduce the 5™ floor acceleration
responses of a prototype 12-story building structure under the earthquakes with intensities at 20%,
50%, 100% of design earthquake level, respectively. The target prototype floor acceleration
responses were obtained from the time history analyses on a frame model representing the protype
structure. The dynamic characterization tests were performed by using a 2-munite white noise
motion with a peak ground acceleration (PGA) at 0.1 g or a short duration impulse type motion
with a PGA at 0.2 g to assess the dynamic characteristics (natural periods and damping) of the
specimen between main tests to detect and track accumulating damage of the specimen. In addition,
the fundamental period and damping assessed by the dynamic characterization test prior to each
main test were employed to generate the input motion for the main test. Section 3.6.2 introduces
the time history analyses for obtaining target prototype floor accelerations, while Section 3.6.3

presents the detailed procedures for generating input motions for main tests.

3.6.2 Time History Analyses on Prototype Structure Model

Time history analyses were performed on a frame model representing the prototype structure
to obtain the floor acceleration responses of the prototype structure subjected to earthquakes at
various intensity levels. The 12-story SDII building was chosen as the prototype structure in this

program. As shown in Figure 3.43, a 2-dimensional (2-D) frame model was constructed by using
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the structural analysis software PISA3D (Lin et al. 2009) to simulate the response of half of the
prototype building structure in the longitudinal direction. Note that the except for the beams in the
two buckling-restrained braced frames (BRBFs), all the beams in the exterior frame were
collectors. In addition to constructing a frame model to present an exterior longitudinal frame, an
elastic leaning column was developed to simulate the P—A effect from the interior part of half the
building loads. For the exterior frame model, the columns and beams were modeled by beam-
column element with the lumped plasticity approach and bilinear material model. For simplicity,
all the collector-to-column connections were assumed as by pin-connections. The diagonal
Buckling-restrained Braces (BRBs) were modeled by truss elements with a material model
adopting two-surface plastic hardening rule (Dafalias and Popov, 1976). The parameters of the
material model for BRBs were finely tuned such that, as shown in Figure 3.44, the hysteretic
responses of a single BRB truss model well matched the nonlinear properties [strength adjustment
factor (8 or w) versus core strain relationships] provided by a BRB supplier, CoreBrace, LLC.
Figure 3.45 illustrates the assignment of gravity loads to the 2-D frame model. The loads
tributary to the exterior frame were applied on the exterior frame model in terms of uniform line
loads on the beams and point loads on the columns. The total gravity loads tributary to each floor
of the interior frame were lumped as a point load applied on the leaning column. The gravity load
combination of 1.0D + 0.2L,, where D and L, are dead load and unreduced live load, respectively,
was applied to the analytical model prior to the time history analysis. Figure 3.46 illustrates the
mass assignments for the 2D-model. To simulate the phenomenon that inertial forces among the
floor diaphragm would be eventually dragged into the collectors in the exterior frame, the total

mass tributary to each column was lumped as a nodal mass assigned to each column. No mass was
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assigned to the leaning column. The mass sources considered were the area dead load on the floors,
exterior walls, and partition walls.

Figure 3.47 shows the modal analysis results on the first three modes. The periods for the 1%,
27 and 3" modes were T; = 2.833 sec, T, = 1.005 sec, and T3 = 0.594 sec, respectively. A 2%
Rayleigh damping for the 1% and 2" modes was employed for the model. A ground motion record
(Beverly Hills-14145 Mulhol Station) from the 1994 Northridge Earthquake was selected and
scaled to three intensity levels: 20%, 50%, and 100% Design Earthquake (DE) levels for time
history analyses on the prototype structure model. For ground motion scaling, a DE spectrum per
ASCE-7 (ASCE 2016) was constructed with Spg = 1.03 and Sp; = 0.569[see Figure 3.48(b)] and
T1-method was used. The ground motion was linearly scaled such that the spectral acceleration of
the ground motion matches 20%, 50%, or 100% of the DE spectrum value at the period T;. Figure
3.48 shows the 100% DE-scaled ground motion.

Figure 3.49 through Figure 3.54 show the key results of the time history analyses on the
prototype structure for three intensity levels of input ground motions. See Figure 3.49, Figure 3.51,
and Figure 3.53 for the floor acceleration responses at intensities of 20%, 50% and 100% DE,
respectively. See Figure 3.50, Figure 3.52, and Figure 3.54 for the story drift angle responses at
intensities of 20%, 50% and 100% DE, respectively. The prototype structure model responded
elastically during the earthquake at 20% DE level. From the fast Fourier transforms (FFTs) of the
floor accelerations shown in Figure 3.49(b), it can be found that most of the floors exhibited an
acceleration response dominated by the 2" mode. For those floors with 2™ mode-dominated
acceleration response, the period corresponding to the peak responses of the FFTs and spectra
matched T, very well. On the other hands. The prototype structure model experienced moderate

and significant inelasticity during the earthquake at 50% and 100% DE levels, respectively.
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Similarly, for these two intensity levels, most floor exhibited an 2" mode-dominated acceleration
response. However, for these 2" mode-dominated floors, the period corresponding to peak
responses of the FFTs was close to but slightly deviated from T,. The deviation is more promising
for the responses at 100% DE levels. These suggest that the inelasticity of the structure lead to this
period deviation. Finally, the 5™ floor accelerations at three intensities were selected to be the
target accelerations for the test specimen because all of them had a considerable peak acceleration

and a promising 2"-mode dominated behavior.

3.6.3 Generation of Input Accelerations

Figure 3.55 shows the procedure for generating the shake table input motion for each floor
acceleration simulation testing on the scaled test specimen. The analytical 5 floor acceleration
response of the prototype structure model, it (t), which was obtained form a time history analysis
for an input ground motion, i, (t) with a duration of t4, was selected to be the basis of the target
floor acceleration for the specimen. Since the test building was a 1/2-scale specimen (i.e., scale

factor l; = 0.5), based on the similitude law, the time of the floor acceleration time history, ii*(t),
was scaled by a factor of \/l_ = v0.5. Then, the scaled acceleration time history, ugq (t), with a

duration of \/E ty was taken as the target floor acceleration for the test specimen.

Prior to each floor acceleration simulation testing, a dynamic characterization test, such as
white-noise or impulse tests, was conducted to identify the fundamental period, T;,, and damping
ratio, &, of the specimen. Considering the single-story test building as an SDOF system, the
transfer function in the frequency domain, H(w), between the output absolute acceleration,

i (w), and the input ground acceleration, iig (w) of the specimen was determined from Equation
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(2.7) with two experimentally-determined parameters: natural angular frequency w,, = 2 /T,, and
damping ratio ¢.

With the transfer function, H(w), the required shake table input motion in the frequency-
domain was determined from iig(w) = ity (w)/H(w), where iif, (w) was obtained by taking fast
Fourier transform (FFT) of ugq (t). Subsequently, by performing an inverse fast Fourier transform
(IFFT) on iig(w), the required input motion time history for the test frame, ii;(t), was obtained.

Subsequently, along with a baseline correction and a filtering with cut-in and cut-out frequencies

at 0.2 Hz and 30 Hz, respectively, the time series iig(t) was extended at both ends with zero

padding, each of duration 10 seconds, to obtain the finalized shake table input motion, iig"(t). Note

that the input motion, ii;"*(t), was intended to make the middle portion, with a duration of \/l;tg,

of the floor acceleration response, iit*(t), achieved by the specimen can reproduce the target floor
acceleration, ugq (t). Finally, Figure 3.56 summarizes the three intensity levels of time history

analyses and floor acceleration simulation tests in Phase 1 test program.

Table 3.19 Test Matrix (Phase 1)

Phase 1 Tests

Test No. Description Test Date
WN 1-0 White Noise Test 8/19/2019
IM 1-0 Impulse Test 8/20/2019
1-1 Floor Acc. Simulation Test (20% DE) 8/20/2019
IM 1-1 Impulse Test 8/20/2019
1-2 Floor Acc. Simulation Test (50% DE) 8/20/2019
IM 1-1 Impulse Test 8/20/2019
1-3 Floor Acc. Simulation Test (100% DE) 8/20/2019
WN 1-3 White Noise Test 8/20/2019
IM 1-3 Impulse Test 8/20/2019
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Nonlinear Time History Analysis on Prototype Structure Model
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3.7 Data Reduction

3.7.1 Sign Conventions for Key Responses

Figure 3.57 shows the sign convention for displacements and inter-story drift. In the
longitudinal direction of the test building, the motion (displacement, velocity, or acceleration) from
west to east is considered positive. In the vertical direction, the motion upward is considered
positive. Figure 3.58 indicates the positive direction of member forces (axial force, shear force,
and bending moment, denoted as P, V, and M, respectively) in the longitudinal frame. Figure
3.59(a) shows the sign convention for the rotations at collector-to-column connections and pin-
supports. Notes that the direction of the rotation of collector-to-column connection follows that of
the bending moment in the collector. The positive rotation of the pin-support is corresponding to
a positive inter-story drift angle. Figure 3.60(a) shows the sign convention for the rotations at the

collector-to-column centerline intersections due to the panel zone deformation.

3.7.2 Inter-Story Drift and Floor Acceleration

Figure 3.34(a) and (b) show that the specimen absolute displacement in the longitudinal
direction at four column locations were measured at the footing and 2™ floor levels, respectively.
As shows Figure 3.57, the 2™ floor absolute displacements at Columns N1, S1, N4 and S4 are
denoted as ubp_y;, Usp g1, Ubp_na, and uSp_g,, respectively. The “2F” in the subscript
represents the 2™ floor level. Similarly, the four measured absolute displacements at the footing
level are designated Uk, _yq, Ukr_g1, Ubs_na» and ub,_g,, respectively. The “Ft” in the subscript
represents the footing level. The quality check for Test 1-3 presented in Appendix D shows that

the absolute displacement responses at the four column locations at each level were nearly identical.
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Hence, the average of absolute displacements at the four column locations at each level is taken as

the representative response for the entire level, which leads to:

t t t t
¢ Upt-N1 T Upt-s1 T Upe—Na T Upp—s4
_ 3.29
uFt - 4 .
ut + ud + ud + ud
¢ 2F—N1 2F—S1 2F—N4 2F—S4
ubp = 2 (3.30)

where ut, and ul are the representative absolute displacements for the footing and 2™ floor
levels, respectively. Furthermore, the inter-story drift and story drift angle, respectively denoted

as A; and 6, are determined from:
A= ubp — uby (3.31)
0, =4 /H; (3.32)

where H; is the story height of the gravity frame. Note that the story height of LFRS (i.e., the
cantilever column), Hy, is different from H;. The story drift of LFRS, 87, is determined from:

0; = A, /H; (3.33)

Considering the subject of this research, collectors, existed in the gravity frame and the rotations
of most of the collector-to-column connections would be closer to 8; than to 87, the story drift of
the gravity frame, 6, is taken to report the story drift angle for the entire test building.

Like the displacement measurement, accelerometers were installed on the second floor at
the four column locations. The 2™ floor absolute accelerations in the longitudinal direction at the
four column locations are denoted as iibp_pyq, ii5p_gq, Usp_na, and ii5p_g,, Tespectively. In
addition, a longitudinal accelerometer, labeled as A19, was placed on the added mass block near
the center of the total mass on the 2" floor. Thus, the acceleration measured by A19 is designated

iisp_cp» Where “CM” in the subscript represents the center of mass. Furthermore, the longitudinal
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and vertical accelerations at the mid-span of east chord, respectively denoted as iilp_g. and
¥} r_pc, were measured to monitor the actions of the cantilever slab. Note that “EC” represents the
east chord. The quality check for Test 1-3 presented in Appendix D shows that response of iibpz_cp,
was very similar to those 2™ floor accelerations measured at the four column locations and east
chord although the magnitude of the peak acceleration near the mass center was slightly lower than
the accelerations at the columns. Considering that majority of the mass on the slab was placed
around the middle of the slab in the transverse direction, the accelerations near the slab center,

iibz_ oy, is taken to serve as the acceleration of the entire 2" floor, il .

3.7.3 Collector Connection Rotations and Panel Zone Deformation

Figure 3.59(b) illustrates the measurement of rotation at a collector-to-column connection.
For each instrumented collector connection, a pair of LVDT displacement transducers were
installed to measure the horizontal relative displacements between column face and steel collector
web near the top and bottom flanges, which are denoted as &5, and &, respectively. In addition,
a spring potentiometer was placed on the top of the concrete slab to measure the horizontal relative
displacement between column face and slab, §.;. The rotation of collector connection, 8, were
determined from two approaches. The first one is to evaluate 8;, by using the rotation of the steel

collector section, 8;s, which is determined from:

Sep — &
®m=4%£f§ (3.34)

where d; is the vertical distance between the two transducers placed in the steel section. The
second approach is to assess 6, by suing the rotation of the composite collector section, 6,

which is calculated by:
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5 — 6
Ojec = STcCt (3.35)

where d,, is the vertical distance between the transducer near the bottom steel flange to that on
the top of slab. For W14x30 collectors, dgs and d. are 10.80 and 16.80 in., respectively. For
W14x26 collectors, dgg and d. are 10.90 and 16.90 in., respectively.

Figure 3.59(c) shows the measurement of rotation at the pin-support of a gravity column. For each
instrumented pin-support, a pair of LVDT displacement transducers were installed to measure the
vertical relative displacements between the column and support on the west and east sides column,
denoted as 8y, and 8, respectively. The rotation of the pin-support, 8,;,,, is determined from:

_Sw =&

3.36
dm (3.36)

Bpin

where d,;,, is the horizontal distance between the two transducers at each pin-support.

Figure 3.60(b) shows that a pair of LVDT displacement transducers were installed at the panel
zone of each AFW connection to measure the deformations of the two diagonals of the panel zone.
Note that 67y, denotes the deformation of the diagonal from the top-west corner to the bottom-east
corner, while 87z denotes the deformation of the diagonal from the top-east corner to the bottom-
west corner. Based on the concept shown in Figure 3.60(c), the average panel zone shear

deformation, y,,, is computed by:

Wiz + df

Vor =g, (Orw = Ore) (3.37)

bz

where wy,, and d,,, are the width and depth of the panel zone measure points. In addition, the shear
measured y,, is used to evaluate the rotation at the collector-to-column intersection point, 6,,,, in

the centerline frame model [see Figure 3.60(a)] representing the test specimen.
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3.7.4 Member Force Recovery for Columns and Diagonal Braces

The member force recovery for the columns is conducted based on the measured axial
strains on the column flanges. Figure 3.61(a) shows that for each column, strain gauges were
placed on both column flanges at two selected elevations along the column height. These
elevations are selected because the column sections there are away from the potential plastic hinge
location so that the elastic beam theory can be applied to the compute the section forces. In addition,
the measured sections are away from the potential inflection point such that considerable flexural
strains would be developed there. Figure 3.61(b) and (c) demonstrates the linear strain profile
obtained from the measured strain data for each instrumented section in cantilever columns and
gravity columns, respectively. For each instrumented column section, the measured strains on the
west and east flanges are denoted as &, and &g, respectively. Note that, in gravity columns, &y, or
€g 1s determined from the average of strains measured from the two gauges on the west or east
flange, respectively. Based on the elastic beam theory, the axial force (P) and bending moment
(M) of each instrumented column section can be computed by:

p = ESA(EW + EE)

: (3.38)
M= EsSx(SIéV - eE) (3'39)

where E; is the Young’s modulus of the steel. A and S, are the cross-sectional area and the section
modulus around strong axis of the column section, respectively.

As shown in Figure 3.61(a), it assumed that the column moment diagrams due to the frame
sway action are linear. For each column, the measured bending moments from Eq. (3.39) at the

lower and upper instrumented sections are denoted as M; and My, respectively. Recognizing that
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shear force in the column is the slope of the bending moment diagram and considering the sign

convention used for member forces (see Figure 3.58), the column shear, V., is determined from:

My — M,
Vo=— (—) 3.40
¢ Yu — YL ( )

where y;; and y; are elevations of the upper and lower instrumented sections measured from the
column base, respectively.

As shown in Figure 3.61(a) also illustrates the recovery of the axial force in the diagonal
double-angle braces of in the longitudinal frames. A strain gauge was installed on the brace to
measure the axial strain, &,., in the brace. Assuming each brace behaves as an elastic two-force

member, the brace axial force, P,,., is computed by:

PbT‘ = EgbrAbr (341)

3.7.5 Base Shear Calculation

Prior to describing the data reduction, it will be beneficial to describe how base shears were
calculated for discussion purposes. The base shear, for use in seismic design, is the total horizontal
force resisted by the building structural elements. Two methods were used to derive the seismic
base shear from the instrumentation. Portions of mass, m;, were considered tributary to certain

accelerometers, a;, and the first estimation of base shear was calculated as:
Va® == mia®) (3.42)
i

In theory, Equation (3.42) should lead to a large estimation of the base shear because a; measures
the absolute acceleration. Recall that the basic differential equation of motion for a N degree-of-

freedom (DOF) linear dynamical system is:

mit + ci + ku = —miii, (3.43)
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where m, ¢, and K are the NXN mass, damping and stiffness matrices of the system, i, ut, and u
are the NX1 nodal relative accelerations, velocities, and displacement vectors at times ¢, and i is
the influence vector containing nodal accelerations corresponding to uniform unit acceleration of

all nodes in the direction of the ground motion, i, (t). Then, rearranging Equation (3.43) as:

V,(t) = —m (il(t) + iilg(t)) = cu(t) + ku(t) = fp(t) + f5(t) (3.44)
shows the base shear estimate of Equation (3.42), for a linear system overestimates the actual base
shear, fs, by the damping force fp. It will be shown the damping of these system is quite low such
that fp is small compared to fs. Therefore, Equation (3.42) should provide a close estimate of the
base shear with appropriate tributary mass assignments and good quality accelerometer data.

For the single-story Phase 1 test building, the base shear V, (t) was estimated as:
War) ..
Vo) = = ) myau() ~ (=) (o) (3.4
i

where W, is the total weight tributary to the 2™ floor, while il (t) is the acceleration time
history measured near the center of mass on the 2" floor. This base shear estimation approach can
be justified when the acceleration responses among the floor diaphragm is uniform, which has
been confirmed by the quality check for Test 1-3 as presented in Appendix D.

