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ABSTRACT

Slab-column subassemblages, modelled after a reinforced concrete flat plate building, are tested under
combined gravity and lateral loads. The tests include different levels of gravity loads and compare biaxial
lateral loading with uniaxial loading. To study the behavior of a repaired connection, one test is repeated
after the slab-column specimen is repaired with epoxy and grout. The post-failure behavior of slab-column
connections is investigated and the adequacy of bottom slab reinforcement detailing to prevent progressive
collapse is assessed. Existing strength and lateral stiffness models are compared with the experimental
results. Data from past research are collected to investigate the ductility and drift capacity of slab-column
connections. Studies are conducted on the seismic response of reinforced concrete buildings with flat slab
construction. Nonlinear dynamic analyses are performed on five typical building systems. A simple seismic
design recommendation is proposed for slab-column connections that limits the level of gravity shear to

ensure minimal drift capacity.



ii

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the support of the National Science Foundation for providing

funds for this research.

Except for editorial changes, this report is the same as the doctoral dissertation of Austin P. Pan sub-
mitted in October 1988 to the Graduate Division of the University of California at Berkeley. The disserta-
tion committee consisted of Professors Jack P. Moehle (Chairman) and Stephen A. Mahin of the Depart-
ment of Civil Engineering and Professor Jean-Pierre Protzen of the Department of Architecture. The
authors are grateful to Professors Mahin and Protzen for reviewing the manuscript and suggesting

improvements.

The staffs of the following organizations are thanked for their services during the conduct of the
experimental program: Structural Engineering Laboratory of the Department of Civil Engineering, Material
Testing Laboratory, Office of Research Services, and the Earthquake Engineering Research Center. The
work of Michael Pitrola, chief technician in charge of the program, is particularly appreciated, together

with the assistance of the engineering aids: Michael Fotch, Gus Bergsma, and Tien-Kwang Liu.



i

TABLE OF CONTENTS

ABSTRACT ettt ettt s et e et e bt s et s et s bbe s st e e s eat e e s ete et eabmtee st e s eeeeeen eneennreens i
ACKNOWLEDGEMENTS .....ooiiitiiiiee et erte et te ettt ettt s st e s s ite e e sbeee et e saae e s e et e e emseeenareens it
TABLE OF CONTENTS ...ttt ettt sttt et e et e e s ete e e s s bes smbe e aeentera e il
LIST OF TABLES ..ottt et s e e rtr e s e eabvae e aare s e e e s s ba e s e sasstbnsesan s ssstnsessennssasenas viii
LIST OF FIGURES ... ottt ettt ettt ettt et st e e st e e s sbtt e easbaaesabbeaeaesbasesneseaanssees ix
LIST OF NOTATIONS .ottt ettt ettt st e e sbte e eab e e e s s bae s sestasssrraeanntnseanseas xvii
1. INTRODUGCGTION ..ottt ettt ettt e eeteae ettt eit e teree s be e ssnbee e e ataesersbaaesnbaesansrasestsnassssnsersnses 1
1.1 Statement of the Problem ........ccooiiiiiiiiiiiiiiiii et cesreaess e aa e 1

1.2 Objectives and SCOPE ..icoiiiiiiiiiiiiiirieee ettt ertitttr ettt e eee s treeresenrenraeaarssnreaeaaassssaeeesassraeaaeans 2

1.3 Previous ResSearch ...cccccoiiiiiiiiiiiiiiiiiee ettt te s e e ae s naanae s et ee e e e ae e e e e tenneraraebeaaaaas 3
1.3.1 SHHINESS weeiiiiiiiiiiiiicecii ettt e s ettt e setttr e s et e s ese e e e s et batr e e e asanttreee e retanreesaenrnreeeenn 3

BB T 25 ) T-4 1+ R TN USROS TUUPUUTTTO 4

1.3.3 SeiSIIc RESPOMSE ..oveiiiiiieiiiiieiiiiiiieiieeieeeeiittietee e e e s serstetaseetreeraeesesesesasssnssssssrnreesasesesssensenns 5

1.3.4 Progressive Collapse ......ccccovieiiiiiiieiiiiieccciiiie ettt re e e e e e s e e e aare et tneerans e e e e e e e eens 6

2. PROTOTYPE STRUCGTURE ...ttt ittt vt e s sttt e s e e srttaae e e s snassae e e s snavasseeesssanveas ens 7
2.1 DESCIIPEION ..eunieireeeiiiieieteiiiietee ettt e e e stbtteeseatrteesesttrreesassssaasesssssassesesesssssesesastssaeeeeeeasessesesennnnnes 7
2.2 Design of the Prototype SEIUCHUIE «.....coouiiiiiiiiiiii it ettresiiteesie s sreree s sreresebaeessareeeeraeaenns 7
DI 11 OO et 8

2.2.2 COMUIMDN ..uviiiiiiiiiiiiii ettt e e tr e st bbetesstbbanee s s ssbtnsae s e ssassaeassesssaaesasesarbaeeesessnsnnns 9



iv

3. TEST SPECIMENS ......ccccilviiiiiiiiennciiinicinereneenn e eeteeeteeeahee et ettt e e et e sra e enaa et e eannte s 10
LI I 51870 LTt Lo SO SOOI PORRN 10
B2 MOEIIINE ... iiieeeeee et e ettt e e e e e e e e bt tanearbeeeeeeae e s et et s b e ce e eeere e e e b aantes 10
3.3 DIESCIIPLION 1uuuuvereeeeriiereriaiiitireaierreeeesterrtareasreeeceaarreeeennrausessosbeeesees ensnessssssssesssiomnnmnneesessinseees 11
3.4 ReINfOTCEMENT ..veoieuviiereiiiiiiieiiiniirceeeitee ettt st et e s e s s et e s e e s s s e s connneeeeas 12

B L SIab ot e e eeene e e aran e 12
B.4.2 COIUIMN ..ouiiiiiiiiiirieiit e e eetie e e s ert e eee s ee e e e et tteeeeesatsbaesssiseneeeasansaseaessasnsnneesnserenaaeesnanseceans 13
3.5 CONSEIUCHION ....eeeiiiiiieeiiiee et ettt e e s b et ae e s e e e s s saaa s s anae e ebbe s s 13
3.6 Material Properties .......ccc.ieciuiuieiiiiiiiiiiitie ettt e e ces e s s 14
B.B8.1 COMCTEEE ..ueenriieiiiiiiiiiiie ettt et s s e e s e e e e s e e r e s e bbb e e a e e e 14
3.6.2 ReINfOTCEIMENT «..vevviiiiiiiiiiiie ittt rae e e e s b e s s e e s 14
B.B.3 GIOUL tivueeeieeeeeiiiiereiririe e st eeeeubttttaeease e e e anbaesssasttnneasenssssseassobbaaanaaesnssbeneeesmsasaneaenensrenes 14
3.7 Repaired SPeCIMEN .....ccooiiiiiiiimiiiiiiiieieieiiiite e itect e sectrteees st en e e st e e s e st s e esneaae e e e s aier e e ens 15

4. TESTING . .oeieeitieiiieeee et et ettt ettt e et te s ta e st e e e bt e e eat b e aaane e e aabeee s s et eanasaaeeastae e staeeaeneeasseeeans 16
4.1 ODJECTIVES oeiiriiiititiiieei e cree s eee e ee e e et ie et ete e et ie e et ettt te et e teeetbay s e s a e s aaeae e e e e e eeeebbeaan e bnraneaeanan 16
4.2 TESE SEBEUP evvvrriiiiieeieieeeiiieieitntieeeeeeeeseiitereaateseesaaaastnartaaaaeaesaaesessissararastaaatenseesaesssnnsnsseseaeaes 17

4.2.1 Transducer SEITUS «..cooiivriiriieeiieeeerittrttrrerreeeerureeeeeettttarereneerreessarbseereaaaeeseeseaassseenessasosnenes 17
4.2.2 Torsional Restraining Frame ........c.ccocoiiiiiiiiiiiiiiiiiiin et ee e s e verarvae e eaee e e e e 18
4.3 Instrumentation and Data Recording ..........ccccoveiiiiviiiiiiiiiei ettt ese e e eeenas 19
4.4 TestINE PrOCEAUTES ..cceevririniiiiieiiieiieeee e e e et e ee e see e e seae e eeeesrensssaaeaesenbatasaessrannnseens 21
4.4.3 LOAAING ...coooiiiiiiiiiieiiieiieeert vttt et e e e saseaeee et aaa e et seneraeentnrenrrattrtaan e reeeaaaeas 22

5. EXPERIMENTAL RESULTS ...ttt sne e ettt et eesate s st s srt e et ae s e 25

5.1 INETOAUCTION ...ovriiiiiiiiiiiiiiiiiii ittt ettt eees s e b s e e e s e s e s e e 25

5.2 Sign CONVENLION ..evviiiiiiiiiiiiiiiiiieeeeeereeriteetieeeeeeerostmrertataaaeaeesssssssnsrrarateaeseesesenssesnssnsrumsnnnanones 25



5.3 Lateral Load versus DIIft ........cccviviiiiriceemriiiiiriitinnenerieeeeccitteee et siie e ee s ecees s smneceeas 25
5.3.1 Post-Failure Behavior .......cociiiiiiirieeeniiieniie et 26
5.4 Connection SHEAT .......ciiiiiiuiiieeiiiiier et eeaeitr e e s breeeeesttr et s s te et e st e s s e e es s st nee e et ateeee s 27
5.5 Slab Connection ROLATION .......ccoiiiiiiiiiiiiiiiiiiiie i e ee e 27
5.6 Column ROtAtION ..o.icoiiiiiiiiiiiii ittt ettt ee e e s e s 28
5.7 Slab Displacement, Rotation, and Twist Profiles .......c.cocooeveiiiiiiiiiiiinc e, 28
5.8 Reinforcement Strains ........cccvvvmviriiniieeiiiiiiiiene ittt e 29
5.9 IN-P1ane TOTSION ...cccooeeiiiiiiiiiiiiiiiiiceersrete ettt seebee e e e sttbias e s et eaeessssmateteeseaareasese s smnraaesssanenenss 29
5.10 Cracl; Patterns coooueeiiiiiiiiieee ittt et b s e e be e neas 30
6. DISCUSSION OF EXPERIMENTAL RESULTS ... 31
B.1 INETOQUCHION ..vveirirriiiiiiiiiicirt ittt sttt ettt st e e s a e e e s eaaatbe e e s eannraeaasseamanees 31
6.2 Effects of Gravity LOoads ..ocooiiee ettt e e s e er e e ee s ne e ar e 31
6.3 Effects of Biaxial Loading ......ccooviiiiiiiiiiiiiiiiiiiiiiecctrreiineees et ta s e ee s s e eeeaeeeeatbanvranas e aanes 32
6.4 Repeated Load Cycles ...ooovuiieeeviiriiiieiiveeieina e cciieeesenrvae e erinaeeens et et st 33
6.5 Post-Failure Behavior ........ccccoiiiiiiiiiiiineiiec ettt st s e ee e s 34
6.6 Repaired Specimen Behavior .....ccoooviiiiiiiiiiiiiiiiiiiiiie ettt a e e 35
6.7 Slab Moments due to Gravity Loads ........................................................................................ 36
6.8 Lateral StIfINess ......ccooiiiiiiiiiiiiiei ettt e e e e 37
6.8.1 Effective Beam Width Model .........ocoveiiiiiiiiiiiiiiiiinie ettt e ceeee e 38
6.8.2 Equivalent Frame MOodel .........ooiiiiiiiieiiiiieiceeieeir et sie e te e et st a e 39
6.9 Ultimate Strength ....ccoovviiiiieee ettt e e e ae e e e eannes 41
6.9.1 Linear Stress Variation Model .........ccccooiiiiiiiiiiiii e 41
6.9.2 Beam Analogy by Hawkins ........oocoiiiiiiiiiii et 42

6.9.3 Park and Islam MOodel .....oooeeniiiiiiiiiii e e 44



vi

7. DUCTILITY AND DRIFT CAPACITY ...ooiiiiiiiiiiiiiiiee e cietieer e see s e see e e s ssrne s 46
7.1 INETOAUCHION 1evuvrrrerriiieeriieiiete ettt e e et ttcce e e et e et e e s s e s s st e s see st s s e e e s sesasenesanesreaesnns 46
7.2 Review of Experimental ObServations ........c.occcccemrecvruiemnoriiiiirrimnicrimnesiiiiesiconeinsiessssnsseesssonns 46

7.2.1 Tests DeSCIPION ..uvuiiiiiiiiiiiiiiiiiiiiie e rer e ettt s e e ses s st nesecessssessssssssassasbbennnens 47
7.2.2 Lateral Load-Displacement Relation .........ccccccccemiiiiiiiniiiiini i 47
7.3 The Effect of Gravity Load on Lateral Displacement Ductility ........cccccovvveiiiiiiinnienirionnnnneneen. 49
7.4 The Effect of Biaxial Loading on Lateral Displacement Ductility .....ccoccovvviveeiiiiiinn. 50
7.5 Effects of other Parameters on Drift Capacity .........ccoeeviimiiiieerenncniiiiiiiiiii e 51
7.6 Ductility, Drift, and Seismic Performance .........cccccooviimiiimiiiiiiiiiiniiiiniiiiiis e 51