The second method of calculating the base shear was to sum up the measured story shear
taken by columns and diagonal braces in the longitudinal frames. Figure 3.61 shows the member
force recovery for the columns and braces were based on the readouts of the strain gauges on these
members. Also see Section 3.7.4 for the details of these member force recovery. The time history
of the base shear taken by Frame N, V, (t), was estimated as:

4
Vo () = D Vi (6) + Pyya(Dsind (3.46)

i=1
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where V,.y; to V.y, represent the measured column shear forces for Columns NI to N4,
respectively. P,y is the measured axial force of the north diagonal brace, while 8 is the inclination
angle between the brace and the vertical. Likewise, the time history of the base shear taken by

Frame S, V, 5(t), was approximated as:

4
Vos(0) = D Vesi (€) + Pays(£)sin (3.47)
i=1

where V¢, to Vg, represent the measured column shear forces for Columns S1 to S4, respectively.
Py,-s 1s the measured axial force of the south brace. Then, the total base shear of the test building,

V,(t), was determined by summing up the story shears taken by Frames N and S:

Vp(t) = V() + Vps(t) (3.48)

Because this is an estimate of the restoring force f5(t) directly and does not include
damping forces, it is expected to be smaller and more accurate than Eq. (3.45). This method is only
reliable and valid when those instrumented sections remain elastic.

Both methods were applied to Phase 1 specimen for every test in this phase. It was found
that both methods resulted in close base shear estimates with V, always slightly larger than V/},.
Because V;, was found to result in a smoother curve (less “noisy”) and its theoretical advantage
over V,, Egs. (3.46) through (3.48) were used as the primary method of base shear determination

for presentation and discussion in this research.

3.7.6 Member Force Recovery for Collectors

Considering the inertial forces would be transferred trough the composite section of the
collectors and the geometric discontinuity at various collector-to-column connections would result
in a complexity of strain profile, where the elastic Euler-Bernoulli beam theory may not hold, the

member force recovery for the composite collectors was conducted by using the fiber section
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approach. Figure 3.62(a) and Figure 3.63(a) respectively show the cross section of the composite
collectors in Frame N and S, where the metal deck is parallel and perpendicular to the collectors,
respectively. Due to the shear lag phenomenon of the stress distribution across the slab width, the
effective width concept was employed to analyze the section forces for composite collectors. Since
the collectors were located on the periphery of the test building, the composite section is not
symmetric and the effective widths of concrete slab on the two sides of steel beam centerline would
be different. For discussion purpose, the effective widths for the exterior and interior are denoted
as besre and by i, respectively. With these effective slab widths, the stress distribution in the
slab can be simplified as a uniform stress across the effective width range with a magnitude equal
to the maximum stress resulting from the effects of shear lag in the actual slab.

An accurate section analysis for a composite section requires a good estimate on the
effective slab width. Unfortunately, for Phase 1 tests, the concrete strain gages used at collector
sections were only aligned with the steel beam centerline so that the stress distribution across the
slab width could not be measured. However, in Phase 2 tests, multiple concrete strain gauges were
deployed across the slab width for four collector sections [see Figure 6.23(a)] such that the stress
distribution along the slab width could be measured and the effective slab width could be evaluated.
Figure 3.64 shows the effective slab widths used to perform the collector member force recovery
for Phase 1 tests. All the test results regarding the collector member forces presented in Chapter 4
were obtained based on these effective slab widths. Note that the effective slab width for Collectors
1 and 2 were determined based on the results of Test 2A-5, while the code-prescribed effective
width (AISC 2016c¢) was used for Collectors 3 and 4. In addition, a parametric study was conducted
to eluate the effect of effective slab widths on the collector member forces and the associated

results can be seen in Chapter 5.
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Figure 3.62(b) shows the composite section considered in the section analysis for a
collector with metal deck parallel to the collector. Note that the interior slab can be separated into
two layers: (1) the concrete above the top of metal deck and (2) the concrete below the top of metal
deck. For this orientation of metal deck, the contribution from the concrete below the top of metal
deck should be considered for the interior slab. The effective width the of interior slab for the
concrete below the top of the metal deck, b,ff ip, is estimated as:

Borr; — b borri—b
befrip = Z b; = berri — (5, — wy) <l(eff;—1)| + 1) > b, + w, [(eff;—l)| (3.49)
T T T

l

where s, (= 6 in.) and w,. (= 2!/s in.) are the spacing and average width of the concrete rib,
respectively. Note that b;, which was estimated as /2" + w,./2 = 1%/16". considering the actual
position of the metal deck, represents a width measured from the steel beam centerline to the far
end of the first concrete rib. The modified brackets “| - | represents an operator taking the integer
quotient. On the other hand, Figure 3.63(b) the composite section considered in the section analysis
for a collector with metal deck perpendicular to the collector. For interior slab with this orientation
of metal deck, the contribution from the concrete below the top of the metal deck is negligible.
Figure 3.62(b) and Figure 3.63(b) also illustrate the discretization strategy for the fiber
sections representing the composite collector sections. As the strain gauges on the collector cross
sections were deployed near the steel beam centerline along the depth-direction of the section, it
only allows to construct a one-dimensional strain profile are along the depth of the section. Hence,
one-dimensional fiber sections (i.e., layer sections) were used for the test data reduction in this
research [see Figure 3.62(c) and Figure 3.63(c)]. The concrete slab part is uniformly discretized
into seven layers, each of 0.5-in. thickness, resulting in four and three layers for the concretes

above and below the top of metal deck. By merging the effective widths from exterior and interior
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slabs, the total effective slab widths for the concrete above and below the top of metal deck,

relatively denoted as b,ff; and b,y p,, are computed by:

befst = besyi t besre (3.50)
b B befrib + besre , for deck parallel to collector 351
eff.b = {beff,e , for deck perpendicular to collector (3-51)

The part of steel section is separated into eleven sections. Each steel flange constitutes a layer with
a thickness of ¢y and a width of by. Adjacent to each flange layer, a “fillet layer” is assigned to
each web end region combined with flange-to-web fillets. The width and thickness for each web

toe layer, respectively denoted as dj, and by, are determined from:

Ak _ (As — 247 — Ay)/2

b=, d

(3.53)

where

A, = cross-sectional area of steel section

Ay = flange area = byt

A, =webarea= (d — 2k)t,,

A;, = area of web end region combined with fillet area = (A s — 24f — AW) /2

d = depth of steel section

k = distance from the outer face of the flange to the web toe of fillet
Note that k4., value tabulated in Table 1-1 in the AISC Steel Construction Manual (AISC 2016d)
is used for k. Furthermore, five “bolt layers” are assigned within the steel beam web such that each

bolt layer is aligned with a bolt center and has a layer thickness equal to the vertical bolt spacing,
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s, (=2"). Lastly, the remaining two layers are assigned to the beam web areas between each web
toe layer and its nearby bolt layer.

As shown in Figure 3.62(c) and Figure 3.63(c), for each fiber section, fibers are numbered
from bottom to top. The bottom flange fiber is designated Fiber 1, while the top concrete fiber is
labeled as Fiber 18. Table 3.20 tabulates the effective slab widths used for the fiber sections to
compute the collector member forces presented in Chapter 4. Table 3.21 lists the key information
of the fibers, including the thickness (trip)s width (Wrip ), area (Agp), and coordinate rin) of each
fiber, used for various instrumented collector sections for Phase 1 tests. Note that yg;;, is the
coordinate with reference to an origin at the mid-height of the steel section.

Figure 3.65 illustrates the force recovery for five sections at collector ends by using the
measured strain data with fiber section approach. As shown in Figure 3.65(a), the designations of
the locations for these five sections are: Loc 1 and Loc 5 of Collector 1; Loc 1 and Loc 5 of
Collector 2; and Loc 1 of Collector 3. Figure 3.65(b) shows that each of these sections were
instrumented with strain gauges at seven elevations along the depth of the section. Two concrete
strain gauges were relatively placed at the top surface of the slab and 1 in. below the top face of
the slab. In addition, a pair of strain gauges were installed on the inner face of the steel flange,
while three strain gauges were placed on the steel webs at the middle and quarter points of the
height of steel section. As shown in Figure 3.65(c), the measured strains at seven elevations from
bottom to top of each section are denoted as &; to &, respectively. Note that the measured strains
on the steel flanges, €; and €5, were determined by taking strain of the two gauges on each flange.
Figure 3.65(c) also shows the assumed strain profile based on the measured strain data. Note that
the Euler-Bernoulli beam theory would not be applied at these sections because of the geometric

discontinuity at the collector connection region. Hence, it is assumed that the seven measured
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strains are uniformly distributed across their corresponding tributary heights, which are bordered
by the centerlines dividing the spacing between measure points in half. Lastly, Figure 3.65(d)
illustrates the mapping of measured strains to the fiber strains. If the tributary height of a fiber is
within the range of tributary width of a specific measured strain, this measured strain is directly
assigned to that fiber. If the tributary height of a fiber overlaps two adjacent tributary heights of
measured strains, a weighted average of the two measured strains is computed and then assigned
to that fiber.

Figure 3.66 illustrates the force recovery for six sections within the collector span by using
the measured strain data with fiber section approach. As shown in Figure 3.66(a), the designations
of the locations for these six sections are: Loc 2, Loc 3, and Loc 4 of Collector 1; and Loc 2, Loc
3, and Loc 4 of Collector 2. The Loc 3 sections, which are near the mid-span of the collectors,
were instrumented with three strain gauges: one gauge on each steel flange and one on the top
surface of the slab [see Figure 3.66(b)]. The Loc 2 and Loc 4 sections, which are near the quarter-
span of the collectors, were instrumented with only two strain gauges: one on each steel flange.
Since these sections are way from the collector ends and sufficient headed studs were placed on
the collectors, it is assumed that composite action, which leads to a linear strain profile across the
composite section, can be achieved at these instrumented sections within collector span. Hence, as
shown in Figure 3.66(c), the measured strain profiles for these sections within the collector span
were obtained by a linear regression line that best fits the two or three data points from strain
gauges on each section. Figure 3.66(d) illustrates the mapping of linear measured strain profile to
the fiber strains [Figure 3.66(c)]. The strain of the measured profile corresponding to the centroid

of a fiber was computed and then assigned to that fiber.
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For Phase 1 tests, all the measured strains on the steel were within the elastic range. Thus,

the fiber stress, o7;;,, of a steel fiber is determined from the linear elastic constitutive relation:
orip = Es€rip (3.54)
On the other hand, a constitutive relationship adapted from the models proposed by Popovics (1973)

and Mander et al. (1988) was used to estimate the compressive branch of the monotonic stress-

strain (- €) curve for the concrete slab:

n

o=—f|— , €<0
fe N (3.55)
co
in which
Ee (3.56)
n=——— )
Ec - Esec

E, = 33wS)f! (psD) (3.57)
fe (3.58)

Egee = E_C

co

Note that the compressive strength of the unconfined concrete, f. (=4.218 ksi) is determined form
the averaged strength form three concrete cylinders tested on the same day as the Phase 1 tests.
The unit weight of the concrete w,. is 110 pcf and the strain at the maximum compressive strength,
Ec0» 18 assumed as -0.002.

For estimating the tensile branch of the monotonic o- € curve for the concrete slab, the
equations proposed by Belarbi and Hsu (1994) for the pre-cracking and post-cracking stages were
adapted as:

o=E_., 0<e<e, (3.59)

Ecr\ 04 3.60
O':fcr(%) , SCT‘<£ ( )
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where the cracking stress f., (= 0.244 ksi) and cracking strain €., (= 0.000098) were computed by:

for = 3.75\f7 (psi) (3.61)
e = ];Lc (3.62)

Figure 3.67 shows the nonlinear constitutive model determined from Equations. (3.55),
(3.59), and (3.60). In addition, Figure 3.67 shows that the linear elastic stress-strain curve o = E €
fits the nonlinear model very well within the range of measured strains on the collectors in Phase
1 tests. Hence, for simplicity, the stress of a concrete fiber in the fiber sections for collector member
force recovery were determined from the following linear elastic constitutive relation:

O-fib = Ecgfib (363)

Once the fiber stresses were determined, the resultant axial force, P, and bending moment,
M, on a fiber section are calculated by summing up the axial forces and moments produced by all

fibers of that section. The associated equations are as follows:

Nrin (3.64)
pP= Z OrinArip
fib=1
Nfip (3.65)
M = z —0fibArip Vrib
fib=1

where Ny, is the total number of fibers of the section. As mentioned earlier, a total of 18 fibers
(i.e., Nfyp, = 18) were assigned to each collector fiber section [see Figure 3.62(c) and Figure
3.63(c)]. Fibers 1 through 11 are steel fibers, while Fibers 12 through 18 are concrete fibers.
Therefore, for each composite section, the axial force (P;) and bending moment (My) contributed

from the steel beam section are computed by:
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11 (3.66)
P = Z OrinArip
fib=1
11 (3.67)
M = Z —0rinArip Vrib
fib=1

On the other hand, the axial force (P.) and bending moment (M.) contributed from the concrete

slab are calculated by:

18 (3.68)
P = Z OrinArip
Fib=12
18 (3.69)
M, = Z —05inArip Vrib
Fib=12

Part of this chapter is based on the material published in the 17" World Conference on
Earthquake Engineering, titled “Earthquake simulator testing on behavior of seismic collectors in
steel buildings” with co-authors Uang C.-M., and Fleischman R.B. (2020). Materials were also
submitted for publication in the 12" National Conference on Earthquake Engineering, titled
“Shake Table Tests on Seismic Response of Collectors in Steel Buildings” with co-authors Uang
C.-M., and Fleischman R.B. (2022). The author of this dissertation serves as the first author of
these papers.

Table 3.20 Effective Slab Widths for Collector Member Force Recovery

Dimension Frame N Frame S
Collector 1| Collector 2 | Collectors 3 & 4 | Collector 1| Collector 2 | Collectors 3 & 4

s, (in.) 6 6 6 6 6 6

w, (in.) 2.125 2.125 2.125 2.125 2.125 2.125

by (in.) 1.3125 1.3125 1.3125 1.3125 1.3125 1.3125
befy,i (in.) 9.7 11.6 7.5 11.1 13.1 7.5
beff,e (in.) 9.9 10.4 7.5 9.1 10.9 7.5
besrip (in.)| 3.4375 3.85 3.4375 0 0 0
besr e (in.) 19.6 22 15 20.2 24 15
bessp (in.) | 13.3375 14.25 10.9375 9.1 10.9 7.5
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Table 3.21 Information of Fiber Sections used for 2" Floor Collectors

(a) North Collector 1 (W14x30)

- Yrib trip Wrip Afip -
Fiber No. (in.) (in.) (in) (in2) Material
1 -6.6700 0.3850 6.73000 2.59105 Steel
2 -6.2775 0.4000 0.45725 0.18290 Steel
3 -5.5075 1.1400 0.27000 0.30780 Steel
4 -3.9375 2.0000 0.27000 0.54000 Steel
5 -1.9375 2.0000 0.27000 0.54000 Steel
6 0.0625 2.0000 0.27000 0.54000 Steel
7 2.0625 2.0000 0.27000 0.54000 Steel
8 4.0625 2.0000 0.27000 0.54000 Steel
9 5.6075 1.0900 0.27000 0.29430 Steel
10 6.3525 0.4000 0.45725 0.18290 Steel
11 6.7450 0.3850 6.73000 2.59105 Steel
12 7.1875 0.5000 13.33750 6.66875 Concrete
13 7.6875 0.5000 13.33750 6.66875 Concrete
14 8.1875 0.5000 13.33750 6.66875 Concrete
15 8.6875 0.5000 19.60000 9.80000 Concrete
16 9.1875 0.5000 19.60000 9.80000 Concrete
17 9.6875 0.5000 19.60000 9.80000 Concrete
18 10.1875 0.5000 19.60000 9.80000 Concrete
(b) North Collector 2 (W14x30) except for BW Connection
: Yrib trin Wrip Agip :
Fiber No. (in.) (in) (in) (in2) Material
1 -6.6700 0.3850 6.73000 2.59105 Steel
2 -6.2775 0.4000 0.45725 0.18290 Steel
3 -5.5075 1.1400 0.27000 0.30780 Steel
4 -3.9375 2.0000 0.27000 0.54000 Steel
5 -1.9375 2.0000 0.27000 0.54000 Steel
6 0.0625 2.0000 0.27000 0.54000 Steel
7 2.0625 2.0000 0.27000 0.54000 Steel
8 4.0625 2.0000 0.27000 0.54000 Steel
9 5.6075 1.0900 0.27000 0.29430 Steel
10 6.3525 0.4000 0.45725 0.18290 Steel
11 6.7450 0.3850 6.73000 2.59105 Steel
12 7.1875 0.5000 14.25000 7.12500 Concrete
13 7.6875 0.5000 14.25000 7.12500 Concrete
14 8.1875 0.5000 14.25000 7.12500 Concrete
15 8.6875 0.5000 22.00000 11.00000 Concrete
16 9.1875 0.5000 22.00000 11.00000 Concrete
17 9.6875 0.5000 22.00000 11.00000 Concrete
18 10.1875 0.5000 22.00000 11.00000 Concrete
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Table 3.21 Information of Fiber Sections used for 2" Floor Collectors (continued)

(c) North Collector 2 (W14x30) at BW Connection

: Yrib trin Wrip Afip :
Fiber No. (in.) (in) (in) (in2) Material
1 -6.6700 0.3850 6.73000 2.59105 Steel
2 -6.2775 0.4000 0.45725 0.18290 Steel
3 -5.5388 1.0775 0.27000 0.29093 Steel
4 -4.0000 2.0000 0.27000 0.54000 Steel
5 -2.0000 2.0000 0.27000 0.54000 Steel
6 0.0000 2.0000 0.27000 0.54000 Steel
7 2.0000 2.0000 0.27000 0.54000 Steel
8 4.0000 2.0000 0.27000 0.54000 Steel
9 5.5763 1.1525 0.27000 031118 Steel
10 6.3525 0.4000 0.45725 0.18290 Steel
11 6.7450 0.3850 6.73000 2.59105 Steel
12 7.1875 0.5000 14.25000 7.12500 Concrete
13 7.6875 0.5000 14.25000 7.12500 Concrete
14 8.1875 0.5000 14.25000 7.12500 Concrete
15 8.6875 0.5000 22.00000 11.00000 Concrete
16 9.1875 0.5000 22.00000 11.00000 Concrete
17 9.6875 0.5000 22.00000 11.00000 Concrete
18 10.1875 0.5000 22.00000 11.00000 Concrete
(d) North Collectors 3 and 4 (W14x26)
: Yfib trin Wrip Agip :
Fiber No. (in.) (in.) (in.) (in2) Material
1 -6.7525 0.4200 5.030000 2.1126000 Steel
2 -6.3425 0.4000 0.423125 0.1692500 Steel
3 -5.5713 1.1425 0.255000 0.2913375 Steel
4 -4.0000 2.0000 0.255000 0.5100000 Steel
5 -2.0000 2.0000 0.255000 0.5100000 Steel
6 0.0000 2.0000 0.255000 0.5100000 Steel
7 2.0000 2.0000 0.255000 0.5100000 Steel
8 4.0000 2.0000 0.255000 0.5100000 Steel
9 5.5588 1.1175 0.255000 0.2849625 Steel
10 6.3175 0.4000 0.423125 0.1692500 Steel
11 6.7275 0.4200 5.030000 2.1126000 Steel
12 7.1875 0.5000 10.937500 5.4687500 Concrete
13 7.6875 0.5000 10.937500 5.4687500 Concrete
14 8.1875 0.5000 10.937500 5.4687500 Concrete
15 8.6875 0.5000 15.000000 7.5000000 Concrete
16 9.1875 0.5000 15.000000 7.5000000 Concrete
17 9.6875 0.5000 15.000000 7.5000000 Concrete
18 10.1875 0.5000 15.000000 7.5000000 Concrete
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Table 3.21 Information of Fiber Sections used for 2" Floor Collectors (continued)

(e) South Collector 1 (W14x30)

: Yrib trin Wrip Afip :
Fiber No. (in.) (in) (in) (in2) Material
1 -6.6700 0.3850 6.73000 2.59105 Steel
2 -6.2775 0.4000 0.45725 0.18290 Steel
3 -5.5075 1.1400 0.27000 0.30780 Steel
4 -3.9375 2.0000 0.27000 0.54000 Steel
5 -1.9375 2.0000 0.27000 0.54000 Steel
6 0.0625 2.0000 0.27000 0.54000 Steel
7 2.0625 2.0000 0.27000 0.54000 Steel
8 4.0625 2.0000 0.27000 0.54000 Steel
9 5.6075 1.0900 0.27000 0.29430 Steel
10 6.3525 0.4000 0.45725 0.18290 Steel
11 6.7450 0.3850 6.73000 2.59105 Steel
12 7.1875 0.5000 9.10000 4.55000 Concrete
13 7.6875 0.5000 9.10000 4.55000 Concrete
14 8.1875 0.5000 9.10000 4.55000 Concrete
15 8.6875 0.5000 20.20000 10.10000 Concrete
16 9.1875 0.5000 20.20000 10.10000 Concrete
17 9.6875 0.5000 20.20000 10.10000 Concrete
18 10.1875 0.5000 20.20000 10.10000 Concrete
() South Collector 2 (W14x30) except for BW Connection
: Yfib trin Wrip Agip :
Fiber No. (in.) (in.) (in.) (in2) Material
1 -6.6700 0.3850 6.73000 2.59105 Steel
2 -6.2775 0.4000 0.45725 0.18290 Steel
3 -5.5075 1.1400 0.27000 0.30780 Steel
4 -3.9375 2.0000 0.27000 0.54000 Steel
5 -1.9375 2.0000 0.27000 0.54000 Steel
6 0.0625 2.0000 0.27000 0.54000 Steel
7 2.0625 2.0000 0.27000 0.54000 Steel
8 4.0625 2.0000 0.27000 0.54000 Steel
9 5.6075 1.0900 0.27000 0.29430 Steel
10 6.3525 0.4000 0.45725 0.18290 Steel
11 6.7450 0.3850 6.73000 2.59105 Steel
12 7.1875 0.5000 10.90000 5.45000 Concrete
13 7.6875 0.5000 10.90000 5.45000 Concrete
14 8.1875 0.5000 10.90000 5.45000 Concrete
15 8.6875 0.5000 24.00000 12.00000 Concrete
16 9.1875 0.5000 24.00000 12.00000 Concrete
17 9.6875 0.5000 24.00000 12.00000 Concrete
18 10.1875 0.5000 24.00000 12.00000 Concrete
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Table 3.21 Information of Fiber Sections used for 2" Floor Collectors (continued)

(g) South Collector 2 (W14x30) at BW Connection

: Yrib trin Wrip Afip :
Fiber No. (in.) (in) (in) (in2) Material
1 -6.6700 0.3850 6.73000 2.59105 Steel
2 -6.2775 0.4000 0.45725 0.18290 Steel
3 -5.5388 1.0775 0.27000 0.29093 Steel
4 -4.0000 2.0000 0.27000 0.54000 Steel
5 -2.0000 2.0000 0.27000 0.54000 Steel
6 0.0000 2.0000 0.27000 0.54000 Steel
7 2.0000 2.0000 0.27000 0.54000 Steel
8 4.0000 2.0000 0.27000 0.54000 Steel
9 5.5763 1.1525 0.27000 031118 Steel
10 6.3525 0.4000 0.45725 0.18290 Steel
11 6.7450 0.3850 6.73000 2.59105 Steel
12 7.1875 0.5000 10.90000 5.45000 Concrete
13 7.6875 0.5000 10.90000 5.45000 Concrete
14 8.1875 0.5000 10.90000 5.45000 Concrete
15 8.6875 0.5000 24.00000 12.00000 Concrete
16 9.1875 0.5000 24.00000 12.00000 Concrete
17 9.6875 0.5000 24.00000 12.00000 Concrete
18 10.1875 0.5000 24.00000 12.00000 Concrete
(h) South Collectors 3 and 4 (W14x26)
: Yfib trin Wrip Agip :
Fiber No. (in.) (in.) (in.) (in2) Material
1 -6.7525 0.4200 5.030000 2.1126000 Steel
2 -6.3425 0.4000 0.423125 0.1692500 Steel
3 -5.5713 1.1425 0.255000 0.2913375 Steel
4 -4.0000 2.0000 0.255000 0.5100000 Steel
5 -2.0000 2.0000 0.255000 0.5100000 Steel
6 0.0000 2.0000 0.255000 0.5100000 Steel
7 2.0000 2.0000 0.255000 0.5100000 Steel
8 4.0000 2.0000 0.255000 0.5100000 Steel
9 5.5588 1.1175 0.255000 0.2849625 Steel
10 6.3175 0.4000 0.423125 0.1692500 Steel
11 6.7275 0.4200 5.030000 2.1126000 Steel
12 7.1875 0.5000 7.500000 3.7500000 Concrete
13 7.6875 0.5000 7.500000 3.7500000 Concrete
14 8.1875 0.5000 7.500000 3.7500000 Concrete
15 8.6875 0.5000 15.000000 7.5000000 Concrete
16 9.1875 0.5000 15.000000 7.5000000 Concrete
17 9.6875 0.5000 15.000000 7.5000000 Concrete
18 10.1875 0.5000 15.000000 7.5000000 Concrete
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Figure 3.67 Constitutive Models for Concrete Slab
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4. PHASE 1 TEST RESULTS

4.1 General Phase 1 Test Results

In Phase 1 testing, three floor acceleration simulation tests, designated as Tests 1-1, 1-2
and 1-3, were conducted to excite the test building to reproduce the target floor accelerations
obtained from time history analyses results on the 5™ floor of a 12-story prototype building frame
subjected to a historical ground motion that was scaled to 20%, 50% and 100% of the design
earthquake (DE) levels, respectively. Dynamic characterization tests, including white noise or
impulse testing, were performed before and after each shake table test to monitor the variation of
dynamic properties of the specimen. Figure 4.1 shows the input table motions for white noise and
impulse testing. Figure 4.2 illustrates the variations of measured first-mode frequency and
damping ratio of the specimen throughout Phase 1 testing. Table 4.1 summarizes the results of
dynamic characterization testing.

As shown in Figure 4.3, Fourier spectra of the white noise test results on the floor
acceleration in the longitudinal direction measured by the accelerometer A19, which was placed
near the mass center of the floor, was plotted to determine the vibration frequencies. In addition,
the time histories of the floor acceleration measured by A19 in impulse testing were plotted as
shown in Figure 4.4. The averaged time interval between several successive negative peaks
(valleys) of the free vibration after impulse loading was computed to estimate the first-mode period
of the specimen. Furthermore, by assuming a logarithmic decrement for the acceleration decay

response, the equivalent viscous damping ratio, £, was estimated from

= () G o) -
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where a, is the acceleration response valley amplitude in the first cycle of the free vibration motion,
while a,,, is the decayed acceleration amplitude n cycles later.

As shown in Figure 4.2(a), the fundamental frequency remained approximately constant
with a very tiny decay during Phase 1 testing. White noise test results show that the first-mode
frequency of the specimen before Phase 1 tests was 5.8 Hz and slightly decayed to 5.60 Hz after
three main tests had been completed, a variation which was very similar to the impulse test results
(see Table 4.1). The measured frequency of the second mode of the specimen, which is related
with the vertical vibration of the cantilever slab, was 11.6 Hz before Phase 1 and slightly decreased
to 11.2 Hz after Phase 1 testing had been completed. In addition, the measured damping ratio of
the specimen varied from 3.03% to 3.50% with an average value of 3.20% throughout Phase 1
testing. As shown in Figure 4.2(b) the variation of damping ratio is not noticeable. In general, the
dynamic properties of the test specimen remained approximately constant during Phase 1 testing.

Figure 4.5 through Figure 4.8 show the global responses of the specimen for the three main
tests. Table 4.2 tabulates the measured peak responses in floor acceleration and story drift. Figure
4.5 shows the input table accelerations. Figure 4.6 shows the floor acceleration time histories. The
peak floor accelerations achieved in Tests 1-1, 1-2, and 1-3 were —0.41 g, —0.93 g, and —1.53 g,
respectively. Figure 4.7 shows the time histories of story drift angle. The peak story drift angles
achieved in the three tests were +0.11% rad, +0.32% rad, and +0.62% rad, respectively. Figure 4.8
shows the hysteresis responses. The base shear versus story drift relationship basically remained
linear throughout Phase 1 tests, suggesting the specimen remained in the elastic range. Since the
specimen generally remined linearly elastic, only detailed specimen responses from Test 3-1 are

presented in Section 4.2.
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Table 4.1 Results of Phase 1 Impulse and White Noise Tests

Impulse Test White Noise Test
Test Timing Fundamental Properties 1% Mode 2" Mode
Test Test
No. T, . No. T, T,
fl (HZ) (SGC) {T (A)) fl (HZ) (SGC) fZ (HZ) (SCC)
Before Test 1-1 |[IM 1-0| 5.73 | 0.174 | 3.19 |WN1-0| 5.80 | 0.172 | 11.60 |0.0862
After Test 1-1 [IM 1-1| 5.71 | 0.175 | 3.03 — — — — —
After Test 1-2 |[IM 1-2| 5.64 | 0.177 | 3.10 — - — — -
After Test 1-3 |IM 1-3| 5.49 | 0.182 | 3.50 |WN1-3| 5.60 | 0.179 | 11.20 | 0.0893

Table 4.2 Peak Response Quantities of Phase 1 Tests

Floor Acceleration (g) Story Drift (%)
Test No.
Positive Negative Positive Negative
Test 1-1 0.30 -0.41 0.11 -0.08
Test 1-2 0.69 -0.93 0.32 -0.19
Test 1-3 1.13 -1.53 0.62 -0.41
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4.2 Detailed Results of Test 1-3
4.2.1 Verification of Floor Acceleration Simulation Testing

One of the main objectives of Phase 1 testing is to verify the proposed methodology for
floor acceleration simulation testing. Figure 4.9 shows the time history, fast Fourier transform
(FFT) and pseudo-acceleration spectrum of the input ground motion employed in the time history
analysis on a frame model representing the prototype structure. This input motion was generated
by scaling a 30-second duration ground motion record (Beverly Hills-Mulhol station) from the
1994 Northridge earthquake to 100% design earthquake (DE) level [see Figure 4.9(c)]. In addition,
modal analysis results showed that vibration periods of the frame model for the first three modes
were T; = 2.833 sec, T, = 1.005 sec, and T3 = 0.594 sec, respectively, which corresponded to
frequencies f; = 0.353 Hz, f, = 0.995 Hz, and f; = 1.684 Hz, respectively. The FFT spectrum
[Figure 4.9(b)] indicates that the input ground motion happens to have high frequency contents
around the 2™ and 3" modes of the prototype structure.

Figure 4.10 shows the numerically predicted 5" floor acceleration response of the
prototype model, which responds into the inelastic range. Significant spikes in FFT spectrum
[Figure 4.10(b)] are very close to the frequencies of the 2" and 3™ modes, indicating that this
acceleration response is mainly contributed from the 2"-mode vibration, while the amplitude of
the 3"-mode action is also significant. In addition, another two noticeable spikes in the FFT
spectrum take place to the right of and slightly away from the frequencies of the 2" and 3™ modes.
These might be caused by the nonlinear responses of the prototype model so that the spikes are not
only concentrated at the natural frequencies of the elastic structure.

Based on the similitude law, the time vector of the abovementioned 5™ floor acceleration

response was scaled by a factor of V0.5 to serve as the target floor acceleration for the /2-scale test
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specimen. Figure 4.11 shows the time history, FFT and pseudo-acceleration spectrum of this target
floor acceleration. The duration of the scaled acceleration time history was squeezed to 21.213
seconds [Figure 4.11(a)]. Note that the scaled periods for the first three modes are T;" = 2.003 sec,
T; =0.711 sec, and T3 = 0.420 sec, respectively, which corresponded to frequencies f;" = 0.499
Hz, f;7 =0.141 Hz, and f5'= 0.238 Hz, respectively. Consistent to the prototype floor acceleration
response, the FFT spectrum of the scaled floor acceleration [Figure 4.11(b)] has significant spikes
near the scaled frequencies of the 2" and 3™ modes (£, and f3).

With the scaled target floor acceleration shown in Figure 4.11 and the dynamic properties
(nature frequency and damping ratio) of the specimen estimated from the impulse test prior to the
floor acceleration test, the required (i.e., target) input table motion for Test 3-1 was determined by
using the proposed methodology described in Chapter 2. Figure 4.12 shows the time history, FFT
and pseudo-acceleration spectrum of the target input acceleration together with those of the actual
(i.e., measured) table acceleration for Test 1-3. In addition, Figure 4.13 shows the time history,
FFT and pseudo-acceleration spectrum for the target and measured floor acceleration of the
specimen.

Figure 4.14 shows the comparison between the measured and target input accelerations.
Figure 4.14(a) shows that the shake table did not perfectly reproduce the target input acceleration
time history. The positive and negative peak acceleration of the measured input motion reached
+1.57 g and —1.69 g, both of which were higher than the peak values (+1.33 g and —1.51 g,
respectively) of the target input motion. However, as shown in Figure 4.14(b), the relationship of
measured versus target responses for the input motion shows a strong linear relationship. The
regression gives a slope of 1.154 with an R-squared value of 0.895. It indicates that, the achieved

table acceleration overshot the target input motion by approximately 15%. Figure 4.14(c) shows
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the comparison of pseudo-acceleration spectra between the measured and target responses of input
table acceleration. Basically, the shape of the two spectra was similar. Significant peaks of the two
spectra took place at approximately the same periods. However, the amplitudes of three main peaks
in the spectrum were higher for the achieved table motion. It is noted that both spectra had a low
amplitude at the specimen fundamental period, T;,. Hence, it can be expected that this input motion
would not excite significantly the first-mode response of the specimen.

Figure 4.15 shows the comparison between the measured and target floor accelerations of
the specimen. As a result of overshooting of the achieved input table acceleration, Figure 4.15(a)
shows that the specimen did not perfectly reproduce the target floor acceleration time history. The
positive and negative peak acceleration of the measured response reached +1.13 g and —1.53 g,
both of which were higher than the peak values (+0.80 g and —1.03 g, respectively) of the target
output motion. However, as shown in Figure 4.15(b), the relationship between the measured and
target responses still exhibits a positive correlation. The regression gives a slope of 1.139 with an
R-squared value of 0.720. This suggests that the magnitude of achieved floor acceleration
generally exceeded the target by about 14%, which is similar to the percentage (15%) of
overshooting in the table input motion. Figure 4.15(c) shows the spectrum comparison. Again, the
shape of the two spectra exhibited a similar pattern. Significant peaks of the two spectra took place
at approximately the same periods, indicating that the achieved output acceleration captured the
dynamic characteristics of the target response. However, the amplitudes of peaks in the achieved
spectrum were higher than those of the target spectrum, which is consistent with the overshooting
of the achieved output responses. Further, the spectrum of the achieved response had more peaks
than the target spectrum around the fundamental period of the test specimen. This could be

attributed to the participation of the first-mode response in the specimen, which may be one of the
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causes of lowering the correlation between the achieved and target responses for the output
acceleration.

Figure 4.16 shows the spectral amplifications between the measured and target responses
for input and output accelerations. These spectral amplifications were made by dividing the
pseudo-acceleration spectrum of measured response by the spectrum of target response over the
periods. The plots of spectral amplifications reflect the overshooting of the input and output
accelerations, respectively. Both spectral amplifications were greater than 1.0 over a wide range
of periods. In addition, the shapes of spectral amplifications for both input and output accelerations
were very similar, which indicates that the overshooting of the achieved output response was
mainly caused by the overshooting of the input table motion. A significant spike with an amplitude
of about 2.3 for the output floor acceleration occurs at the specimen fundamental period, which
again was due to the participation of the first-mode response.

Figure 4.17 shows the spectral amplifications between the output and input accelerations
for target and measured responses. These spectral amplifications were made by dividing the
pseudo-acceleration spectrum of output floor acceleration by the spectrum of the input table
acceleration over the periods. The spectral amplifications of both target and measured responses
were very similar over the entire range. Note that these output/input (O/I) spectral amplification
are analogous to the transfer functions of the test specimen. The O/I spectral amplification for the
target response was based on the proposed transfer function of Equation (2.7) which incorporated
with the experimentally determined dynamic parameters (natural frequency and damping ratio) of
the test specimen, while the O/I spectral amplification for the measured accelerations represent the

actual transfer function measured during Test 1-3. A good agreement of these two spectral
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amplifications suggests that the proposed transfer function captures the actual specimen behavior

very well.
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4.2.2 Specimen Global Responses

Figure 4.18 shows the time histories of floor acceleration, story drift angle, and base shear
for Test 1-3. The achieved positive and negative peak accelerations were +1.13 g and —1.53 g,
while the positive and negative peak story drifts reached +0.61% and —0.42% rad. The time (¢ =
5.750 sec) at the positive peak acceleration was very close to the time at negative peak story drift
(t=5.777 sec). Likewise, the time (¢ = 6.695 sec) at the negative peak acceleration was very close
to the time at positive peak story drift (¢ = 6.703 sec). In general, the floor acceleration and story
drift were 180 degrees out of phase as the test specimen behaved elastically during the test, which
can be evidenced by the linearity of the measured base shear versus story drift relationship shown
in Figure 4.20. Since the collectors is the main subject of this study and their force demands are
considered more related to the floor accelerations, the detailed responses of the structural members,
including the collectors and columns in the test building, at the instant when the specimen reached
positive and negative peak accelerations were elaborated in the subsequent sections. In addition,
Figure 4.19 shows a good agreement between the measured base shears determined from two
methods: one estimated from the measured floor accelerations and the other one computed by
using the measured strains on the columns and diagonal braces in the longitudinal direction. A
slope of 0.946 from the base shears determined by two methods indicates that the base shear was
slightly lower than the total inertial force on the floor diaphragm. These confirmed the reliability
of the base shear and column member forces determined from strain gauge readouts.