8. STUDIES OF THE SEISMIC RESPONSE OF REINFORCED CONCRETE BUILDINGS

WITH FLAT SLAB CONSTRUCGTION ......covtiiiiiiiiieieeeeeeeiieeeerariiieeeseimcereenrsecscoinneseesenennes 53
8.1 INEPOQUCHION .evviiiiiiiiiiiiii ittt ettt s s saanaaae s s s srabee e s e bt amae e s s saaabns e e s s onmnnnns 53
8.2 Description of BUildings .......ccccccvviiiiiiioiiiiiie e e 53
8.2.1 Buildings in UBC Zone INO. 2 ...t e e e s e et aeaaeans 53
8.2.2 Buildings in UBC Zone INO. 4 ... ...oiiiiiiiiireciiie ettt s e e stniae e e semibre e e e eannnte s e e s sannnnas 54
8.3 DIESIGIL .euuiiiiiiiiiieiie e et ie ettt e e e e ettt ee e e e e s et e r e e e e e e e e e e e e s e bt e et et eeeeeeeeeene e e s beres 54
8.4 Dynamic ANALYSIS ..oovveeeiiiiiiieiieri it ittt ireetee e e e sttt e e et e s e e ass s e aeaan bbb b rtaeaaeaeseneesennnnn RN 55
B4 1 MOEIIING ...eeeeiiiiiiiit ettt ettt e ettt e e s e e et et s e e st eee e 56
8.4.2 Mass and DAMPINE ...occoeiiiiiiiiiiiiiiiirriiirriiriit b eer s e e eeeeseeeaataeeebaeesnaessanaa s resanaaaees 57
8.4.3 Ground MOBIODS ....cvuiiiiiiiiiiiiiiiiiiieiiieirsreriibirerr e eeseseseen et et e eeeeeseneseeeeneaannnnnennearaeesaeeeeens 57
8.5 Discussion of Analysis Results ........cooiviiiiiiiiiiiiiriiiic et 57
8.6 Design of Flat Slab Connections under Seismic Conditions .........ccoccveeviieeeeierreernrreiieeeeenennnn. 59
9. SUMMARY AND CONCLUSIONS ...ttt aritie e rinree e eeeretrteesesetbbtbeesasttbtreeessmatneseseersntnaaasaes 61

0.1 SUITIIIIATY +evvunnereetinennn e erntteneteeeraeunnnnsareersresnsseesssrnssnsasesssssssnnssesessnsnsseesssssssssesessesnssnesesessnsanassnes 61



vii

0.2 CONCIESIONS ....eiiiiiiiiiiiiii i ettt e e e e e e 63
REFERENGES ... ittt sttt e ettt s e e st e st e e she et eabmsae s ambte e entetennbaeensenas 65
TABLES .ottt ettt e e et et et n et s et e s bt et et be e e reeeenteeeans 69
FIGURES .ottt ettt ehst e ee e et e e st e e e she e e sasebee e ambee e s s eaeeunbea e nnsnes 78



viil

LIST OF TABLES

3.1 - Concrete Mix DeSIZI .ooceveiiiiiiiiiiiiiiiie st eeer et e s craarre e s s e s s e arer et e eeeeeens s s e banrrr s rerreaaeaeeens 69
3.2 - CONCrete PrOPerties ..ocuuiiiiiiieeiiiiiiiiiie e eiiiirretree e e cee e e et eette e seeeseaa s e anneeneerenaaessaessssssssnnenenererenens 69
3.3 - Slab Reinforcement PrOPerties ........ccivveiiiiiiiieiiiiiiieiriie et errrere et ieae et s s e s s s e e e e e anaananes 69
4.1 = TSt PTOZIAIN ..coiiiiieiiiiiieiiiiiiee et ettt et ttees b e st ae e ba s e e et st et bse s et aaasees saaasaeeesesaneeseeeenesnssnnnns 70
6.1 - Summary of Test Results ....cocvveiiiiiiiiiiiiie et reeeet e e e ae s s e s r e eeaaes 70
7.1 - Data of Experimental Specimens ..........c.ciiiuiiiiriiiiiniieeeriiiiierneeiiiiseeeerriseeaeeasaesesseeesaaenceseeemummmnses 71
7.2 - Summary of Analysis Results .......ccooeiiiiiiiiiiiiiiiii e ae e 72
8.1 (a) - Properties of Frame System in UBC Zone No. 2 ....cocociiiiniiiiiiiiiicc i 73
8.1 (b) - Properties of Shear Wall System in UBC Zone No. 2 ......ccccoeceiieiiniiiiiinieiiiiieie e 74
8.1 (c) - Properties of Flat Plate System in UBC Zone No. 2 ......ccccouviiiiiniinniiiiitcc e 75
8.1 (d) - Properties of Frame System in UBC Zone No. 4 .....c.cooeeoiriiieniieinninenieniieeeesieecrcee e senens 76

8.1 (e) - Properties of Shear Wall System in UBC Zone NO. 4 .....coovvviiiviiiiiiiriiiinie e 77



ix

LIST OF FIGURES

2.1 Plan and Elevation of ProtobyPe ..cccuuuuiiriiiiimiiiiniiiiiiiiiiirinossiiresirssaseesereerereesmmmessesssnmmmnsssseeneeens 78
2.2 Alternative Prototype StrUCLUIES ..co.ccooiiiiiiimiiimmiimiiiiiii e ere e e ee e e s eeeeeeeeetbeceae s e aaaeeaens 79
3.1 Relation of Test Specimen to Prototype ................................................................................ 80
3.2 TeSt SPECIMIEIL ...ueeiririiiiieeeeiiriieeeeriteeesiertireeareateeeeersttaeeesssbesaessasssssessssssssssssassnesseeansnsesssassessseseen 81
3.3 Top Slab ReiNfOrCemEent .........uveiveiiiiirreeeiiriireeiiirreeseireescesnreeeesnratareeeestrraeesaeetrreseessasnteseaessssees 82
3.4 Slab Reinforcement Detail .........cccoiiiiiiimieriiieiiieiiiiiir et ries ettt e e s aee et seee e el 83
3.5 Bottom Slab Reinforcement .........ccccociveiuirrieiiiiiriiieiece ettt 84
3.6 Column ReiNfOrcemMEnt ....c.....cociiiiiiiiiiiiiiiiiii ittt eeset e st s e ste e s sbns s e strae s sateseereeeaasreneens 85
3.7 Photo Of Test SPECIMENS tovuvuuiieiiiiiriiiiirieeeietieereee e ertieeieeeststenereeserrereeeeeessaaasserrsannnneeersrnsanesns 86
3.8 Honeycombs in Column of SPeCimen 3 ..........uiiuiiiiiiiiiiirieeieiieriirrreaeeeeirierieeeiare s eeeaeaaenns 86
3.9 Measured Concrete Stress-Strain for Specimens 3 and 4 (Cylinder B) ......ccocooivvivininniiiin 87
3.10 Measured Stress-Strain of Slab Reinforcement - No. 3, Grade 60 (Sample ¢} ......ccoverrcrereeanennnnn 88
4.1 (a) Test Setup =~ Plan ...cccoouiiiiiiiiiiiiiiiinic ettt st st e 89
4.1 (b) Test Setup - EIeVAION ....ccoorviiiiiiiiiiiiiiiiccicicnccee ettt et 90
4.2 Detail of Column Base .........cooiieiiiiiiiiiiiiiiiiien it ee et esesriiea e s aneaeaea s staaasasassereessnssnnes 91
4.3 Detail of Colummn TOP ..eeceiiiiiiiiieiciiiiieiiee ettt e e e e e e e e e e ettt be e eeeeseaeee s s trsrnes 92
4.4 TTanSAUCET SEIUL ..oooviiiiiiriiieiriiiiiiiiieie sttt e eeiieeetereiaeresesnnreeessansrecaeesasesatesssasnanaeasesrsssesessnssnnneen 93
4.5 (a) Instrumentation - PIan .......ccociiiiiiiiiiiniiiccec e 94
4.5 (b) Instrumentation - Elevation .........ccccciiiiiinininoiiiniiiiiiec e 95
4.6 Slab-Column Instrumentation ......... ettt et s e e e et e e s et e eue s e b et et e e et e eantae et aanetestbentees 96



4.8 Bottom Strain Gauge Locations - Uniaxial Tests ....cccoocoiieoiiiiiiiriciiiiiiiiniiiiiiiiee e 98
4.9 Top Strain Gauge Locations - Biaxial Tests ........cccoovivveriiiiiiiiiiiiiiien i 99
4.10 Bottom Strain Gauge Locations - Biaxial Tests ....ccccccveermiiiiiiiiiiniiiiii e, 100
4.11 Lateral Displacement History and Loading Patterns ...........ccocveeeieiieiiiiniimniiniiices 101
4.12 Biaxial LOAGINE ....uuvviiiiiiiireiiiiiiiiiiieeeeee s ereeree e s eere s s ec s rrae e eeeee e e s s sesente s s beaeeaesseersssrecnnnan 102
5.1 Schematic Drawing of Test .....ccccciiviiiiiiiiiiii ettt re e e et s e e s e eeeees 103
5.2 EW Lateral Load vs Displacement - Test 1 .......ooiiirimmmiieiieiiiinieeeeieeneieecere e e 104
5.3 (a) EW Lateral Load vs Displacement - Test 2 .......ccccccooiiiiiiviiiiiiiin e, 105
5.3 (b) NS Lateral Load vs Displacement - Test 2 ......cccoooiiiniiiinniiiiiiiincc e 106
5.4 EW Lateral Load vs Displacement - Test 3 .......cooiiiiiiiiiiiiiieiiiiieeien e nciiiieeiteie e e ee s eeeeeeeaenns 107
5.5 (a) EW Lateral Load vs Displacement - Test 4 ........cccccoeiininiinnaiiniiinieeciece e 108
5.5 (b) NS Lateral Load vs Displacement - Test 4 .......ccococooviiiiiiiiiiiic e, 109
5.6 () EW Lateral Load vs Displacement - Test 5 .......ccooeviiiiiiiiiiiniiiiiiiiiiciecs e 110
5.6 (b) NS Lateral Load vs Displacement = Test 5 .....ccccouiiiiiiirieniiiiiiiiiriiee e e see e 111
5.7 (a) Post-Failure Lateral Load vs Displacement (EW - Test 2) ....ccoocuiviiiiiinininiinciicennenieece 112
5.7 (b) Post-Failure Lateral Load vs Displacement (NS - Test 2) ......ccooevivreinincniiinicccicicin. 113
5.8 Connection Shear History - Test 1 .....covvvviriiiiiiriiiioniieeciineieeeeereeeeeeeees et 114
5.9 Connection Shear HIstory - Test 2 ......oovviiiiiriiiriiiiiiiiiesceciisieiseseaeesee et eeeriararares e e eeeeaeenaeeens 115
5.10 Connection Shear History - Test 3 ..coooviiiiiiiiiiiiieiiieii e tte e e e e e e e en e s 116
5.11 Connection Shear History = Test 4 ...ooooooeiiiiiiiiiiie e ectcrr et e e e e ae e e e s sesee sncnnns 117
5.12 Connection Shear HiStory - Test 5 ..coccceeriiiiiiiiiiiiiiiieer i iniirveeeecnrrae s sseer et s s serse e s e sananeees 118
5.13 (a) Slab Moment vs Rotation (East Side) - Test 1 ..c.occovvivieiiiiiirriiecrie et 119
5.13 (b) Slab Moment vs Rotation (West Side) = Test 1 .....o..ccevimuireririiniiienicrenieneeeere e cns 120

5.14 (a) Slab Moment vs Rotation (East Side) - Test 2 .....cccooiiiiviiiiiiiniiniiiine it 121



xi

5.14 (b) Slab Moment vs Rotation (West Side) - Test 2 ......cocevivimrmiiiiiiiiiiieinse e 122
5.14 (c) Slab Moment vs Rotation (North Side) - Test 2 ......ccccocoovveveiiiiiiiiiiiii, 123
5.14 (d) Slab Moment vs Rotation (South Side) - Test 2 ......cccooviivviriiiiiiiiiiiiiin 124
5.15 (a) Slab Moment vs Rotation (East Side) - Test 3 .......cccooiviiviiiiiiiiiiina 125
5.15 (b) Slab Moment vs Rotation {West Side) - Test 3 .......cccovviiiiiiiiiiiniiii i i. 126
5.16 (a) Slab Moment vs Rotation (East Side) - Test 4 .....coccevvvniinnninniiiicice e 127
5.16 (b) Slab Moment vs Rotation (West Side) - Test 4 ......ccooveiiiiiiiiiicicnrecc e 128
5.16 (¢) Slab Moment vs Rotation (North Side) - Test 4 ........cccciviiiiniiiiiiii 129
5.16 (d) Slab Moment vs Rotation (South Side) - Test 4 ......ccocevviiriniiiiiniiccicce e 130
5.17 (a) Slab Moment vs Rotation (East Side) - Test 5 ....cccooviiiriiiiiiiniiiciciiccecc s 131
5.17 (b) Slab Moment vs Rotation (West Side) = Test 5 ..occovevveruieiiiiiienieiiieneneeeeiceeee e 132
5.17 (¢) Slab Moment vs Rotation (North Side) - Test 5 ........ccocviiniiiiiiiiiiiiiicc 133
5.17 (d) Slab Moment vs Rotation (South Side) - Test 5 .....cocoooveiiiiiiiiiiiiiiiicicic e 134
5.18 Column Moment vs Rotation (Test 3) .....cccooviiiiiiiniiiiiiii e 135
5.19 (a) Slab Displacement Profiles (West Side) - Test 1 ...ocovuirieirieniennincierinicecireiec e 136
5.19 (b) Slab Rotation Profiles (West Side) - Test 1 ...cooceeviiiiiiiiiiiriiiiccirie e e 137
5.19 (c) Slab Twist Profiles (South Side) - Test 1 ...ccoeevriieiiirriieeiiine ettt ree et eree e e s 138
5.20 (a) Slab Displacement Profiles (West Side) = Test 2 ...oocoeviiiviiineniiniiiiieccrecee e 139
5.20 (b) Slab Rotation Profiles (West Side) - Test 2 ..c.ooceeveriiirieiiniiiincriieecei e 140
5.20 (¢) Slab Twist Profiles (West Side) - Test 2 ........... e e e e e 141
5.20 (d) Slab Displacement Profiles (South Side) - Test 2 ......ccccoiiiiiiiiiiiiiinici e 142
5.20 (¢) Slab Rotation Profiles (South Side) - Test 2 «..coccovereiiiiniireiinicccecreeec e 143
5.20 (f) Slab Twist Profiles (South Side) - Test 2 .....c.cccceiviiiiiiiiiiiiiiicec e 144