Figure 4.21 shows the measured slips (relative displacements) between the concrete slab
and steel collector beams measured by spring potentiometers installed near several collector-to-
column connections. The magnitudes of the slips were much smaller than 0.005 in. This tiny

amount of measured displacement may be mainly due to the vibration of the sensors. Hence, test
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results show that there was no notable slip between slab and steel collector beams. Figure 4.22
shows the time histories of story shears taken by columns and the diagonal braces in the
longitudinal direction of the test building. Figure 4.23 shows the story shears taken by members
(columns or diagonal braces) versus total story shear relationships. It can be found that the
relationships between the column shear and tory shear were very linear. The slope of the linear
regression line of each column shear versus story shear relationship indicate the contribution
percentage of the column in taking the story shear. Each cantilever column (on Column Line 1)
took approximately 36% of the story shear so that about 72% of story shear was taken by the LFRS
of the test building. In addition, from west to east the, each gravity column on the Column Lines
2, 3, 4 took approximately 6%, 5%, and 2% of story shear, respectively. Comparisons of each pair
of columns on each of the Column Lines 1, 2, and 3 shows a trend that the story shear taken by the
column in the north frame was slightly higher than that taken by the south column. This could be
due to the difference in the deck orientation between the north and south halves of floor diaphragm.
Note that the metal deck was parallel to the collectors in the north frame while the deck is
perpendicular to the collectors in the south frame, which would result in a slightly larger area of
concrete slab being mobilized to resist the bending moments in the collectors in the north frame.
Thus, the north collectors would have a slightly higher flexural stiffness than the south collectors,
which caused the north frame to be slightly stiffer than the south frame and resulted in higher
column shears in the north frame. On the other hand, it can be found from Figure 4.23 that the
correlation between the story shear and horizontal force taken by each diagonal brace was very
weak. This could be explained by the fact that the brace axial forces were mainly induced by the

vertical vibrations of the cantilever slab at the east end of the structure instead of the frame sway
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action in the longitudinal direction. Thus, for simplicity, the contribution from the braces to resist
the story shear is neglected.

Figure 4.24 and Figure 4.25 show the column bending moment diagrams at the positive
and negative peak accelerations, respectively. Due to the flexural rigidity of the AFW connections
next to the top end of cantilever columns, a noticeable amount of bending moment was induced
there, resulting in a double-curvature moment diagram. The inflection point was located at
approximately 75% of the column height above the bottom end. In addition, the moment diagrams
of the gravity columns indicate that the pin-support worked very well as intended; the bending
moments at column bottom end were negligible. By contrast, a noticeable amount of moment
developed at the top end of each gravity column, which suggests that the flexural rigidity from the
collector-to-column connections should not be neglected for an accurate analysis of the structure.
Figure 4.26 and Figure 4.27 show the measured column axial forces. Note that the axial force
diagrams were plotted by using the average of the measured axial forces at two instrumented
sections along the height of each column, which assumes that the overturning axial force is
uniformly distributed. Because the magnitude of the axial forces was very low relative to the yield
force, a significant variation between axial forces at two measured sections was found for some
columns. In this case, a small error or noise in the strain data could result in a considerable variation
in the computed axial force. Although these column axial forces will not be used for further
discussions in this research, it was found that a negative frame sway (see Figure 4.26) would induce
compressive overturing axial forces in Columns 1 and 3 and tensile axial forces in Columns 2 and
4. On the other hand, a positive frame sway (see Figure 4.27) would introduce tensile axial forces

in Columns 1 and 3 and compressive axial forces in Columns 2 and 4.
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4.2.3 Collector Strain and Stress Profiles

Figure 4.28 and Figure 4.29 show the measured strain profiles along the 14-ft long
Collectors 1 and 2, respectively. Figure 4.30 shows the measured strain profiles in the 5-ft long
Collectors 3 and 4. In each of these figures, both the strain profiles measured at the positive and
negative peak accelerations are plotted. It is apparent that, in general, the strain profiles in the
collectors were not uniform and a notable strain gradient can be found on most of these measured
strain profiles, indicating that the bending action in the collectors is considerable.

As shown in Figure 4.28 and Figure 4.29, for the measured sections near the mid-span (Loc
3) of Collectors 1 and 2, the strain profiles were generally linear over the depth of the composite
sections, indicating that Bernoulli beam theory can be applied at these locations for the section
force recovery. On the other hand, at most of the measured sections near the ends (Locs 1 and 5),
the patten of the strain profiles is complicated, which cannot be simplified as a linear profile. This
could be due to the geometric discontinuities at the collector connections. Besides, for the
measured sections near the quarter spans (Locs 2 and 4), only the flanges of steel beam were
instrumented and the strains in the concrete were not measured. However, considering these
sections at quarter spans are far from the collector ends, a linear strain profile can be assumed for
the section force recovery.

For the 5-ft long collectors (see Figure 4.30), although three sections (Locs 1 and 2 in
Collector 3 and Loc 1 in Collector 4) were instrumented with strain gauges, only Loc 1 in Collector
3 was heavily instrumented. For the sections at Loc 2 in Collector 3 and Loc 1 in Collector 4, strain
gauges were only placed on the steel beam flanges. Note that these two locations were near the
collector ends, where the pattern of the strain profile are expected to be complicated due to the

geometric discontinuities. Hence, the collector strain profiles cannot be recovered by using the
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measured strains on steel beam flanges only. Thus, the section force recovery was not carried out
for these locations in this research. However, the measured beam flange strains still can reveal
some information on the collector response such as (1) the direction of the axial force (tension or
compression), and (2) the direction of bending (positive or negative bending).

For comparison purposes, Figure 4.31 plots the measured strain profiles near the collector-
to-column connections together. Near the AFW connection next to Column 1 (see the leftmost
sub-figures in Figure 4.31), the strain profile was fairly linear along the depth of the composite
section at negative peak floor acceleration, at which this collector section was subjected to a
positive bending moment and a tensile axial force. This strain pattern indicates that full composite
action was mobilized at the collector section near the AFW connection [see Figure 4.32(a) and
Figure 4.33(a)] to transmit the combination of tensile axial force and positive bending moment. It
should be noted that the concrete slab was in compression, which was mainly due to the bending
action, whereas the total axial force on the entire composite section of the collector was tensile. In
other words, the bending action caused the resultant axial force taken by the concrete slab to be
opposite to the direction of total axial force acting on the entire composite section, suggesting that
the concrete slab herein played a counteracting role in transmitting the axial force in the collector.
On the other hand, the strain profile near the AFW connection was roughly linear over the depth
of steel beam section with negligible tensile strains developed in the concrete slab when the
specimen reached the positive peak acceleration, at which this collector section was subjected to a
negative bending and a compressive axial force. This strain pattern implies that the negative
bending action resulted in a gap between the concrete slab and steel column face such that no

significant tensile strains could be developed in the concrete slab near the AFW connection. For
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simplicity, it can be considered that the collector end section only used the W-shape steel beam

section to transmit the member forces when it was under negative bending.

For discussion purposes, the terms “near side” and “far side” connections are defined for
the double-sided TFW (or BW) connection. A double-sided connection has two collectors framing
into the same column. The side which is closer to the LFRS is termed “near side”, while the other
side is termed “far side”. Thus, for the testing building, as the LFRS (i.e., cantilever columns) was
situated at the west end of the structure, the west or east sides of each double-sided TFW (or BW)
connection was termed near- or far-side, respectively.

The 2™ and 3™ columns of sub-figures from the left in Figure 4.31 respectively show the strain
profiles at the near- and far-side connections on Column Line 2. In addition, the 4™ and 5™ columns
of sub-figures from the left in Figure 4.31 respectively show the strain profiles near the near- and
far-side connections on Column Line 3. The common observations from the strain profiles of both
types (TFW and BW) of double-sided collector connections are as follows:

1. When the collector sections were subjected to a positive bending, significant compressive
strain could be developed in the concrete slab. By contrast, when a collector end resisted a
negative bending moment, only very limited tensile strains could be developed in the concrete
slab near the collector end. This would be due to a gap formed between the concrete slab and
column face when at the collector end. This suggests that, for simplicity, the contribution of
concrete slab in transmitting the member forces can be negligible when a collector end is
subjected to a negative bending moment.

2. When the test building reached the positive peak acceleration, at which the specimen was
subjected to a negative story drift and the composite collectors were supposed to transmit a

compressive axial force, the near side of a TFW (or BW) connection was subjected to a positive
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bending, while the far side was under negative bending. In this case, the near-side concrete
slab was in compression, for which the resultant axial force taken by concrete was considerable
and acted in the same direction of the total axial force in the composite collector section. In the
meantime, the far-side concrete slab was in tension, for which the resultant axial force in the
concrete slab was very low and opposite to the total collector axial force.

When the test building achieved the negative peak acceleration, at which the specimen was
subjected to a positive story drift and the composite collectors were supposed to transmit a
tensile axial force, the near side of a TFW (or BW) connection was subjected to a negative
bending, while the far side was under positive bending. In this case, the near-side concrete slab
was in tension, for which the resultant axial force in the concrete slab was very low and acted
in the same direction of the total axial force in the composite section. In the meantime, the far-
side concrete slab was in compression, for which the resultant axial force in the concrete slab
was considerable but opposite to the total collector axial force.

Based on items 2 and 3, it can be concluded that the concrete slab on the near side of a double-
sided collector-to-column connection played a counteracting role in transmitting the collector
axial force. By contrast, the concrete slab on the far side played a supporting role in resisting
the collector axial force demand.

For the measured strain profiles near the TFW connections (see the 2™ and 3™ columns of

sub-figures from the left in Figure 4.31), the strains developed in the bottom steel flanges were

very low because that the bottom flanges were not connected to the column. It appears that, when

a collector end at a TFW connection was subjected to a positive bending [e.g., the near (west) or

far (east) side at the positive or negative peak, respectively], the strain profile was roughly linear

over a range from the elevation of bottommost bolt on the steel web to the top face of the concrete

205



slab. This suggests that, for simplicity, the collector beam end utilized an effective area [see Figure
4.32(b) and Figure 4.33(b)] composed of a T-shaped steel area and an effective concrete slab area
to transmit the member forces. Note that the bottom elevation of the T-shaped steel considered
was determined by using the bottom edge of the tributary area of the bottommost bolt at the TFW
connection. Borrowing the concept of “bolt element” proposed by Liu and Astaneh-Asl (2004),
which is used to analyze the moment-rotation relationship for composite shear tab connections,
the tributary region of a bolt extends halfway to its adjacent bolts so that the bolt spacing is taken
as the depth of the tributary area for each bolt. On the other hand, when a collector beam end at a
TFW connection was subjected to a negative bending [e.g., the far (east) or near (west) side at the
positive or negative peak, respectively], the strain profile was roughly linear over a range from the
elevation of bottommost bolt on the steel web to the steel top flange. This indicates that the
collector beam end only relied on the T-shaped steel area to resist member forces.

By comparing the 2" and 3™ columns of sub-figures from the left in Figure 4.31, it can be
found that differences of strain profile pattern between the near-side and far-side collector sections
at a double-sided TFW connection. The neutral axis at the near (west) side collector section was
located at approximated 3/4 height of the steel beam depth and significant strains developed in the
steel top flange, while the neutral axis at the far (east) side collector section was at about the steel
top flange. Note that the steel top flange is supposed to be the main role to resist the collector axial
force. However, test results indicated that, at a far-side TFW connection, the steel top flange was
the place developed the lowest strains in the collector section, while the strains developed around
the bottom bolt were significant. This uneven strain distribution would raise concerns that the bolt
connections, which play a main role in resisting member forces, would be damaged earlier than

the top flange as the flexural and axial force demands acting in the collector increase. Note that
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the magnitude of strains developed near the TFW connections in Test 1-3 was below 0.0005 (see
Figure 4.31), which is only about 25% of the yield strain. Although the strain profiles measured at
this low level of strains could not represent the ultimate states of the collector sections, it is
worthwhile to investigate the responses of far-side TFW connection at high strain level.

For the strain profiles near the BW connections (see the 4™ and 5" rows of sub-figures from
the left in Figure 4.31), the strains developed in both top and bottom flanges were very low as a
result of the fact that both steel flanges were not connected to the column. When a collector beam
end at a BW connection was subjected to a positive bending [e.g., the near (west) or far (east) side
at the positive or negative peak, respectively], by discarding the measured strains on both flanges,
there seems to be a roughly linear profile among the remaining five measured strains (including
two measured strains in concrete slab and three measured strains on steel web). This suggests that,
for simplicity, the collector beam end utilized an effective area [see Figure 4.32(c) and Figure
4.33(c)] composed of part of the steel web and an effective concrete slab area to transmit the
member forces. Note that part of steel web considered herein is aligned with the total depth of
tributary region of the bolt group on the steel web. On the other hand, when a collector beam end
at a BW connection was subjected to negative bending [e.g., the far (east) or near (west) side at
the positive or negative peak, respectively], only on the steel beam web were significant strains
developed, while both flanges and concrete were about stress free. The strain profile among the three
measured strains on the beam web was roughly linear. This indicates that the effective area of the
collector section in resisting the member forces can be simplified as part of the steel web aligned
with the tributary region of the bolt group on the web of BW connection.

Based on the strains measured at a small number of elevations along the collector depth,

Figure 4.34 through Figure 4.36 show the assumed strain profiles, which were employed for
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member force recovery, along the entire depth of collector sections. See Section 3.7.6 for the
approaches to determine these assumed strain profiles. With these assumed strain profiles, the axial
forces and bending moments at the measured sections in the collectors were computed by using
the fiber section method described in Section 3.7.6 and illustrated in Figure 3.65 and Figure 3.66.
Figure 4.37 though Figure 4.39 demonstrate the strain profiles assigned to the fiber sections, while
Figure 4.40 through Figure 4.42 plot the stress profiles assigned to the fiber sections. Figure 4.43

through Figure 4.45 show the distributions of axial forces of fiber sections.
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4.2.4 Collector Member Forces

After the internal axial forces and bending moments in the collector sections instrumented
with strain gauges were computed by using the measured strains and fiber section approach, axial
force and bending moment diagram along Collectors 1 and 2 can be constructed. Figure 4.46 and
Figure 4.47 respectively show the measured axial force and moment diagrams along the collectors
at the positive peak acceleration, while Figure 4.48 and Figure 4.49 demonstrate the measured
axial force and moment diagrams along the collectors at the negative peak acceleration. Note that
the axial force diagrams were plotted by connecting the measured axial force data points along the
collectors. On the other hand, the bending moment diagrams in Collectors 1 and 2 were constructed
by using the linear regression line among five measured moments along each collector.

In general, the 14-ft long Collectors 1 and 2 were subjected to a compressive axial force at
the positive peak acceleration (Figure 4.46), at which the story drift was negative, while the
collectors were in tension at the negative peak acceleration (Figure 4.48), at which the story drift
was positive. These general directions of the measured collector axial forces agreed with the
expected force directions derived from the first-mode deformed shapes of the longitudinal test
frame. As shown in Figure 4.46 and Figure 4.48, it is apparent that the magnitude of axial forces
increased along the collector lines from the east side, which was on the far side of the LFRS, to
the west end, where the LFRS were located, of each collector line. In addition, it is noticeable that
the slope of axial force diagram in the Collector 1 beams were obviously higher than that in the
Collector 2 beams. This suggests that, along each collector line, there were much more inertial
forces dragged into Collector 1 than those collected by Collector 2.

It should be noted that the measured axial forces along Collectors 1 and 2 were not always

increasing from the far end to the LFRS as expected. Instead, the collector axial force diagrams
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exhibited a slightly “zig-zag” pattern. For example, as shown Figure 4.48, near the west ends of
both Collectors 1 and 2, the axial forces measured at the first instrumented section from the west
end were slightly lower than the those at the second instrumented section. This could be due to the
oversimplification of the assumed effective slab width considered in the collector member force
recovery. It is recalled that the collector member forces were calculated based on the assumption
that the effective slab width along the entire span of Collectors 1 or 2 was constant and equal to
the effective width determined from the test data measured at the west end of the collector. This
assumption was made because only at the west end of Collectors 1 or 2 was the concrete slab
instrumented multiple strain gauges across a width of the slab such that the effective width could
be evaluated. However, several previous studies (Zhu et al. 2015; and Huang et al. 2016) showed
that the effective slab width in a composite beam subjected to vertically flexural load would vary
along the beam span. Therefore, the effect slab width in a composite collector should not be
constant along the entire span and there may be some error in the assumed effective slab for the
regions of the collector other than the west end, resulting in some error in the calculated member
forces.

Furthermore, some of the measured collector axial forces at the east end of Collector 2 and
west end of Collector 3 were opposite to the direction of the axial forces developed in the most
part of Collectors 1 and 2 beams. In addition, the measured strain profiles in Collectors 3 and 4
shown in Figure 4.30 indicate that these 5-ft long collectors were in tension and compression at
the positive and negative peak accelerations, respectively. These test results showed that the axial
forces in Collectors 3 and 4 were very low but acted in an opposite direction to those in Collectors
1 and 2. One possible reason for the opposite direction of axial forces seen in Collectors 3 and 4

was the vertical movement of the cantilever slab at the east end of the test specimen.
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Figure 4.47 and Figure 4.49 show that there appears to be a linear moment diagram in
double curvature among the measured moments along each span of Collectors 1 or 2. The moment
diagrams along Collector 1 beams indicate that the inflection point was located at approximately
2/3 and 3/4 of beam span away from the west end of the collector at the positive (Figure 4.47) and
negative (Figure 4.49) peak accelerations, respectively. Consistent with the fact that the inflection
point on Collector 1 was always in the east-half span, the magnitude of the bending moment
developed at the west end, which used the AFW connection detail, was obviously greater than that
developed in the east end, where a TFW connection was employed. This indicates that the
rotational rigidity of the AFW connections was significantly larger than that of TFW connections.
For the moment diagrams along Collector 2 beams, the inflection point was located at about 30%
and 50% of beam span away from the west end of the collector at the positive (Figure 4.47) and
negative (Figure 4.49) peak accelerations, respectively. An inflection point located within the east-
half span or at about the mid-span of Collector 2 indicates that the rotational rigidity of the TFW
connection at the west end was not obviously larger than that of the BW connection at the east end
of the collector. When both TFW and BW connections in the same collector use identical bolted
connections in the web, it might be expected that the TFW connection is stiffer than the BW
connection because the TFW connection can utilize top steel flange to transmit forces. However,
test results showed that, when the BW connection of Collector 2 was subjected to a positive
bending while the TFW connection was under a negative bending (see Figure 4.47), the magnitude
of bending moment developed in the BW connection was greater than that in the TFW connection,
suggesting that the rotational rigidity of the BW connection was higher than that of the TFW

connection. This could be attributed to the contribution of the concrete slab in transmitting bending
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moment at the BW connection subjected to a positive bending. By contrast, the concrete slab at
the TFW connection under a negative bending was in tension and transmitted negligible forces.