5.21 (a) Slab Displacement Profiles (West Side) - Test 3 ...c..ooiiiiiiiiiiiineiincniiiieciceee e 145



xii

5.21 (b) Slab Rotation Profiles {(West Side) - Test 3 .......ccoooviiiiiiiiiiiiiiiii 146
5.21 (c) Slab Twist Profiles (South Side) - Test 3 ....cccocovviiiiniiiiiiiinii e 147
5.22 (a) Slab Displacement Profiles (West Side) - Test 4 .....ccoccoueriimiiiiiiniiiiiiiinicicere e 148
5.22 (b) Slab Rotation Profiles (West Side) - Test 4 .........coouvvveemminiiiiiiiiiieicrcetcee e 149
5.22 (c) Slab Twist Profiles (West Side) - Test 4 ......cc.ccoiiniinininiiiiiiiii e 150
5.22 (d) Slab Displacement Profiles (South Side) - Test 4 ......ccccooiriiiiiniiiiicnince e 151
5.22 (¢) Slab Rotation Profiles (South Side) - Test 4 .......ccccooviieminniiiiiiiiciecee s 152
5.22 (f) Slab Twist Profiles (South Side) - Test 4 ....cc.coeoveueimriiriniiiini it 153
5.23 (a) Slab Displacement Profile History (West Side - Test 3) ....ccooouiniiiiiiniinicniccenceeeee 154
5.23 (b) Slab Twist Profile History (South Side - Test 3) ......cccccoiiviiiiiiiiiiiiici 155
5.24 (a) Slab Displacement Profile History (West Side - Test 4) .....ccccoooiviiiiinenennieenieceeescneens 156
5.24 (b) Slab Twist Profile History (South Side - Test 4) .....ccccvviviviiniiiiiniiiniccee e 157
5.25 (a) Top Reinforcement Strain Profiles (East Side) - Test 1 ......cccccoviiiiiiiciiiciiciiicncicc 158
5.25 (b) Top Reinforcement Strain Profiles (West Side) - Test 1 .....c.coconioiiiiiiiiiiiiciiiince 159
5.25 (¢) Bottom Reinforcement Strain Profiles (East Side) - Test 1 ...oceovvvrivvenieniineiiiicie e 160
5.25 (d) Bottom Reinforcement Strain Profiles (West Side) - Test 1 .....cccccoccvrvmivininiiniinieiiicrcene, 161
5.26 (a) Top Reinforcement Strain Profiles (West Side) ~ Test 2 ....ooeevveiruereeisienrinniniree e 162
5.26 (b) Top Reinforcement Strain Profiles (South Side) - Test 2 ....ccoeoveveviiiiiinenniieiniineeccen 163
5.26 (c) Bottom Reinforcement Strain Profiles (North Side) - Test 2 .......cccoeviiviiiiiiniinninecrc 164
5.26 (d) Bottom Reinforcement Strain Profiles (East Side) - Test 2 .......ccevirirriereniennieeciirseeeen 165
5.27 (a) Top Reinforcement Strain Profiles (East Side) - Test 3 ....cccocceevevuiiiiniinnnniiiece e 166
5.27 (b) Top Reinforcement Strain Profiles (West Side) ~ Test 3 ...cocooevrieriiiiinicriecrcccne e, 167
5.27 (c) Bottom Reinforcement Strain Profiles (East Side) - Test 3 ......ocoovveviriivieiiieneicieieneeeene 168

5.27 (d) Bottom Reinforcement Strain Profiles (West Side) - Test 3 .....ccccovevrmevimenineeniricirienene. 169



xiii

5.28 (a) Top Reinforcement Strain Profiles (West Side) - Test 4 ...cccovvevieniiiineniinnineienceeeeeee 170
5.28 (b) Top Reinforcement Strain Profiles (South Side) - Test 4 .........ccooceiiiiriiiiniiiiniiniicce, 171
5.28 (c) Bottom Reinforcement Strain Profiles (North Side) - Test 4 ......ccccevvviviieniiininiiceiicnriiene, 172
5.28 (d) Bottom Reinforcement Strain Profiles (East Side) - Test 4 .......ccooevuieiiniciennienincnicecienen 173
5.29 Reinforcement Strain Profile History (Top West Side - Test 3) ...coovevivieereenverniniieieeeerreneenn, 174
5.30 Reinforcement Strain Profile History (Bottom North Side - Test 4) ......ccccocevveniniiincriiinennnnn, 175
5.31 In-Plane Torsion History (Test 2) ........ ettt ettt a ettt s he bt e b e e h e a e sh e bt et et e b naen 176
5.32 Crack Patterns I =1 2 R OO OO PSS SOOI 177
5.33 Crack Patterns - Test 2 ......cocooiiiiiiiiii e e 178
5.34 Crack Patterns - Test 3 ..ot 179
5.35 Crack Patterns - Test 4 ...cccoeivriivevinninneinrcrere e, et 180
5.36 Crack Patterns - Test 5 .....ccccoooiininnne. E T I 181
5.37 (a) Initial Failure - Test 2 .......ccccoiviiiiniiiiiiiiniiieeeeeee ettt st 182
5.37 (b) Connection After Experiment - Test 3 .......ccccciviiriiiniiieieine sttt ene 182
5.37 (c) Initial Failure of Repaired Specimen = TeSt 5 .........ccceirmcrieniiiinineeieieee et 183
6.1 (a) Effect of Gravity Loads - Uniaxial Tests .......c.ccoeeriruiiiirinireienniecieeeseete e sieese e nes 184
6.1 (b) Effect of Gravity Loads - Biaxial Tests ......cooooeniiciiiiicii 185
6.2 (a) Effect of Gravity Loads on Stiffness - Uniaxial Tests ........c.ccccceoimriminirneeiniiecineiee e 186
6.2 (b) Effect of Gravity Loads on Stiffness - Biaxial Tests ........cccccvvueciricinirenneninenneeieieee e 187
6.3 (a) Effect of Biaxial Loading - Tests with High Gravity Loads ...........ccceceeeviiiiniiiiiieceece 188
6.3 (b) Effect of Biaxial Loading - Tests with Low Gravity Loads ........ccocoverievininiciiieiiiee i, 189
6.4 (a) Effect of Biaxial Loading on Stiffness - Tests with High Gravity Loads ..........c.cccovevveireenn..n. 190
6.4 (b) Effect of Biaxial Loading on Stiffness - Tests with Low Gravity Loads .............cccoovevveviirinnnn. 191

6.5 (a) Comparison of Absolute Load-Displacement Envelopes (High Gravity Loads) .......... RS 192



xiv

6.5 (b} Comparison of Absolute Load-Displacement Envelopes (Low Gravity Loads) .................cc..... 193
6.6 (a) Repeated Load Cycles (0.8 % Drift Cycle - Test 3) ..c.cocoovviiiiiiiiiiiiiiii, 194
6.6 (b) Repeated Load Cycles (0.8 % Drift Cycle - Test 4 (EW)) ..ccooviiiiiiiiiniiiiiicciiice 195
6.7 Stiffniess Degradation .........occccccioiiiieiiiiee et et e s 196
6.8 Load-Displacement Envelopes of Repaired and Original Specimens ..........coceeeeeiiviieerenrrrienevenennnnn, 197
6.9 Comparison of Stiffness Between Repaired and Original Specimens .......c.cccccceeeeevniiiieeennninnnenennn, 198
6.10 Measured Top Reinforcement Strain Profile Due to Gravity Loads (East Side - Test 1) ............. 199
6.11 Moment-Strain Relationship of Slab Section (3 in. Top Reinforcement Spacing) ..........ccccceeeeeeee 200
6.12 (a) Gravity Moment Profiles - Low Gravity Load Tests ......cc.ecceveriecieienenenininiiceieeneieie e 201
6.12 (b) Gravity Moment Profiles - High Gravity Load Tests ........ ettt st 202
6.12 (¢) Comparison of Gravity Moment Profiles (Test 1) .....c..ccccoveerimmiiimininenincnirceeseneee e 203
6.13 Lateral Stiffness Models .........cccooiiiimiiiiiiii ettt 204
6.14 (a) Comparison Between Effective Beam Width Modgl and Experimental Envelopes .................. 205
6.14 (b) Comparison Between Effective Beam Width Model and Experimental Envelopes ................. 206
6.15 (a) Comparison Between Equivalent Frame Model and Experimental Envelopes ........................ 207
6.15 (b) Comparison Between Equivalent Frame Model and Experimental Envelopes ........................ 208
6.16 Linear Stress Variation Model ........c.ccoociiiiiimniiiiiiiiiiiriiir st e, 209
6.17 Maximum Shear Stress by the Linear Stress Variation Model .............coooviiivniiic i, 210
6.18 Test Results on Shear-Moment Interaction DIagram ..............cccoovvviiiiiiiiiiieeeiiiieiee e, 211
6.19 Beam Analogy Model ......c.coooiiiiiiiiiiiiiii ettt a e e e e e e e e e e etaanns 212
6.20 (a) Comparison Between Beam Analogy Model and Experimental Envelopes .................cc.......... 213
6.20 (b) Comparison Between Beam Analogy Model and Experimental Envelopes ..............ccc........... 214
6.21 (a) Comparison Between Park and Islam Model and Experimental Envelopes .........ccccccoevunnnen. 215

6.21 (b) Comparison Between Park and Islam Model and Experimental Envelopes ..........cc.cccocone..... 216



7.1 Lateral Load Simulation .........ccccciiiiiiiiiiiiiice e e 217
7.2 Classification of Specimen Response ............... PSR PP PP OSSR TPPPPI 218
7.3 Definition of Displacement Ductility ......ccccoeciiiiiiiiiiiiiiiiiiriieeeeee e ree e e e ee e e e e e e e e eeeeeasrsaess 219
7.4 Effect of Gravity Load on DUctility ........coooiiiiiiiiiiiiiii e 220
7.5 Effect of ‘Gravity Load on DIEIft ...eeviiiiiiiiiiiii e 221
7.6 Forces on Connection under Uniaxial Loading .........oooooiviiiiiiiiiiniiniie e 222
7.7 (a) Effect of Top Reinforcement Ratio on Drift .......cc.ocooiiiiiiniiniiiicecceicececee 223
7.7 (b) Effect of Column Size to Span Length Ratio on Drift .....c.cccoocvvvinvieiiiinieniniiecr e, 224
7.7 (¢) Effect of Slab Thickness to Span Length Ratio on Drift .......ccccccoeviivieviccniinenieeeeen 225
7.8 Comparison of Ductility Requirements at 1.5 Percent Drift ..........ccooovvviiiiiiiiiniiiiiic e 226
8.1 A Multistory Building With Flat-Slab Construction ...........ccceeeocvieviiiirniieniiiee e 227
8.2 (a) Generic Buildings in UBC Zone NO. 2 .....ooiiiiiiiiiiiieeie ettt vt ear e e e s 228
8.2 (b) Generic Buildings in UBC Zone NO. 4 ......ccccooviiiiiiniininiiiiienteneetcie sttt s 229
8.2 (¢) Comparison Between 1985 and 1988 U]:%C Seismic Provisions ..........ccccccccmiininciiniinninennens 230
8.3 Computer Model of Shear Wall Building ........cccoooiiiiiiiiiiiiiii et 231
8.4 (a) Simplified Takeda Model with Degrading Stiffness ..........ccccevvviriieiuierieeieiieciiii e 232
8.4 (b) Total Slab Connection Moment vs Interstory Drift - El Centro .........ccccocevirienniiineciiienennen, 233
8.5 Records of Ground MOIOD .....cocciriiiiioiiiiie e ceteectee ettt st st e e ae e ae st e an e neaesre s 234
8.6 (a) Elastic Response Spectra (UBC Zone NO. 2) .....ccoviiviiiiiiieinieniieine et 235
8.6 (b) Elastic Response Spectra (UBC Zone NO. 4) ...c.oeevieiiiiniiiireniinie oot 236
8.7 (a) Response of Shear Wall Building (UBC Zone No. 2) - Mexico City Record ..........cccooerverennenns 237
8.7 (b) Response of Shear Wall Building (UBC Zone No. 2) - 0.2g El Centro Record ........................ 238
8.7 (¢) Response of Shear Wall Building (UBC Zone No. 2) - 0.2g Taft Record .........ccoccovevininninns 239