Figure 4.50 through Figure 4.53 compare the member forces (axial force or bending
moment) taken by the entire composite section and bare steel section. At the positive peak
acceleration (see Figure 4.50 and Figure 4.51), the specimen deformed shape with a negative story
drift suggests the collectors would generally transmit a compressive axial force. In the meantime,
near the west end of each Collectors 1 and 2, the collector was under negative bending and the
bare steel section resisted a compressive force slightly greater than the total compression force
taken by the entire composite section, indicating that the concrete slab played a role slightly
counteracting the axial force transmission. By contrast, near the east end of each Collectors 1 or 2,
the collector was under positive bending and the entire composite section carried more
compression force than the steel part did, suggesting that the action of concrete slab was
contributing to the axial force transmission.

On the other hand, at the positive peak acceleration (see Figure 4.52 and Figure 4.53), the
deformed shape of the test frame with a positive story drift implies that the collector lines would
generally transmit a tensile axial force. Meanwhile, near the west end of each Collectors 1 and 2,
the collector was under a positive bending and the bare steel section resisted a tensile axial force
noticeably higher than the total tension force taken by the entire composite section, indicating the
action of concrete slab herein significantly counteracted the axial force transmission. By contrast,
near the east end of each Collectors 1 and 2, the collector was under negative bending and the
entire composite section carried slightly more tension force (or less compression force) than the
steel part did, suggesting the action of concrete slab herein was slightly contributing to the tension

force transmission.
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It can be found that the discrepancy between the collector axial forces taking by the bare
steel section and entire composite section is more pronounced at the collector ends than that within
the bean span. For a composite collector section (especially at the beam end), the combinations of
axial forces and bending moments in different directions would cause the concrete slab to play
different roles (contributing or counteracting) in transmitting the collector axial force. To
summarize the contribution of concrete slab to the collector axial force transmission in a
generalized way, the following conditions of four axial force-bending moment (P-M) interaction
are considered:

(1) For a collector end subjected to simultaneous tensile axial load and positive bending, the
bending action would create considerable compressive stresses in the concrete slab such that
the concrete slab would be counteracting the collector axial force transmission.

(2) For a collector end subjected to simultaneous tensile axial load and negative bending, the
bending action would result in a very low level of tensile stresses in the concrete slab due to a
gap developing between the concrete slab and column face. In this case, the concrete slab
would be slightly or negligibly contributing to the collector axial force transmission.

(3) For a collector end subjected to simultaneous compressive axial load and positive bending, the
bending action would cause considerable compressive stresses to be developed in the concrete
slab such that the concrete slab would be contributing to the collector axial force transmission.

(4) For a collector end subjected to simultaneous compressive axial load and negative bending,
the bending action would result in a very low level of tensile stresses developed in the concrete
slab so that the concrete slab would be slightly or negligibly counteracting to the collector axial

force transmission.
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For discussion purposes, between the two ends of a collector, the one more near to the
LFRS is termed “near end” of the collector, while the other one is designated “far end”. For the
test specimen, at the near ends of Collectors 1 and 2 were the AFW connection and the far-side
TFW connection, respectively. At the far end of Collectors 1 and 2 were the near-side TFW
connection and near-side BW connections, respectively. Generalized to typical buildings, “within”
(i.e., discarding both ends of) a collector line composed of multiple collectors, the far end of a
collector is on the near side of a double-sided collector-to-column connection, while at the near
end of a collector is a far-side collector connection.

As the test building behaved elastically during Test 1-3, the floor acceleration and the story
drift were completely out of phase. As a result of elasticity of the specimen, the near ends of the
collectors were only subjected to the P-M interaction conditions (1) and (4), while the far ends of
collectors only underwent the P-M interaction conditions (2) and (3). Therefore, during Test 1-3,
the concrete slabs at the near ends of collectors were always playing a supporting role to resist the
collector axial force demand, while the concrete slab at the far ends of collectors were always
counteracting the collector axial force demand.

Note that the current practice for the collector-to-column connection design neglects the
concrete slab effects and assumes that the connections at the bare steel section carries the total
axial force demand acting on the composite section. This assumption would be acceptable when a
collector end is subject to the P-M interaction conditions (2), (3) and (4), for all of which the
concrete slab is either contributing or negligibly counteracting to the axial force resistance.
However, neglecting concrete slab effect would result in a unconservative design for a collector
end connection subjected to the P-M interaction condition (4) (i.e., simultaneous tensile axial force

and positive bending). In this case, the action of concrete slab considerably counteracts the
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collector axial force transmission, for which the connection at the bare steel sections would be
subjected to a tensile axial force noticeably higher than the total axial force demand on the entire
composite section. This phenomenon can be exemplified by the responses of the near (west) end
of Collector 1 beams, where the AFW connections were located, at the negative peak acceleration
in Test 2-3 as shown in Figure 4.52. The steel part of the collector section carried approximately
100 kips of tensile axial force, which was about twice of the total tensile force (about 50 kips)
acting on the entire composite section. Hence, it is indicated that, to achieve a safe design for the
collector connections, the concrete slab effect should be properly considered.

Figure 4.54(a) and Figure 4.55(a) compare the measured collector axial force (P,,;;) with
the measured column shear (V) acting at the AFW connection next to Columns N1 and SI,
respectively. Figure 4.56(a) and Figure 4.57(a) compare the measured collector moment (M_,;;)
with the measured column moment (M) projected to the centerline beam-to-column intersection
at the top ends of Columns N1 and S1, respectively. As illustrated in Figure 3.61, the column shear
and moment were calculated based on the readout from the strain gauges on the column flanges.
On the other hand, the collector member forces were determined by using the measured strains
along the depth of collector section together with an assumed strain profile (see Figure 3.65) and
an effective slab width experimentally determined from Test 2A-5 (Figure 8.1). Since there might
be some error in the assumed strain profile and experimentally determined effective slab width for
the composite collector section, the measured column member forces (V. and M) would be more
reliable than the measured collector member forces (P,,; and M,,; ). To achieve the force
equilibrium at the beam-to-column intersection of Columns N1 and S1, the magnitudes of V. and
P,y should be about the same because the magnitude of the horizontal forces transmitted from

the west chord and floor diaphragm into the column is expected to be small. Similarly, the
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magnitude of M_,; should be close to that of M. Therefore, a proximity of P.,;; to V. indicates
the reliability of the measurement of P.,;;. Likewise, a closeness of M.,; to M, suggests the
accuracy of the measured values for M_,;.

Figure 4.54(a) and Figure 4.56(a) show that P.,;; followed V. very well at both AFW
connections. The slopes of the regression lines for the P.,;; versus V, relationships were 0.978 and
1.084 at Columns N1 and S1, respectively. From Figure 4.55(a) and Figure 4.57(a), it can be found
the relationships between M_,; and M, were very linear for both columns. The slopes among the
M,y versus M, relationships were 0.847 and 0.887 at the top ends of Columns N1 and S1,
respectively. Form these results, basically, the accuracy of the measured collector member forces
(P, and M,,;;) are acceptable.

Figure 4.54(b) and Figure 4.55(b) compare the collector axial force taken by the bare steel
section, denoted as P,,;;_s, with the measured column shear (V) acting at the AFW connection for
the top ends of Columns N1 and S1, respectively. For both columns, the P.,;;_s versus V. plot
exhibited two different linear relationships among the test data on tension and compression sides
of the collector forces, respectively. Both slopes on the tension and compression sides were steeper
than the 45-degree between P,,;;_¢ versus V.. In addition, the tension-side slope was steeper than
the compression-side slope. This suggests that the concrete slab played a significantly and lightly
counteracting role when the collector end transmitted a tensile or compressive axial force,
respectively. These caused P.,;;_s at this collector end to be significantly and slightly higher than
P.o11, which was close to V,, when the collector was in tension and compression, respectively.

Figure 4.56(b) and Figure 4.57(b) compare the measured collector moment taken by the
steel part, denoted as M.,;;_s, with M, at the top ends of Columns N1 and S1, respectively. For

both columns, it can be found the relationships between M,;;_s and M, were generally linear. The
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slopes among the M,;;_s versus M, relationships were 0.609 and 0.655 at Columns N1 and SI,
respectively. Note that these slopes were about 26%~28% flatter than the slopes among M,
versus M, relationships. This implies that, near the AFW connections, the concrete slab part

transmitted about 27% of total bending moment acting on the entire composite collector section.
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Figure 4.46 Test 1-3: Axial Force Diagrams along Collector Lines at Positive Peak Acceleration
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Figure 4.47 Test 1-3: Moment Diagrams along Collector Lines at Positive Peak Acceleration
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Figure 4.48 Test 1-3: Axial Force Diagrams along Collector Lines at Negative Peak Acceleration

Collector 1 Collector 2 Collector 3 | Collector 4

. x = = .
_ oo s -
= 50 \ | | | |
o "O\O\ 1 O i i
£ 0 — s : a
= -50 ' i ! i
o -100 \ (a) Frame N | O Measured ||
& ' ' — Regression | '
=
> | L
S 807 : | | |
© O :—Q\ﬁ_\ o O | :
o Tl B | |
m -50 i ! i i
-100 i (b)Frame S i ! |
0 5 10 15 20 25 30 35

Distance (ft)

Figure 4.49 Test 1-3: Moment Diagrams along Collector Lines at Negative Peak Acceleration
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Figure 4.50 Test 1-3: Comparison of Axial Forces Taken by Composite of Bare Steel Sections of
Collectors at Positive Peak Acceleration
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Figure 4.51 Test 1-3: Comparison of Moments Taken by Composite of Bare Steel Sections of
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Figure 4.52 Test 1-3: Comparison of Axial Forces Taken by Composite of Bare Steel Sections of
Collectors at Negative Peak Acceleration
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Figure 4.53 Test 1-3: Comparison of Moments Taken by Composite of Bare Steel Sections of
Collectors at Negative Peak Acceleration
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4.2.5 Collector-to-Column Connection Responses

As introduced in Section 3.7.3 and illustrate in Figure 3.59, the rotation angles of the
collector-to-column connections, denoted as 8y, on Column Lines 1, 2, and 3 were measured by
using the a series of displacement transducers placed horizontally near the connections. The
rotation angle of the collector end connection was estimated by using two methods. Method 1

evaluated the rotation of the entire composite section, 8., by using Eq. (3.35) with the readouts

from the two displacement transducers relatively placed on the top of the concrete slab and near
the bottom steel flange. Method 2 evaluated the rotation of the bare steel section, 6.5, by using
Eq. (3.34) with the readouts from two displacement transducers relatively near the top and bottom
flanges of the steel section.

Figure 4.58 shows the comparison of the measured collector connection rotation angle
versus story drift angle relationships between the two methods for each of the instrumented
collector connections. Unfortunately, the sensor placed near the bottom steel flange at the east side
of Column S1 malfunctioned during Phase 1 test. Thus, the rotation angle at this collector end is
not reported. In general, the collector connection rotation angle determined from two methods
were similar but slightly different. It appears that the results from the two methods were very
similar for negative rotations. For positive rotations, the rotation angles determined from Method
2 were slightly greater than the that obtained from Method 1. Note that, for each collector
connection, on the top of concrete slab was placed a spring potentiometer, while two LVDT
displacement transducers were used for the steel section. The gauge length of a spring
potentiometer was about 4 in., which is shorter than the gauge length (9.5 in.) of LVDT
displacement transducer. It should be noted that the displacement measured by the sensors was the

resultant displacement due to the combined flexure and axial load accumulated along the gauge
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length. Thus, a shorter gauge length would lead to a smaller displacement being measured. This
may explain why Method 1, for which the readout from spring potentiometer with a shorter gauge
length was used, resulted a smaller rotation angle than that determined from Method 2 for positive
rotation. On the other hand, for negative rotation, a gap would appear between the concrete slab
and column face. This gap represented the resultant tensile displacements at the top face of slab
due to the combined flexure and axial. Since the gap was within the gauge length range of spring
potentiometer, the sensor can well capture the resultant displacements at the top face of slab. This
explains why the rotation angles obtained from two methods were similar for negative rotation.
Considering there may be some issue due to different gauge lengths of the sensors in Method 1,
eventually, the connection rotations determined from Method 2, which evaluates the rotation of
steel section, are used for the later discussions in this research.

Figure 4.59 shows the measured moment versus rotation (M-60) relationships for the
collector-to-column connections on Column Lines 1, 2, and 3. Note that the sign conventions used
herein for the bending moment and rotation are consistent: a positive bending moment (or rotation)
means that the beam is concave upward, whereas a negative bending moment (or radiation) means
that the beam is concave downward. As shown by the sketches in the top of Figure 4.59, when the
specimen was subjected to positive floor acceleration, the test frame underwent negative drift
(Case “A” in Figure 4.59). In the meantime, the AFW connections, far-side TFW connections and
the far-side BW connections on Column Line 3 were subjected to negative bending, while the
near-side TFW connections and near-side BW connections were subjected to positive bending. In
addition, it should be noted that, different from the other far-side connections under negative
bending, the far-side BW connections on Column Line 4 were subjected to positive bending

because of the upward movement of the cantilever slab on the east end of the structure.
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On the other hand, when the specimen was subjected to a negative floor acceleration, the
test frame underwent a positive drift (Case “B” in Figure 4.59). Meanwhile, the AFW connections,
far-side TFW connections and the far-side BW connections on Column Line 3 were subjected to
a positive bending, while the near-side TFW and near-side BW connections were subjected to a
negative bending. Again, noted that, opposite to the other far-side connections under a positive
bending, the far-side BW connections on Column Line 4 were subjected to a negative bending.
As shown in Figure 4.59, for all the instrumented collector-to-column connections, there seem to
be two different roughly linear trends respectively among the data in the first (positive bending)
and third quadrants (negative bending) of each M-6 plot. The collector connection rotational
stiffnesses for positive and negative bending were estimated by using the secant stiffnesses for the
data in the first and third quadrants, respectively, of each M-8 plot. Figure 4.60 shows the “zoom-
in” version of each measured M- relationship to demonstrate the determination of the estimated
stiffness. It appears that, for all the collector connections, the secant rotational stiffnesses for
positive bending was higher than that for negative bending. This is attributed to the fact that the
concrete slab at the connection region resisted significant compressive stresses under positive
bending, whereas the slab developed negligible tensile stresses under negative bending.

Form Figure 4.59, it is apparent that the rotational stiffness of AFW connections was
significantly higher than those of TFW and BW connections. In general, the difference in the
rotational stiffness between TFW and BW connections was insignificant. It seems to be the trend
that, for each of the double-side TFW and BW connections, the near side had a rotational stiffness
somewhat higher than the far side did for both positive and negative bending. In addition, the near-

side connections experienced a greater magnitude of rotations than their corresponding far-side
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connections did. Furthermore, the near-side connections exhibited a more pronounced hysteresis

and nonlinear response than their corresponding far-side connections did.

4.2.6 Column Panel Zone Responses

As described in Section3.7.3, a pair of LVDT displacement transducers were installed at
the column panel zone of each AFW connection to measure the shear deformation of the panel
zone. Figure 4.61 shows that the panel zone shear deformation versus story drift angle relationships
were very linear for the two AFW connections, suggesting the panel zones responded elastically
during Test 1-3. Figure 4.62 shows the moment versus shear deformation (M-y) relationships for
the two panel zones. Note that bending moment at the panel zone was calculated by projecting the
moment diagram of Collector 1 to the center of the panel zone. It is apparent that these panel zone
M-y relationships are very linear. Regression analyses were conducted and the slope of the
regression line for the M-y relationship can be taken as the stiffness of a rotational spring
representing the panel zone for the modeling of the test specimen.

Part of this chapter is based on the material published in the 17" World Conference on
Earthquake Engineering, titled “Earthquake simulator testing on behavior of seismic collectors in
steel buildings” with co-authors Uang C.-M., and Fleischman R.B. (2020). Materials were also
submitted for publication in the 12" National Conference on Earthquake Engineering, titled
“Shake Table Tests on Seismic Response of Collectors in Steel Buildings” with co-authors Uang
C.-M., and Fleischman R.B. (2022). The author of this dissertation serves as the first author of

these papers.
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S. SIMULATION OF PHASE 1 TESTING AND DESIGN IMPLICATIONS

5.1 General

Phase 1 test results presented in Chapter 4 have provided some insights into the seismic
responses of collectors and their connections. However, due to the limitation of the data acquisition
system capacity (number of channels), the specimen responses were only measured at a limited
number of locations. Since it was difficult to re-construct a thorough picture of the seismic
responses of the collectors and the inertial force load path by using the test data only, numerical
simulation of Phase 1 testing was conducted to confirm the finding from test results and to explore
the specimen responses in a more detailed manner.

A parallel analytical study was also carried out to develop modeling techniques that can be
used by researchers and practitioners for seismic analyses of steel building structures with
composite collectors. Therefore, instead of using sophisticated finite element modeling with shell
and solid elements, frame analyses with beam-column, truss, and joint elements were used for

numerical simulation.

5.2 Numerical Modeling of Test Specimen
5.2.1 Description of Specimen Models

As listed in Table 5.1, six three-dimensional (3D) frame models with various detailed
modeling settings were developed to simulate the test specimen; the nonlinear structural analysis
program PISA3D (Lin et al. 2012) was used for numerical simulation. Two approaches were
employed to model the composite floor diaphragm: (1) the Beam-Truss (BT) modeling approach

(Lu and Panagiotou 2012), and (2) the proposed “modified strip (MS) model”. In each group of
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the BT-series (Figure 5.1) or MS-series (Figure 5.2), three models with varying levels of

complexity (Level 0, 1, and 2) for modeling the collector connections.

Table 5.1 Specimen Model Designation

Complexity of Modeling of TFW and BW Collector Connections

Level 0? Level 1° Level 2°¢

Beam-Truss

Modeling of (BT) Model Model BT-0 Model BT-1 Model BT-2
Composite Floor

Diaphragm Modified Strip ) ) ]
(MS) Model Model MS-0 Model MS-1 Model MS-2

aLevel 0: Pin-connections at intersections of beam and column centerlines
"Level 1: Rotational springs at intersections of beam and column centerlines

“Level 2: Scissors model for column panel zone and rotational springs at intersections of beam and column
centerlines
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4 ¢

(a) High View

£ (b) Front View
Figure 5.1 Configuration of BT-Seires Model
—>Et i % r
! —% 7>

i . (b) Front View

Figure 5.2 Configuration of MS-Series Model
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5.2.2 Modeling of Composite Floor Diaphragm

Two approaches (Beam-Truss model and modified strip model) were used for modeling

the composite slab of test specimen. The details of these two approaches are as follows:

Beam-Truss Model

Beam-Truss (BT) model was originally developed by Lu and Panagiotou (2012) was to
simulate the nonlinear cyclic response of in-plane shear load-deformation behavior of nonplanar
RC shear walls. Since the composite slabs in steel buildings transfer the inertial force mainly
through the in-plane shear behavior of the slab, which is analogous to RC shear walls resisting the
in-plane shear loading, the BT modeling approach was slightly adapted to represent the composite
slab of test specimen.

As shown in Figure 5.3 and Figure 5.4, the floor diaphragm in a BT model was meshed by
elastic longitudinal (X-direction) and transverse (Z-direction) beam elements into to many
subpanels; each subpanel formed also has with a pair of bi-directional diagonal trusses. The points
where at least one longitudinal and one transverse 1 element intersect with a diagonal truss
comprise the nodes of the model. As a results, it requires the creation of many nodes which are not
located on the real steel beam locations. In addition, a number of “fictitious” beam elements which
do not represent the real steel beams are added into the model to simulate the axial behavior and
out-of-plane flexural stiffness of the slab. Figure 5.4-top shows that the fictitious beams are pin-
ended in-plane so that they would not provide any flexural rigidity. On the other hand, Figure 5.4-
top shows that, in the out-of-plane direction, theses fictitious beams are rigidly connected to their
adjacent fictious beams, while pin-connections are used for the joints where the fictious beams

meet real beam elements.
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Figure 5.5 illustrates the determination of critical section properties for elements in the BT
model to simulate the in-plane shear behavior of the composite slab. It assumes that only the part
of the concrete slab above the metal deck (with a thickness of t.) resists the in-plane shear. The
tributary width (w, or w,) of a fictitious beam or the effective width, b sf, of a diagonal slab truss
is defined as a region extending from the element centerline to halfway to its neighboring elements.
Thus, the cross-sectional area for a fictious beam or a slab truss is determined by multiplying its
tributary width by the concrete slab thickness, t..

PISA3D Concrete04 material model was employed for the fictitious beams and diagonal slab
trusses. This material model was implemented based on the same constitutive model used for
Concte04 in the computer program OpenSees (Mckenna et al. 2000). As shown in Figure 5.5(d),
for fictitious beam elements, the material model considering both the compressive and tensile
behavior of the concrete is used. On the other hand, the concrete model for the slab truss assumes
a zero tensile strength. Because the measured strains of the concrete slab in the test specimen was
low, the effect of biaxial strain field on reducing the concrete compressive strength proposed by

Lu and Panagiotou was not considered.

Modified Strip Model

The concept of the modified strip model (see Figure 5.6) stems from both the ideas of the BT
model and the strip model proposed by Thorburn et al. (1983) for simulating the tension field
action of infill panels of a steel plate shear wall. However, different from the conventional strip
model, which only uses the inclined trusses for the post-buckling infill plate of the shear wall, the
proposed modified strip model not only uses inclined trusses to represent the compression field of
the concrete slab in shear but also employs longitudinal and transverse trusses to represent the

axial behavior of the slab for both directions. As shown in Figure 5.6 and Figure 5.7, to construct
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a modified strip model for a floor diaphragm, the nodes are only assigned along the actual steel
beams or at column locations. Inclined trusses together longitudinal and transverse trusses are
placed into each panel surrounding by actual steel beams on the floor. The determination of the
area and material model for the inclined slab trusses in the modified strip model follow those for
diagonal slab trusses in the BT model (see Figure 5.5). Similarly, the input settings for the
longitudinal and transverse slab trusses in the modified strip model are the same as those for the
fictitious beams in BT model.

It should be noted that the strategy to arrange the layout for the nodes and slab trusses in
the BT model is to form a good number of subpanels for a fine mesh of the floor diaphragm, while
the layout of a modified strip model is based on the panels surrounding by actual steel beams
(collectors and floor beams). Therefore, the BT model requires many ““auxiliary nodes” and “short”
slab trusses being placed within the region surrounding the actual steel beams to form the
subpanels. By contrast, the modified strip model does not need these auxiliary nodes and it utilizes
longer slab trusses traversing between nodes on actual beams. As a result, the modified strip model
requires a much smaller number of nodes and elements than the BT model does, which can greatly
reduce the computational costs.

Figure 5.8 shows the comparison of the nodal mass distributions between two models. The
magnitude of the nodal masses can be visualized by comparing the diameter of the circle for each
nodal mass to the standard circle for 1 kip shown in the figure. For the BT model [Figure 5.8(a)],
use of many auxiliary nodes allows it to simulate the mass distribution in a precise manner. By
contrast, the nodal masses in the modified strip model are only assigned along the actual steel
beams. Since the test specimen used different floor beam layouts between the north- and south-

halves of the slab, the way the gravity loads are distributed to the floor beams is different between
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two sides. Hence, a non-symmetric mass distribution pattern is assigned to the nodes in the
modified strip model as shown in Figure 5.8(b). However, as the nodal mass distribution follows
the same pattern as the distribution of gravity loads to the floor beams, the non-symmetric mass
distribution shown in the modified strip model is considered reasonable.
For both the BT and modified strip models, each nodal mass is assigned in three directions
(i.e., X-, Y-, and Z-directions). Three dimensional nodal masses were assigned to the auxiliary
nodes in the BT model because the fictitious beams were assigned with an out-of-plane flexural
stiffness as well such that this model can reflect the out-of-plane vibration modes to pursue a
complete modeling of the test specimen. However, if the out-of-plane vibration of the slab is
insignificant, the BT model can be simplified as follows to save the computational costs:
e The fictitious beams are replaced by truss elements to represent the axial behavior of the
slab.
e The degrees of freedom for three rotational directions and vertical translation (Y-directions)
are restrained for the auxiliary nodes.

¢ Only in-plane nodal masses are assigned to the auxiliary nodes.
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5.2.3 Modeling of Composite Collectors, Chords, and Floor Beams

The collectors, chords, and floor beams are modeled by using the hinge-model beam-
column elements. As the test specimen consisted of a composite floor diaphragm, the collectors,
chords, and floor beams acted compositely with the concrete slab. As shown in Figure 4.59, test
results on the moment versus rotation responses of the collector connections showed that the
composite action from the concrete slab provided a substantial flexural stiffness in positive
bending, while the concrete slab contribution to the negative bending stiffness was minimum
because no significant tension stress could be developed in the concrete. This leads to a
simplification that beam members (collectors, chords, and floor beams) utilized their composite
section to resist positive bending, whereas they only relied on the bare steel section to resist
negative bending. Figure 4.51 and Figure 4.53 show that, during the shake table testing, the
collectors were bent in double curvature, which means that part of the collector resisted positive
bending while the rest part was under negative bending. For simplicity, it is assumed that the
effective stiffness of the collector beams is the average of the bare steel and composite beam
stiffnesses. It is assumed that the shear taken by the concrete slab is negligible such that only the
bare steel beam section resists shear. Thus, the cross-sectional properties for the axial and strong-

axis flexural actions of the collectors are

1
Aeff = E(Acomp + As) (5.1)
1
Ix,eff = E (Ix,comp + Ix,s) (5.2)
Apyerr = Avy,s (5.3)

where A¢f, Iy orf, and A,y o are the effective (input) cross-sectional area, moment of inertia

about strong-axis, and shear area, respectively. A omp and I comp are the cross-sectional area and
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moment of inertia of the composite section, respectively. These two composite section properties
were calculated based on the transformed section with the experimentally determined effective
slab widths (see Figure 3.64). Figure 5.9 summarizes the geometries of the collector composite
cross sections.

Figure 5.10 and Figure 5.11 show the composite cross sections (with the added mass block
sections if it existed) considered for the section properties calculations for longitudinal and
transverse floor beams, respectively. The code-prescribed effective slab width (AISC 2016b) is
used for the composite sections. The added mass blocks were attached to the concrete slab through
post-tension rods in the test frame and the presence of these blocks would increase the stiffness of
the floor beams underneath them. For a floor beam with an added mass block above it, the bending
stiffness of the block in a transformed-section form was calculated separately, and the total
stiffness assigned to that floor beam element was determined from the superposition of the
composite beam section stiffness and mass block stiffness. For simplicity and to avoid
overestimation of stiffness, the composite action between the floor beam and mass block was

ignored.
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5.2.4 Modeling of Collector-to-Column Connections

Figure 4.59 shows the experimentally determined moment versus rotation responses of
collector-to-column connections. Since both steel flanges in the AFW connections were welded to
the columns, the AFW connections were modeled as rigid joints. Although the rotational
stiffnesses of TFW and BW connections were much lower than that of the AFW connections, these
two types of connections still transmitted considerable bending moments. This indicates that TFW
and BW connections behaved like semi-rigid connections. In addition, both TFW and BW
connections exhibited a nonlinear hysteretic response due to the friction of the bolted connections
on the beam web, while the test building remained essentially elastic during Phase 1 testing. This
indicates that these two types of connections did not significantly contribute to the overall
responses. Hence, a precise simulation of the nonlinear responses for these two collector
connections might not be necessary. Instead, a simple model which can capture the general trend
of the nonlinear responses at the connections is sufficient for practical applications.

Although TFW and BW connections exhibited a non-symmetric response between positive
and negative bending, under cyclic loading the connection on one side of the column was was
subjected to positive bending, while the connection on the other side was under negative bending.
To simplify the analysis, it is reasonable to model the collector connection by using an elastic

rotational spring assigned with a stiffness, K; 4,4, taken as the average of the secant stiffnesses

under positive and negative bending:
1. _
Ks,avg = E (Ks + K ) (5.4)

To estimate the rotational stiffnesses for the collector connections, this research borrowed
the concept of “component-based spring model” proposed by Weigand (2017). Note that the test

building essentially stayed within the elastic range during Phase 1 testing and no significant bolt
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slippage leading to bolt bearing was observed at the connections. However, the bolt slip in the
collector connections did produce nonlinear hysteresis responses. This suggests that the bolts were
in a transition stage between “staying still” and “bearing” during the tests. This study used the
spring model to estimate the upper-bound and lower-bound stiffnesses for the collector connection
moment-rotation behavior. The upper-bound stiffness was derived by assuming the bolts stayed
still, while the lower-bound stiffness assumes that the bolts were in bearing at bolt holes throughout

Phase 1 testing. For modal analyses, both stiffnesses were used to model the collector connections

in the specimen. For the time history analysis simulating Test 1-3, only lower-bound stiffness was

used. Table 5.2 and Table 5.3 list the upper-bound and lower-bound stiffnesses for the models.

Details of using the spring model approach to estimate the rotational stiffness for collector

connections will be presented in Section 5.4.1.

The column panel zone deformation is another source of flexibility for the collector-to-
column connection region. Three modeling approaches which can be easily implemented in
practice were used. The details of these approaches, representing three levels of modeling
complexity (designated as Levels 0, 1, and 2, respectively), are described as follows:

(1) Level 0: The TFW and BW connections are modeled as pin-connections. This approach, which
assumes zero stiffness for the collector connections, is commonly used in practice.

(2) Level 1: As shown in Figure 5.12, the TFW and BW connections were modeled by elastic
rotational springs. Theses rotational springs were placed at the intersection point between the
beam and column centerlines. The column panel zone effect is neglected.

(3) Level 2: As shown in Figure 5.13, the column panel zone is represented by the “scissors model”
(Charney and Marshall, 2006), where the beam and column are each modeled as rigid within

the panel zone but are allowed to rotate relative to each other to account for the shear
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deformation of the panel zone. A rotational spring is placed at the beam-column centerline
intersection to connect the rigid elements representing beam and column segments. In addition,
the TFW and BW connections were modeled by elastic rotational springs placed at the edge of
the panel zone region.

Figure 5.14 shows the panel zone considered for three types of collector connections. The
conventional panel zone region for moment frames is used for AFW connections. Concrete slab
contributed significantly under positive bending in the TFW and BW connections, and the panel
zone might extend upward to the top of the slab. However, the concrete slab contribution is
minimum in the negative bending. So far, research on the panel zone modelling for these types of
connections is limited. The panel zone regions shown in Figure 5.14 which aligned with the
effective area (see Figure 4.32 and Figure 4.33) of the bare steel section near the connection region

were used in this research. The rotational stiffness for the panel zone, K.

pz> Was computed as:

Kyy = Gtyywyydy,, (5.5)

where t,,,, Wy, and d,, are the thickness, width, and depth of the panel zone, respectively. Table

pz>

5.4 summarizes the computed stiffness for panel zone modeling.
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Figure 5.14 Panel Zone for Three Types of Collector Connections

Table 5.4 Stiffness for Column Panel Zone Rotational Springs

Panel Zone at

AFW Connection TFW Connection BW Connection

pz (in.) 13.8 12.125 10.5
Wy (in.) 14 8.25 8.25
vz (in.) 0.96 0.36 0.36
(kip-in./rad) 2,068,726 401,664 347,833
P2 (kip-ft./rad) 172,394 33,472 28,986
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5.2.5 Other Modeling Details

Columns in the specimen models were represented by hinge model beam-column elements.
As shown in Figure 5.12 and Figure 5.13, an elastic rotational spring was added at the bottom end
of each cantilever column at Column Line 1 to account for the deformation taking place at the
embedded column base connection in the RC footing, while pin base was assigned to the remaining
columns. The double-angle braces in the longitudinal and transverse directions of test building
were modeled by using truss elements. In order to compare the simulation results with the
measured moment-rotation responses for the collector connections, nodes representing the
measuring locations near the collector ends were also added to the model for a direct output of the
simulated results.

The reference lines of the beam members (collectors, chord, and floor beams) were set at
the elevation of steel beam centerline. For simplicity, the BT model or modified strip model which
represent the composite slab floor diaphragm was aligned with beam reference line elevation. The
majority of the added mass was placed in the middle portion of the floor diaphragm, and the center
of gravity (CG) of the added mass blocks were located considerably above the beam centerline.
To achieve an accurate representation of the mass distribution, a series of “added mass nodes”
were created at the elevations aligned with CGs of added mass blocks (see Figure 5.1 and Figure
5.2). Each added mass node was connected to a node on the floor diaphragm through a rigid beam
element. In addition, longitudinal and transverse truss elements were placed horizontally between
the added mass nodes to represent the axial stiffnesses of added mass blocks in the longitudinal

and transverse directions, respectively.
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5.3 Analysis Results
5.3.1 Modal Analysis Results

Modal analyses were carried out for six specimen models. Table 5.5(a) tabulates the results
that used the lower-bound rotational spring stiffnesses to represent the TFW and BW collector
connections, while Table 5.5(b) lists the results for upper-bound stiffnesses. In addition, Table 5.5
compares the analytical and experimental determined periods for the first two modes. From Table
5.5, it can be found that Models BT-0 and MS-0, which as a common practice use pins to represent
the collector connections would overpredict noticeably the fundamental period. The ratio of the
analytical to experimental periods is about 1.23.

The remaining four models, all of which employed rotational springs to simulate the semi-
rigid collector connections, satisfactorily predict the periods of the structure. This validates the
two proposed approaches (designated as Levels 1 and 2 analyses) for modeling the collector
connections. The closeness of the analytical results between models Series-1 and Series 2 models
(i.e., BT1 versus BT2; and MS-1 versus MS-2) indicates that the simplification made in Level 1
approach, which places the rotational springs for collector connections at the intersection point of
the beam-to-column centerlines, can be used to estimate the combined responses from the collector
connections and the adjacent column panel zone.

The four models (BT-1, BT-2, MS-1, and MS-2) with the upper-bound rotational stiffness
provides an excellent correlation to the measured fundamental period. By contrast, the lower-
bound solution slightly overestimates the fundamental period by about 6%. Note that the measured
period was based on the white noise test. However, as presented in Section 5.4.1, a comparison of
the experimental moment-rotation responses of collector connections shows that the lower-bound

solution provides a better estimation for Test 1-3. Note that the peak floor acceleration from the
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white noise test was about 0.15 g, while the peak floor acceleration from Test 1-3 reached 1.65 g.
It expected that the upper-bound solution predicts better the specimen response in a white noise
test because bolts at collector connections do not slip. On the other hand, the lower-bound solution
would provide a better prediction for Test 1-3 because the bolts at collector connections
experienced some friction slip during the stronger shaking. Thus, it is difficult to derive a linearly
elastic model that applies to all intensity levels of shaking. For a TFW or BW connection, note
that the upper-bound stiffness is about eight times that of the lower-bound stiffness for a collector
(see Table 5.2 and Table 5.3). However, modal analysis results (Table 5.5) show that the specimen
periods predicted by either approach are very similar. This implies that these semi-rigid collector
connections did not contribute significantly to the global responses and, as a result, some error in
the estimation of connection stiffness is acceptable.

Figure 5.15 shows the first two mode shapes of Model BT-2. Figure 5.15(a) shows the nine
degrees of freedom (DOFs) of interest for the mode shapes. The 1% mode is mainly the translation
mode in the longitudinal direction. Note that the vertical displacement (DOF 9) at the mid-span of
east chord is large than the horizontal displacement (DOF 3). This indicates that the 1% mode was
accompanied with a significant vertical movement of the cantilever slab at the east end of the
specimen. Figure 5.15(c) shows that the 2" mode was mainly dominated by the vertical motion of

the cantilever portion of the floor diaphragm.
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Table 5.5 Modal Analysis Results

(a) with Lower-Bound Rotational Stiffness for Collector-to-Column Connections

Analysis
Experiment BT-Series Models MS-Series Models

BT-2 BT-1 BT-0 MS-2 MS-1 MS-0

Period (sec) 0.179 0.189 0.190 0.220 0.188 0.189 0.219

Mode 1 Frequency (Hz) 5.600 5.287 5.263 4.539 5.319 5.294 4.556
Tana/Texp 1.059 1.064 1.234 1.053 1.058 1.229

Period (sec) 0.089 0.095 0.095 0.096 0.089 0.089 0.089

Mode 2 Frequency (Hz) 11.20 10.53 10.53 10.43 11.24 11.24 11.18
Tana/Texp 1.064 1.064 1.073 0.996 0.996 1.002

(b) with Upper-Bound Rotational Stiffness for Collector-to-Column Connections

Analysis
Experiment BT-Series Models MS-Series Models

BT-2 BT-1 BT-0 MS-2 MS-1 MS-0

Period (sec) 0.179 0.178 0.178 0.220 0.176 0.177 0.219

Mode 1 Frequency (Hz) 5.600 5.612 5.628 4.539 5.672 5.654 4.556
Tana/Texp 0.998 0.995 1.234 0.987 0.990 1.229

Period (sec) 0.089 0.095 0.095 0.096 0.089 0.089 0.089

Mode 2 Frequency (Hz) 11.20 10.56 10.55 10.43 11.26 11.27 11.18
Tana/Texp 1.061 1.061 1.073 0.994 0.994 1.002

“Experimental period based on white noise test after Test 1-3
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5.3.2 Time History Analysis Results on Global Responses

Time history analyses were conducted to simulate Test 1-3. The measured shake table
acceleration was used as the input motion. The Newmark method with the constant average
acceleration scheme (3 = 1/4) and with a time step size of 1/512 second was used for integration.
Rayleigh damping ratios were assumed as 3% and 4.5% for the 1 and 2" modes, respectively.
The 3% damping for the 1 mode was based on the measured damping from Phase 1 impulse tests.
The 4.5% damping for the 2™ mode was used to achieve a good representation of the vertical
motion of the cantilever slab in the east end of test specimen, which was based on a parametric
study on the 2" mode damping. Model BT-2 with the lower-bound solution for the rotational
springs of the semi-rigid (i.e., TFW or BW) collector connections was used.