8.7 (d) Response of Frame Building (UBC Zone No. 2) - 0.2g El Centro Record ..........ccccoeevvrrrnnnnnnn. 240



xvi

8.7 (¢) Response of Flat-Plate Building (UBC Zone No. 2) - 0.2g El Centro Record .......................... 241
8.7 (f) Response of Frame Building (UBC Zone No. 4) - 0.4g El Centro Record ............c.c.cccceciin. 242
8.7 {(g) Response of Shear Wall Building (UBC Zone No. 4) - 0.4g El Centro Record ........................ 243
8.8 (a) Summary of Maximum Drifts - UBC Zone No. 2 Buildings .........cccccoevenininiinn. 244
88 (b) Summary of Maximum Drifts - UBC Zone No. 4 Buildings ........cccccceeeirieniiiiinicninncnene. 245
8.8 (¢) Comparison of Computed Drifts to Design Drifts - UBC Zone No. 2 Buildings ........ccccceceenee 246
8.8 (d) Comparison of Computed Drifts to Design Drifts - UBC Zone No. 4 Buildings ........cccccccocnnen. 247
8.9 Holiday Inn Building (OTion AVENUE) ....c.cccovieiiiriiericenieiiiieereeeienreeereese e eseeeseeareessaesseensaesneensens 248
8.10 Detailing of Flat Plate Connections to Prevent Progressive Collapse ..........ccccooovciiiiiiiiiiiin, 249



xvil

LIST OF NOTATIONS

Ap,, minimum continuous bottom slab reinforcement over column

A, cross sectional area of slab critical section

A, area of tension reinforcement

b width of compression face of member

b, perimeter of critical section for slab

C  base shear constant

C, torsional constant

c dimension of square column

¢, distance from the centroid of the slab-column critical perimeter to the critical section
¢; column dimension in direction of loading

¢s column dimension transverse to direction of loading

D, horizontal displacement at top of column

D, ultimate displacement at failure

D, difference of the vertical displacement at opposite ends of the slab
yield displacement

d distance from extreme compression fiber to centroid of tension reinforcement
dyy average d

EW East-West

E, modulus of elasticity of concrete

E., modulus of elasticity of slab concrete

E, modulus of elasticity of steel

Et  tangent modulus of elasticity of concrete



xviii
E45 secant modulus of elasticity of concrete at 45% of ultimate strength
EPA effective ‘peak acceleration
F, portion of base shear applied at top of structure
f'. concrete compression strength
f.  tensile strength of concrete
fy  steel yield strength
h overall thickness of slab
h, column height
I occupancy importance factor
I, moment of inertia of effective beam
I.y; effective moment of inertia of slab
J  property of the slab-column critical section analogous to the polar moment of inertia
K numerical coeflicient dependent on the framing type
K, column stiffness
K,. equivalent column stiffness
K, torsional stiffness of torsional member
l span length of square panel
4 span length in direction of lateral load
I span length transverse to direction of lateral load
M,, average gravity moment at face of slab-column critical section based on finite element analysis
M ,. average gravity moment at face of slab-column critical section based on experimental results
M, transfer moment
M, transfer moment in the n-s direction

M, ultimate moment



Vall

gec

ge

Xix
ultimate flexural capacity per unit length, top compression
ultimate flexural capacity per unit length, bottom compression
North-South
absolute lateral force applied at top of column
east-west lateral force applied at top of column
north-south lateral force applied at top of column
resistance factor of framing system
numerical coefficient for site-structure resonance
fundamental period of the building
service level design base shear
shear due to gravity loads including self weight
allowable shear stress
average gravity shear at face of slab-column critical section based on finite element analysis
average gravity shear at face of slab-column critical section based on experimental results
theoretical punching shear strength
gravity shear stress at critical section
shear stress at slab-column critical section
maximum shear stress at slab-column critical section
total dead load of the building
factored ultimate uniform load
numerical coefficient dependent on the seismic zone
stiffness reduction factor
absolute horizontal displacement at top of column

east-west horizontal displacement at top of column



ns

Ve

XX
north-south horizontal displacement at top of column

fraction of transfer moment that is considered transferred by eccentric shear
displacement ductility

strength reduction factor

ratio of tension reinforcement = A, /bd



1. INTRODUCTION

1.1 Statement of the Problem

The reinforced concrete flat plate is a simple structural system that consists of a flat slab supported
directly by columns. This system is favored by many designers for its functional form and construction
economy. It is widely used for both low and highrise buildings. Under vertical loads, the structural perfor-
mance and design of reinforced concrete flat plates are well established. Testing and analytical research
since the early 1900’s have resulted in standard methods of analysis and design that are embodied in many
building codes. However, under lateral loads, uncertainty in the behavior of flat plates persists. Proper
methods of l:iteral design are currently unsettled particularly with regards to the slab-column connection.
A resolution of these issues is critical in view of the fact that punching shear is the common mode of failure
for flat plates. By initiating a progressive collapse, the failure of one slab-column connection has the

potential of catastrophic consequences for the whole building.

It is generally recognized that in seismic zones the high flexibility and low energy dissipation capacity
of flat plates make it necessary to combine them with another lateral load resistant system such as shear
walls or moment resistant frames. From past experience, the seismic performance of even these dual sys-
tems remains questionable. After the 1985 Mexico City earthquake, a number of failures of flat-slab struc-
tures were reported, some in dual systems. During the 1964 Alaska earthquake, the J. C. Penney building
which comprised flat plates and shear walls suffered a partial collapse. Although the Holiday Inn buildings
of the 1971 San Fernando earthquake did not collapse, extensive nonstructural damage occurred. A better
understanding of the lateral behavior of flat plates is needed together with more specific design criteria for

slab-column connections in seismic regions.

To ensure the safety of building occupants, it is vital that flat slabs are prevented from collapsing
after punching failure occurs. Additional experimental data are needed in this area to supplement past
research. There is evidence that the detailing of continuous bottom slab bars directly over columns

prevents the slab from collapsing.

It is often economical to repair structures that have been damaged by earthquakes. The adequacy of



repaired structures and their connections under subsequent strong ground motions is an area of active
research. There is a scarcity of data on the behavior of repaired slab-column connections.

Despite the problems mentioned above, the trend towards more architecturally versatile buildings
with economical construction will motivate the increased use of reinforced concrete flat plates as the pri-

mary vertical load carrying system, even in areas of high seismicity. The present study will address the

issues mentioned above and other topics related to reinforced concrete flat plates under lateral loading.

1.2 Objectives and Scope
Specific objectives of the study vreported herein are:
(1) To study the behavior of a typical slab-column subassemblage under realistic lateral loading.
(2) To study the effects of vertical loads on slab-column lateral load behavior.
(3) To investigate the post-failure behavior of slab-column connections.
(4) To investigate the performance of a repaired connection.

(6) To assess various analytical techniques for estimating the strength and stiffness of reinforced concrete

flat plates.
(6) To investigate the lateral displacement ductility and drift capacity of slab-column connections.
(7)  To study the seismic performance of typical buildings with flat-slab construction.