Figure 5.16 shows that the analytical floor acceleration follows the experimental results
very well but with a slight underestimation on the peak responses in both positive and negative
directions. Likewise, Figure 5.17 shows that Model BT-2 predicts the story drift angle response
very but slightly underestimates the positive peak response.

Figure 5.18 shows a comparison of the vertical acceleration at the mid-span of east chord.
Note that this motion itself is not of main interest in this study. However, the effect of this vertical
vibration on the forces in the collectors needs to be clarified first. Figure 5.18(a) and Figure 5.18(d)
show that the analytical model fairly captures the test results in the time- and frequency-domains.
Although the analytical results overshoot the peak responses [see Figure 5.18(b)] and a plot [Figure
5.18(c)] of analytical versus test responses for this action exhibited a moderately strong, but not
perfect, linear relationship (with a R? = 0.806), the modeling accuracy for this motion is
considered sufficient. This can be further justified by the general resemblance between the

analytical and experimental results (see Figure 5.19) on the relationship of vertical acceleration at
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mid-span of east chord versus horizontal acceleration near the mass center of floor diaphragm.
Both experimental and analytical results show that there is no significant correlation between these
two acceleration responses. In addition, Figure 5.19(a) shows that, in the test specimen, the
magnitude of the vertical acceleration was relatively small at the instant of peak floor acceleration
for both positive and negative directions. As shown in Figure 5.19(b), a similar observation can be
made from the analytical result. It suggests that the unintended vertical motion of the cantilever
span would not significantly affect the force demands in the collectors at the instant of peak floor
accelerations. Therefor, measured responses of the collectors and their connections are not
“contaminated” by the vertical vibration of the cantilever slab.

Figure 5.20 shows a comparison of the global response. Both responses show that the
specimen responded elastically during Test 1-3. A comparison of the slopes of linear regression
lines indicates that the analytical model slightly overestimates the overall lateral stiffness of test
frame. Figure 5.21 shows the percentage of story shears resisted by the columns and one diagonal

brace. Results from the analytical model correlate well with the numerical simulation.
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5.3.3 Time History Analysis Results on Collector Responses

Figure 5.22 and Figure 5.23 show a comparison of the collector internal forces (axial force
and moment) at the instants of positive and negative peak floor accelerations, respectively. The
experimental axial force diagrams shown herein were determined based on a varying effective slab
width along the collector lines, a topic to be presented in Section 5.4.3. In addition, since the
analytical model slightly underestimates the peak floor acceleration responses of the test specimen,
the test responses shown in these two figures are not at the exactly peak acceleration points from
the test. Instead, at an instant near the actual peak accelerations when the experimental floor
acceleration matches the analytical peak acceleration was selected for plotting the experimental
collector member forces.

Figure 5.22 and Figure 5.23 show that the trend of analytically predicted collector forces
matches that from the experimental results. The experimental data in the span of Collector 2 did
show a slightly zigzag pattern. Since the magnitude of axial force in this span was very low and
the experimental axial force was computed from the strain gauge data. Noise in the measured strain

at such low strain level might have affected the accuracy of the computed axial forces.
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5.3.4 Time History Analysis Results on Load Path of Diaphragm Force

In this section, some detailed analytical responses from Model BT-2 which could not be
determined from test due to the physical limitations of the instrumentation are used to explore the
load path in the floor diaphragm.

Figure 5.24(a)-top and Figure 5.24(b)-top show the analytically predicted deformed shape
of the floor diaphragm at the instants of positive and negative peak accelerations, respectively.
Based on the extent of the deformation of the subpanels, it can be found the highest local shear
deformation takes place near the LFRS, while the deformation of the subpanels at the east end of
the diaphragm is relatively small. This implies that, when the floor diaphragm is subjected to in-
plane inertial forces, LFRSs (i.e., cantilever columns at Northwest and Southwest corners of the
test frame) serve as supports to the slab and the east end of the slab is like a free end. High reaction
forces provided by the LFRSs were concentrated at the two corners at the west end of the slab,
resulting in a stress and deformation concentration of the concrete slab near these two corners.

As shown in Figure 5.24(a)-top, several diagonal slab trusses that are in compression when
the floor diaphragm is subjected to a positive acceleration are selected and their axial force-
deformation responses for Test 1-3 are presented in Figure 5.24(a)-bottom. Comparing the
responses of these compression-only trusses, it can be found that as the truss is located closer to
the LFRS, it reaches the higher compressive force. Similarly, as shown in Figure 5.24(b)-top,
several trusses that are in compression when the slab is subjected to a negative acceleration are
selected and their responses are plotted in Figure 5.24(b)-bottom. The same conclusion regarding
the force level and location can be made.

Figure 5.25(a) and (b) show the distribution of shear flow in the slab along the collector

lines at the instants of positive and negative peak accelerations, respectively. As illustrated in
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Figure 5.25-top, the slab shear flow was determined by using the horizontal component of the axial
forces in the diagonal trusses next to the collector lines. (Note that, theoretically, shear forces in
the fictitious beams next and perpendicular to the collector lines should be included in the
calculation of shear flow. However, the fictitious beam shear is zero because they are pin-ended
in the in-plane direction.) In Figure 5.25, a uniform shear flow denoted as “Design” is plotted. This
design shear flow is determined by assuming the all the inertial force in the slab region is
transmitting to the collector lines through a uniform shear flow along the collector at each side.

Thus, the design slab shear flows along the north and south collector lines, respectively denoted

T
as vy and vg, are

- _ ,_aflr

— 7. (%
vg = wi- ()

(5.6)

where W_,(, and WS’ are the averaged linear weights distributed over north and south collector lines,
respectively, and ag,. is the floor acceleration.

The analysis shows that the distribution of slab shear flow acting along the collector is non-
uniform regardless of the direction of floor acceleration (see Figure 5.25). The nearer the LFRS,
the higher the shear flow and the faster the shear flow increases. This is consistent with the slab
resulting deformation pattern shown in Figure 5.24. Along a collector line, the shear flow, with a
magnitude smaller than the design shear flow, increases gradually from the far end (east end) to
the LFRS end (west end) over the collector spans 4, 3, and 2, before it increases at a much faster
rate and exceeds the design value in the collector span 1. This implies that in the region away from
the LFRS, such as in the range of collector spans 2, 3, and 4, a certain portion of the inertial force
is transmitted directly in the longitudinal direction before it makes turns and flows into the last

collector span (collector 1).
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The non-uniform slab shear distribution is also related to the mass layout and the inertial
force load path in the floor diaphragm. For the slab shear distribution [Figure 5.25(a)] occurring
at the instant of positive peak acceleration, at which time the inertial force acts toward the LFRS
(the west) and the collectors are in compression, the highest slab shear flow occurs next to the
LFRS and reaches 3.8 kips/ft, which is approximately 2.5 times the design value (about 1.5 kips/ft).
On the other hand, at the instant of negative peak acceleration [Figure 5.25(b)], at the instant of
negative peak acceleration, the highest slab shear flow reached about 3.2 kips/ft, which was higher
than design value (about 2.0 kips/ft) by approximately 60%. It is noted that the percentage increase
(about 150%) by which the highest local slab shear exceeds the design value occurring at the
positive peak acceleration [Figure 5.25(a)] is noticeably higher than that (about 60%) occurs at the
negative peak acceleration [Figure 5.25(b)]. The observation made above indicates that the
phenomenon of non-uniform distribution of slab shear flow is more significant when the inertial
force acts toward the LFRS. This can be explained by the load path of the inertial force
transmission in the floor diaphragm. Figure 5.26 shows the tributary areas of collectors which are
determined by simply assuming that the distributed inertial force of the slab is transmitted only
through the “diagonal load paths” formed by the compression field of the concrete slab. Based on
the simplified load path, when the inertial force acts toward the LFRS [Figure 5.26(a)], the
tributary area of Collector 1, which is next to the LFRS, is larger than the floor area in the collector
span 1. A good amount of inertial force in the collector span 2 region is transmitted into Collector
1, which would result in a high shear flow along the Collector 1. By contrast, when the inertial
force acts away from the LFRS [Figure 5.26(b)], the tributary area of Collector 1 is smaller than
the floor area in collector span 1. A part of the inertial force in the collector span 1 region flows

into Collector 2, which would lead to a lower shear flow acting along Collector. This explains why
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the shear flow next to LFRS is significantly larger than the design value when the inertial force
acts toward the LFRS. Note that the load path shown in Figure 5.26 is only one, but not all, source
of the inertial force transmission mechanism. For example, a part of the inertial force may be
transmitted through the axial action of the slab. If the “diagonal load path™ is the only one
mechanism for inertial force transmission, the tributary areas shown in Figure 5.26(b) implies that
the shear flow acting along Collector 2 will be higher than that along Collector 1 when the inertial
force acts away from the LFRS. However, the analysis results [Figure 5.25(b)] show that the shear
flow along Collector 1 is higher than that along Collector 2 in this direction of the inertial force.
In brief, the non-uniform shear deformation is the governing factor for the non-uniform shear flow
along the collectors, the diagonal load path effect is an auxiliary factor which facilitates or
mitigates the non-uniform slab shear phenomenon.

Figure 5.27 and Figure 5.28 further assess the non-uniform slab shear in a quantifiable
manner. As shown in Figure 5.27-middle, the section cuts along the north and south collector lines
are composed of 13 and 11 components, respectively. They include the slabs, chords, and
transverse floor beams. Each slab in collector spans 1 and 2 are separated into two halves: west-
half (W-half) and east-half (E-half). The bar charts shown in Figure 5.27(a) and (b) visualize the
amount of in-plan floor shear transmitted through each component along the north and south
collector lines, respectively, at the instant of positive peak acceleration. Only less than 4% of the
floor shear is transmitted through the transverse beams (chords and floor beams), suggesting that
the amount of inertial force transmitted through the floor beams directly into the columns is
negligible. In other words, it is a reasonable assumption that all the inertial forces of the floor
diaphragm is transmitted into the collectors through the in-plane slab shear before they are

collected and transferred to the LFRS. Along each collector line, the amount of slab shear
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transmitted by each slab components increases from the far (i.e., east) end to the LFRS end, which
is consistent with the non-uniform shear flow demonstrated in Figure 5.25. Note that the slab
component in the last half span of the collector line, which is right next to the LFRS and is denoted
as “W-half of Slab 17, carried significantly high slab shear. The analysis shows that approximately
38% of the inertial force is transmitted into the collector line through this short half-span, which
only occupies only 18% of the length of the entire collector line. This results in a high local slab
shear near the LFRS. Figure 5.28 provides similar information. The same conclusion can be made,
1.e., the closer to the LFRS, the higher the slab shear. But the degree of shear concentration next
to the LFRS is less in this direction of floor acceleration; about 30% of inertial force is transmitted
into the collector line in the last half-span.

The force balance at the AFW connection is analytically investigated as shown in Figure
5.29 and Figure 5.30. As shown in Figure 5.29-top, several elements are connected to the AFW
connection: (1) a vertical beam element for the cantilever column, (2) a beam element representing
the collector, (3) a beam element representing the west chord, and (4) a diagonal slab truss.

The horizontal force equilibrium in the longitudinal direction of the test building at the
AFW connection implies that the cantilever column major-axis shear (V) should be balanced by
the summation of three components: the collector axial force (P.,;;), the chord weak-axis shear
(Vp), and the longitudinal component of the slab truss axial force (Fy,.), leading to the following:

Ve = Peon +Vp + Fir (5.7)

Three sub-figures from left to right in the top row of Figure 5.29 show the relationships between
V. and three components forces from the time history analysis for Test 1-3. First of all, the V}, plot
indicates that the contribution from the chord is negligibly small. From the P.,;; plot, V. is mostly

balanced by P.,;; when the collector is in tension. By contrast, when the collector is in compression,
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only about 75% of the column shear V. is balanced by the collector axial force P.,;;; and the
remaining (about 25%) column shear is balanced mainly by the force component F;,. from the slab
truss. The analysis result of a 75% contribution of collector axial force in balancing column shear
when the collector is in compression contradicts somehow the experimental results shown in
Figure 4.54 and Figure 4.55, for which the collector axial force and column shear were almost
balanced in Test 1-3.

This discrepancy between the analytical and experimental results on the force equilibrium
at the AFW connection reveals a minor issue of the BT modeling approach. For ease of
constructing the BT model, some diagonal trusses at the corner regions of the slab will be directly
connected to the nodes at the column locations (see Trusses “xN”’ and “xS” in Figure 5.29). These
corner trusses will transmit the inertial force to the column directly. In fact, a significant portion
of the inertial force will be transmitted into the collector first. This effect will show up when the
inertial force acts toward the LFRS, leading to an underestimation of the compressive axial force
in the collector adjacent to the LFRS. A coarse mesh of the subpanels in the BT model would
exacerbate this effect. However, Figure 5.22(a) shows that the model underestimates slightly the
compressive axial force in the collector adjacent to the LFRS. The effect of using directly
connected diagonal truss members in the corner panels can be reduced by using a mesh size that

is sufficiently small.
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5.3.5 Comparisons of Analysis Results from Different Models

As presented in Sections 5.3.2 through 5.3.4, the comparison of analytical and experimental
results on various global and local responses have verified the accuracy of Model BT-2, which
serves the “benchmark” model for the other five models in Table 5.1 (BT-0, BT-1, MS-0, MS-1,
and MS-2). In this section, comparison of analytical results are made among the six models to
evaluate the accuracy of (1) the proposed “modified strip (MS) model” to simulate the composite
slab in steel buildings, and (2) the proposed simplified approaches for the semi-rigid collector-to-
column connections.

Figure 5.31 and Figure 5.32 shows the comparisons of analytical results from each of the
six models with the experimental responses on the floor acceleration and story drift anlge,
respecively. It is obvious that Models BT-2, BT-1, MS-2, and MS-1 all predict satisfactorily the
measured global responses (floor acceleration and story drift). But Models BT-0 and MS-0, both
of which ignore the semi-rigid nature of the collector connections, considerably overestimate the
floor accleration and story drift responses, and the R? values are the lowest.

The prediction of collector axial force is examined in Figure 5.33. It shows that Models
BT-2, BT-1, MS-2, and MS-1 well predict the collector axial force diagrams, whereas Models BT-
0 and MS-0 noticeably overestimate the magnitude of the collector axial forces. There are two
reasons for the overestimation:

(1) The two models with pin instead of semi-rigid connections overestmate the floor accrleration,
which is the source of the collector axial force. Larger floor accelerations produce higher

collector axial forces.
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(2) Use of pin connections to simulate the colector connections will result in zero shear in the
gravity columns. Therefore, gravity columns will not “intercept” some inertial forces in the
collectors, an issue that will be further discussed in Section 5.4.4.

Figure 5.34 compares the results from Models BT-2 and MS-2 on the slab shear flow along
the collector line. Figure 5.34-top shows the concept of section cuts along the collector lines and
the elements considered for computing the slab shear flow diagrams for both models. Note that
each diagonal slab truss in Model BT-2 spans across a subpanel of slab, which makes all the
diagonal trusses being of about the same length. On the other hand, diagonal slab trusses with
variable lengths are used to construct the floor diaphragm in Model MS-2. Recall that the proposed
modified strip model considers the slab subpanels surrounded by the steel floor beams as the unit
subpanels for arranging the slab trusses. Thus, the slab trusses in Model MS-2 “traverse” from one
steel beam to another steel beam. Since metal decks are oriented differently between the north and
south halves of the floor diaphragm in the test building, the steel floor beam layouts are different
between the north and south sides. As a result, the slab truss layouts for both sides are also different
in Model MS-2 (see Figure 5.34-top right). Furthermore, due to the difference in arranging slab
trusses, the truss layouts are different between Models BT-2 and MS-2.

Figure 5.34 shows that the shear flow distributions obtained from Model MS-2 generally
follow the trend of the results from Model BT-2. But some difference does exist between the two
models, especially in the region near the LFRS. The shear flow near the LFRS predicted by Model
MS-2 is lower than that predicted by Model BT-2. This can be explained by the difference of the
slab truss layout. In Model BT-2 (Figure 5.34-top left), the diagonal trusses at the slab corners
represent the compression field in a subpanel at the very corner of the slab. By contrast, the

diagonal trusses at the slab corners in Model MS-2 (Figure 5.34-top right) span a longer distance.
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These long corner trusses represent a slab compression field in a more global sense by assuming
that the slab compression fields are developed from steel beams to steel beams. Therefore, these
long corner trusses may not be able to represent the stress or deformation concentration at the slab
corner in a very accurate manner, especially when a slab corner undergoes a significant localized
deformation. The above observation suggests that the proposed modified strip model may lose the
accuracy somewhat in modeling floor diaphragms with significant localized deformations.
However, Figure 5.31 through Figure 5.33 have shown that Model MS-2 can still achieve a level
of accuracy about the same as Model BT-2 in predicting the global responses and collector actions
of the test specimen. Notably, Model MS-2 only took about 1/3 of computation time that Model
BT-2 spent to complete a time history analysis for simulating Test 1-3. Hence, the “modified strip
model” can serve as an alternative approach to model composite floor diaphragms, especially for
time history analyses of multi-story steel buildings with floor diaphragms that are expected to

experience limited local inelastic responses.
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5.4 Design Implications
5.4.1 Rotational Stiffnesses of Collector-to-Column Connections

Three types of collector-to-column connections (AFW, TFW, and BW details) were used
in the test specimen. For a frame analysis on a building structure with collectors, the AFW
connection can be modeled as a rigid joint, while the “semi-rigid” TFW and BW connections can
be modeled by using rotational springs. However, based on the observations from Phase 1 tests,
the modeling of these two semi-rigid connections is challenging in three aspects:

(1) These connections exhibit a nonlinear “hysteresis” behavior even when the imposed rotation
angle is small. This results from the slippage of the bolted connections in the web.

(2) The steel collector beams act compositely with the concrete slab. With the participation of
concrete slab in resisting bending, the moment-rotation response is markedly “non-symmetric”,
in which the flexural stiffness and resistance in positive bending is much higher than those in
negative bending.

(3) These collector connections are subjected to combined axial force and bending moment.

Hence, it requires sophisticated nonlinear modeling techniques to achieve an accurate
representation of these semi-rigid connections. Analytical studies presented in Sections 5.2 and
5.3 showed that the rotational stiffness from these connections was small, although nontrivial, for
the test specimen. Therefore, it is judged that a linearly elastic rotational spring which can capture
the averaged secant stiffness between positive and negative would be sufficient for seismic design
and analysis of collectors. A simple approach for estimating the secant stiffness is proposed in this
research and its effectiveness is verified by test results. It is worth noting that, strategically, a

method which tends to slightly underestimate, not overestimate, the stiffness of the collector
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connections is more desirable as it will not result in an underestimate of the collector force
demands for design. This is the basic guideline for the development of the proposed approach.

The concept of “component-based spring model”, which was employed by several
researchers (Sadek et al. 2008; Koduru and Driver 2014; Weigand 2017) to model axial force-
moment interaction of single-plate shear connections, is adopted in this study to develop the
approximation method for estimating the rotational stiffness. As shown in Figure 5.35, the
connection is discretized into a series of horizontal springs that represents the geometry of the
connection, where each component spring represents a component of the connection (e.g., concrete
slab, steel flanges, and bolts). These springs are attached to a pair of rigid bars at the edges of the
connection, which are permitted to displace and rotate relative to one another. It is assumed that
the shear response is rigid in this model.

Although nonlinear springs can be employed to simulate the nonlinear connection response,
for simplicity, the proposed method uses elastic springs and neglects the P-M interaction. Note

that connection region considered (denoted as L;; in Figure 5.35) ranges from the fixed end of the

shear tab to the far-side bolt hole edge on the collector beam web:

% dh,BW

where L is the horizontal distance between the column face and the center of the farthest bolt row
(if multiple bolt rows are used) away from the column, and dj, gy is the bolt hole diameter on the
collector web.

As the participation of concrete slab in resisting bending only takes place under the positive
bending, two sets of component-based spring models are considered; one is for positive bending
(Figure 5.35), in which the concrete springs are included, and the other one is for negative bending

(Figure 5.36), which ignores the concrete springs. Two layers of concrete slab were considered.
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The “top-layer” is the concrete above the corrugated metal deck, while the “bottom-layer” is the
concrete below the top of metal deck. The axial spring stiffness, k;., representing the top-layer

concrete is

_ Ecbeff,thc

L;;

ke (5.9)

where E_ is the Young’s modulus of concrete, b,y . is the effective slab width at column face, and
h. is the depth of concrete above the deck. Similarly, the axial stiffness, k., for the bottom-layer
concrete 1s

_ Ecbeff,bhr

L;;

kpc (5.10)

where besr ), is the width of the bottom-layer concrete within the range of column face width, and
h. is rib height of the metal deck.
Furthermore, the axial stiffness, k¢, of the steel flange spring is calculated as:

T,

(5.11)

where Ej is the Young’s modulus of steel, and by and t; are the width and thickness of flange,

respectively.

The determination of spring stiffness, k;;, for a bolted joint can be challenging. As
illustrated in Figure 5.37 (Ma and Bocchini 2019), the bolted joint response includes several phases:
(1) before slip, (2) joint slippage, (3) bearing loading, (4) bearing stick, and (5) bearing slip. Even
though the behavior before slip can be simplified as linear elastic for practical applications, in fact
the micro-slip motion (Groper 1985) with a nonlinear behavior also takes place in this phase.

The proposed method uses the secant stiffness to approximate the hysteretic response of

the bolted joints, which would lead to an underestimate of the stiffness of collector connections.
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Note that the peak rotation response of a collector connection during a design earthquake is
expected to be about the same as the response of the beam-to-column connections in the LFRS,
which might reach a rotation angle of 0.02 rad or even larger. With this level of rotation response,
the bolted joints are expected to enter the bolt bearing phase. The approach to estimate the secant
stiffness of a bolted joint entering the bolt-bearing phase is presented in Section 8.2.

Note that the peak rotation angle of collector connections achieved in Test 1-3 was smaller
than 0.0025 rad and all the bolted joints did not enter the bolt-bearing phase. This level of response
is much smaller than a typical response expected from a design earthquake. As illustrated in Figure
5.38, for estimating an overall stiffness to represent the bolted joint response before it enters the
bolt bearing phase, this research uses an upper-bound and a lower-bound stiffnesses to estimate

the bolted joint response.

(1) Upper-bound stiffness

By assuming the bolt stays “perfectly still” and does not slip, the deformation of a bolted
joint can be characterized as the axial deformation of the shear tab region between the fixed edge
and bolt hole. The upper-bound stiffness, kj;_yg, for a bolted joint is estimated by using the axial
stiffness, k&7, of the shear tab:

Est,wr

kbj—UB = kgr = (5.12)

where a is the clear distance from the column face to the bolt hole edge, t, is the shear tab
thickness, and wr is the tributary width of the shear tab. Note that the axial stiffness of the shear

tab, k&7, is taken as the initial stiffness [marked as “k;” in Figure 5.37(a)] in the hysteretic load-

deformation model of a bolted joint in several previous studies (Weigand 2017; Ma and Bocchini

2019).
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(2) Lower-bound stiffness
Considering the stiffness of a bolted joint before slippage is higher than the stiffness in the

bolt bearing phase, the lower-bound stiffness, kj,;_; 5, for a bolted joint before bolt bearing is

estimated as the initial bearing stiffness of the bolted joint under tension, k;;. As illustrated in
Figure 5.39, the deformation of a bolted joint in the bolt bearing phase is an aggregate of various
deformations at the bolt, shear tab, and collector beam web. Thus, the initial bearing stiffness can
be estimated by putting all the stiffnesses representing various deformations in series, which leads

to:

1

kpj—1g = ke =
T 1 1 1 1 1 1 1 (5.13)
o+ =+ + T + e+ +
ksr k3 k& kst Kpowe kDY, kpy

Kpw
Note that k2 and k5%, account for the bearing deformation at the bolt hole for the shear tab and
collector web, respectively. The stiffness for this type of deformation, k”", can be computed as
(Rex and Easterling 2003):

kP" = 120t,F,,d, (5.14)
where F,, is yield strength of the connecting plate (shear tab or collector web). dj, is the bolt
diameter.

In addition to the bearing deformation at the bolt hole, the connecting plates (shear tab or
collector web) would undergo local bending and shearing deformation at the free end of each
connecting plate when the bolted joint is in tension. Note k2 and k5, in Eq. (5.14) account for
the bending deformation near the free-end of the shear tab and collector web, respectively, while
k$r and kg, account for the bending deformation near the free-end of the shear tab and collector

web, respectively. Rex and Easterling (2003) proposed a fixed-end beam model to derive the
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bending stiffness, k?, and shearing stiffness, k?, for the deformation at the free end of a connecting

plate as follows:

3

L. 1

b _ Ze 2 5.15

k 325;g9(db ) (5.15)
L. 1

k¥ = 6.67Gt <—5-—> 5.16

14 db 2 ( )

where G = E;/[2(1 + v)] is the shear modulus of the connecting plate (shear tabs or collector
web) and v is the Poisson’s ratio. L, is the distance between the center of bolt hole and the free
edge of the plate. Furthermore, the initial stiffness of a bolt force-deformation response is
computed by combing two springs representing two different deformations in series as (Weigand
2017):
kporr = 1—11

— 4 (5.17)

kll:glt kgolt
where k7. and kb, are the bearing and shearing stiffnesses of the bolt, respectively.

The bolt bearing stiffness, k2" ., is estimated as (Nelson et al. 1983):

1 t t,E
kbr — p*w™bolt 1
bolt 1+3&< 2tyty, (5.18)

where t,, is the thickness of the collector web. Ej,;; 1s the Young’s modulus of the bolt and £, is
a correction factor that accounts for the concentration of bearing forces at the interface between
plates for a bolted joint in single shear. 5}, is taken as 0.15 for pretension bolts.

In addition, the bolt shearing stiffness is determined by assuming that the bolt acts as a

prismatic fixed-ended Timoshenko beam with circular cross section, which leads to:

12Eboltlbolt

ki = "= 5.19
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where E,,; is the Young’s modulus of the bolt, I,,;; = md}/64 is the moment of inertia of the

cross section of the bolt shaft, and Ly, = t, + ¢, is the bolt length considered, which is equal to

the clamping thickness of the bolted joint. The term & accounts for the relative importance of the

shear deformations to the bending deformations in Timoshenko beam theory (Thomas et al. 1973):

12Ebolt1bolt
1 (5.20)
2
( )

L -
bolt \kG o1t Aport

where Gooir = Epoie/[2(1 + v)] is the shear modulus of the bolt, and A,,;; = md2/4 is the area

of the bolt shaft, and x is the shear coefficient for a circular section, which is defined as:

1

- (5.21)
s+e(ri)

K

The stiffness, k;;, determined from Eq. (5.13) is for the condition when a bolted joint is in
tension. It was taken as the initial stiffness for the bearing loading branch and the unloading
stiffness of the bearing slip branch for the tension side of the hysteretic model (Weigand 2017; Ma
and Bocchini 2019) [Figure 5.37(a)]. As for the initial bearing stiffness under compression, k.;, it
can be computed by Eq. (5.13) with k2. = k¥. = kb,, = k%, = o because the bending and
shearing deformations at the free edge of the shear tab or collector web are considered negligible

when the bolted joint is in compression (see Figure 5.40), resulting in

1
T 1 1 1 (5.22)

— 4+ - 4
a
kST kgrlr kbolt kga/

ke =

Table 5.6 tabulates the computed initial bearing stiffnesses accounting for various deformations
for the bolted joints at the end connections of Collector 1 in the test specimen. It can be found that
the terms k2%, k57, and k27, are much smaller than the other stiffnesses, indicating the behavior

in the bearing-phase would be dominated by the bearing deformation of the bolt shaft or the bearing
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deformation at bolt holes. In addition, Table 5.6 lists the total stiffnesses k;, k;;, and k.;. The
values of k;; and k.; are about the same, which suggests that deformations at the free edge of the
connecting plates would not be significant. For simplicity, k;; is taken as the lower-bound stiffness

for the bolted joint springs.

Table 5.6 Initial Stiffnesses for Various Deformations of a Bolted Joint (for Collector 1)

Stiffness for Stiffness for Stiffness for
Shear Tab Collector Beam Web Bolt Total Stiffness
L BOl.t Deformations Deformations Deformations
t
ocation g, kgt kgr kér kB kbw  kbw  kbeie  Kbow k; ki kei
(k/in.) (K/in.) (k/in) (k/in.) : (k/in.) (K/in) (k/in.) @ (K/in.)) (k/in.) | (k/in.)) (k/in.) (k/in.)
Edge : 11600 1450 783000 27885 : 1232 845640 30115 @ 1298 4300 (11600 376 386
Interior | 10311 1450 783000 27885 1232 845640 30115 : 1298 4300 10311 374 384

With the stiffnesses for the concrete spring (k¢ and kj,), steel flange springs (ks 4), and

bolted joint springs (ky;), the positive bending stiffness of a collector connection, KSJ;-, can be
computed as follows:
N¢ Ny Npj
_ 1)\ 2 12
KsJ} = Z k(e =52+ Z kfj()’fj - y+) + Z kbjk(ybjk - y+) (5.23)
i=1 j=1 k=1

where N, N¢, Nj,; are the numbers of springs representing concrete slab, steel flange, and bolted
joint, respectively. Note that N, =2 in this study because two layers of concrete are considered. Ny
=2, 1, and 0 for the AFW, TFW, and BW connections, respectively. Nj,; = 5 for the collector
connections in the test specimen. k.; and y,; are the stiffness and y-coordinate of the i-th concrete

spring, respectively. The origin of y-axis (vertical axis) can be set at the bottom of the steel beam.

ks; and y¢; are the stiffness and y-coordinate of the j-th steel flange spring, respectively. kj, j, and
Ypjk are the stiffness and y-coordinate of the k-th bolted joint spring, respectively. Note that the y-

coordinate of the stiffness center for positive bending is

312



N¢ Nf ij
g+ = Yicikeiyei + Zj:l krjvrj + Zk=1 KpjiYbjr (5.24)

N N Npj
Yilike + XL ke + 202 Ko

For negative bending, the stiffness of a collector connection, Kg;, can be computed as

follows:

ij

Ny
Ks; = Z ki (v =77) + z ke Goje = 77)° (5.25)
j=1 k=1

The y-coordinate of the stiffness center for negative bending, ¥y, is

N Npij
XL kg + Tl kv (5.26)
y = Ng k.. Npj I '
Zj:l fJ +Zk=1 bjk

Figure 5.41-top shows the setup of instrumentation for measuring the moment-rotation
responses at the collector connection regions. The rotation of the collector end was measured by a
pair of LVDT displacement transducers. The measured rotation was the total rotation of a region
including the collector connection (denoted by Segment AB with a length of “L;;”) and a short
beam segment (denoted by Segment BC with a length of “L;;,”). Also, the measured moment for a
collector end was computed from the measured strains at a location 7 in. away from the column
face, which was about the mid-span of the measured region. Thus, the experimentally determined
moment can be used to represent the averaged moment in this region. As these beam segments
adjacent to the collector connections remained elastic during Phase 1 testing, the moment-rotation
response of the short beam segment can be represented by an elastic rotational spring. The
rotational stiffnesses of the short beam segment for positive and negative bending, respectively

denoted as K3, and K, are estimated as:

El,
=7 (5.27)
'‘ib
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K3 = (5.28)

where I;,- is the moment of inertia of the transformed section for the “effective” composite beam
section next to a collector connection under positive bending. See Figure 5.41 for the effective
composite beam sections for each type of collector connections (AFW, TFW, and BW details)
under positive bending. Under negative bending, I is the moment of inertia of the “effective” steel
beam section next to a collector connection; see Figure 5.42 for the effective steel beam sections.

As mentioned earlier, the rotational stiffnesses for a collector connection under positive

and negative bending, K;} and Kg;, were estimated by using the component-based spring model.

With the rotational stiffnesses of a collector connection region (K, ;; and Kg;) established by using
the component-based spring model and those for the adjacent beam segment (K}, and K;,), the
combined stiffnesses for the measured region can be characterized by combining two rotational

springs, which respectively represent the connection region and beam segment, in series (see

Figure 5.41 and Figure 5.42):

1
+ —
Rotoat = 1771 (529)
KS'; K3,
_ 1
s,total — i (530)
Ks_j Kg,

Table 5.7 and Table 5.8 compare the estimated stiffnesses (K';orq; and Ky yorq;) With the
measured secant stiffnesses from Test 1-3 (denoted as K., and K, for positive and negative

bending, respectively). For the AFW connections, the component-based spring model (called the

“spring model” later for simplicity) well predicts the rotational stiffness with either the upper- or
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lower-bound approaches. This is because the rotation stiffness of this connection type mainly
comes from the steel flanges and the contribution from the bolted joints is low.

For both sides of moment-rotation responses of all TFW and BW connections except for
negative bending of BW connections, the estimated stiffnesses by using the upper-bound stiffness
are about 2 to 3 times the measured stiffness; the ratio of estimated-to-measured stiffnesses,
K totai/Ksexp» ranges from 1.79 to 2.84. Recall that the upper-bound stiffness was derived by
assuming the bolt stays still without any slippage. These suggest that bolt slip did take place at
these collector connections during test even though the achieved rotation angles were small (less
than 0.25% rad) in Test 1-3. On the other hand, the spring model with upper-bound stiffness for
bolted joints well predicts the negative bending stiffness of the BW connections. The estimated-
to-measured ratio ranges from 0.76 to 0.97. This implies that the bolts might have stayed “nearly
still” without noticeable slippage when the BW connections were in negative bending during the
Test 1-3. It is likely that the BW connections rotated about a location near the center of the bolt
group when the connection was subjected to negative bending. Thus, the moment arms between
the bolts and rotation center were short, which made the bending strain and stress near the bolted
joints very low and could not trigger the bolt slippage.

As shown in Table 5.7 and Table 5.8, for spring model with lower-bound stiffness, the
estimated-to-measured stiffness ratio (K totq1/Ks exp) range from 0.50 to 0.83 for both directions
of responses for all TFW and BW connections, except that the estimated-to-measured ratio drops
to about 0.10 for negative bending of BW connections. This indicates that using the spring model
equipped with the initial stiffness of bearing-phase bolted joints for the bolted joint springs can
provide a fair underestimate of the rotational stiffness of semi-rigid collector connections before

the bolted joints get into bearing phase. Note that the analytical study presented in Section 5.3
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shows that the contribution from the rotational stiffness of these semi-rigid connections to the
global responses of the test building was small but nontrivial. Thus, an underestimate of the
rotational stiffness by about 50% is still considered acceptable in practice. In fact, a somewhat
underestimate on the rotational stiffness of collector connections would be desirable for the
purpose of predicting the collector axial force demand for design, which will be elaborated in
Section 5.4.4.

Table 5.7 and Table 5.8 also tabulate the predicted stiffnesses for the semi-rigid collector
connections by using two empirical models proposed by Liu and Astaneh-Asl (2000) and FEMA-
355D (2000). Note that these two models were developed for single-plate beam-to-column
connections in the gravity frames based on the experimental data from quasi-static tests on full-
scale beam-to-column subassembly specimens. Thus, their effectiveness and accuracy on the semi-
rigid collector connections, which are expected to resist considerable axial force demand, has not
been evaluated. The tabulated estimated-to-measured stiffness ratios (K ¢o¢qi/ K exp) indicate that
these two models significantly underestimate the rotational stiffness of the collector connections
for Test 1-3.

Figure 5.43 plots the measured moment-rotation responses of the collector connections in
Test 1-3 together with the lines representing the estimated stiffnesses obtained from the proposed
spring models and the two available empirical models. First, the spring model captures the
responses of AFW connections very well. This validates the proposed approach (as illustrated in
Figure 5.41 and Figure 5.42). The main purpose of the proposed component-based spring model
is to estimate the response of “semi-rigid” collector connections. As shown in Figure 5.43, except
for negative bending of BW connections, the moment-rotation responses of TFW and BW

connections were more and less within the range between the lower- and upper-bound stiffnesses
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computed by the spring model. It appears that, in general, the lower-bound stiffness from the spring
model has the best estimate on the collector responses. The upper-bound approach well fits the
negative bending response of BW connections. This could be attributed to no noticeable bolt
slippage at the BW connections. But the two empirical models significantly underestimate the
experimental stiffness. It is worth noting again that the magnitude of achieved rotation angles at
the collector connections in Test 1-3 were less than 0.25% rad, which is relatively small for the
typical responses that are expected in the design earthquake. Thus, even though the lower-bound
stiffness from the spring model provides a good estimation of the collector connection responses
in Test 1-3, during which the bolted joints at the collector connections did not get into bearing
phase, it is not suitable for real applications. An approach for estimating the secant stiffness of the
collector connection for simulation of the response produced by a design earthquake is presented

in Section &.2.
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Figure 5.36 Component-Based Spring Models for Collector-to-Column Connections under
Negative Bending
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