To achieve these objectives, the present research includes five tests of interior slab-column subassem-
blages. Four identical specimens were constructed at sixty percent of full scale. Slab pl:lm dimensions
(scaled) are 13 ft (3.96 m) by 13 ft (3.96 m) with a thickness of 4.8 in. (122 mm). The column has dimen-
sions of 10.8 in. (274 mm) by 10.8 in. (274 mm) in cross section and extends 3 ft (0.91 m) above and below
the slab. Concrete compression strength is specified at 4,000 psi (28 MPa). All slab reinforcement are No.
3, Grade 60 (9.5 mm, nominal 414 MPa). The specimen is supported at the column base and slab edges.
Two hydraulic load actuators are connected to the top of the column for lateral load simulation. The speci-
mens are instrumented to measure deflections, slab rotations and profiles, reinforcement strains, and secon-

Idary displacements.
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To investigate the influence of gravity load on connection behavior, "high" gravity load (1.40V/f',
connection shear) is imposed on Test Specimens 1 and 2, and "low" gravity load (0.88\/ f' ) is imposed on
Test Specimens 3 and 4. Gravity load is simulated and maintained at a constant value by lead blocks on

the slab and a vertical jack located beneath the base of the column.

Since realistic lateral loads such as wind and earthquakes act in multiple directions, some of the
specimens are tested under bidirectional loading. A biaxial "clover leaf” loading pattern is used in Tests 2
and 4. In Tests 1 and 3, uniaxial cyclic loading is applied. Test Specimen 4 was later repaired with epoxy

and grout and a fifth test, Test 5, was conducted to observe the effectiveness of a repaired connection.

The prototype structure after which the test specimens are modelled is discussed in Chapter 2.
Chapter 3 describes the test specimens in detail. The test setup and method of testing are described in
Chapter 4. The results of the slab-column tests are presented in Chapter 5. Chapter 6 discusses these
results and compares them with various analytical models. The ductility and drift capacity of slab-column
connections are investigated in Chapter 7. Chapter 8 presents a study of the seismic response of typical
flat-plate buildings and a simple seismic design recommendation is proposed for slab-column connections.

A summary and conclusions are in Chapter 9.

1.3 Previous Research

The performance of reinforced concrete flat plate structures under vertical and lateral loads has been
the subject of numerous experiments and analytical studies. However, a review of the literature reveals
that no experiments on flat plates have considered biaxial lateral loading. The following discusses briefly

some of the past research.

1.3.1 Stiffness

A number of researchers such as Allen and Darvall [6], Pecknold {27], Mehrain and Aalami [20], and
Elias [9], have investigated the lateral load stiffness of flat slabs using isotropic elastic plate-bending
theory. Results of these analyses differ significantly depending on whether the region of the slab within the
column is treated as rigid or flexible. The effective beam width model for use in estimating stiffness was

derived from these elastic solutions and is discussed extensively by Vanderbilt and Corley [33]. They and



others conclude that the validity of elastic analysis is limited for reinforced concrete plates because of

cracking effects. Mulcahy and Rotter [23], based on tests of six slab-column connections, also concluded
that the application of elastic theoretical models leads to overestimation of stiffness. Zee and Moehle [35]
suggested that when a stiffness reduction factor is applied to the effective beam width model, a reasonably

good estimate of working load stiffness may be obtained.

By adding a similar stiffness reduction factor to account for cracking, the equivalent frame method
(originally developed for gravity load analysis) was extended by Vanderbilt and Corley for the lateral
analysis of flat plates. A stiffness reduction factor of one-third was recommended unless a more detailed
analysis of cracking is made. Others [21,35] have also recommended a similar reduction value based on test
results. These studies emphasize that the magnitude of the reduction factor depends a great deal on the

chosen lateral drift criterion.

Hawkins [3] proposes a general beam analogy model to predict the full nonlinear response of slab-
column systems. The model was calibrated from an extensive series of tests on interior, edge, and corner
slab-column connections. It idealizes the connection as a system of short flexural elements and torsional
elements that have trilinear moment-rotation properties. Strength and stiffness of the connection are com-
puted incrementally and various assumptions are made for failure, bond slip, and stress redistribution.
The beam analogy model gives a reasonably good estimate of the response of Hawkins’ slab-columns, but
the procedure is relatively complex. A simplified version of the model is proposed by Akiyama and Haw-
kins [3].

Morrison and Sozen [22] and Sheu and Hawkins [28] have proposed grid models capable of estimating
stiffness through the entire range of loading. Because of the relative complexity of these models, they are

not widely implemented.

1.3.2 Strength

An ACI Special Publication {12] summarizes several procedures for estimating the strength of slab-
column connections. For combined shear and moment transfer, the publication recommends the linear

stress variation model as proposed by Hanson and Hanson [11]. This model assumes that stresses induced



by shear and and moment transfer vary linearly across the critical section of the connection. Failure is
predicted when the nominal shear stress reaches a critical value of nvsin (for square columns). Compared
with test results, the model gives generally conservative estimates of strength for interior and exterior con-
nections [1]. Sufficient reinforcement must be placed to carry the moments carried by eccentric shear
stresses. According to ACI 318-83 [7], the proportion of moment that can be carried by the reinforcement
is limited. Tests by Hawkins and Ghali et al. [10] have demonstrated that strength and stiffness of slab-
column connections can be increased by increasing the slab reinforcement or by concentrating the reinforce-

ment in the connection region. The increase is effective only up to a reinforcement ratio of 0.8 to 1 percent.

The beam analogy model discussed in Section 1.3.1 has been shown by Hawkins and others [16,35] to
give good estimates of strength for slab-column connections. Based on simplified concepts of the model,
Park and Islam [16] proposed a single equation to predict the moment transfer strength of slab-column con-

nections. They also showed that yield line theory provides an upper bound solution on strength.

1.3.3 Seismic Response

It is generally recognized that flat plates are not well suited to resist severe seismic loads unless spe-
cial detailing is used. Hawkins concluded that gravily loads have a large influence on the stiffness and the
capacity of flat plates to absorb lateral loads [3|. Slab-column connections exhibit a high degree of stiffness
degradation under repeated cyclic loading. For seismic zones, Hawkins recommends the use of shear rein-
forcement in the slab to increase ductility and strength. Islam and Park reached the same conclusions on

shear reinforcement [16].

Morrison and Sozen [22] tested slab-column connections under static and dynamic loading. They
concluded that under low levels of gravity loads, the effect of gravity loads on lateral behavior is not
significant. Under dynamic loads, their specimens had observed strengths of 20 to 30 percent over those of
the statically tested specimens. Effective viscous damping ranged from four to eight percent. Ghali et al.
[10] tested specimens under monotonic static and dynamic lateral loads. They concluded that the energy
absorption capacity and rotation capacity are higher under dynamic loading. An increase of 15 to 28 per-

cent in strength was observed.



Moehle and Diebold [21] reported the only shaking table test of a flat-plate structure. A two-story
three-bay building was built at three-tenths of full scale and subjected to eleven earthquake simulations of
varying intensities. The tests demonstrated that reliably tough slab-column connections can be achieved
given the proper design proportions (relatively low gravity loads) and details. The structure experienced a
maximum peak horizontal acceleration of 0.83g and vertical acceleration of 0.2g. Maximum lateral drifts
reached 5.2 percent of the total height and the maximum base shear was equal to 84 percent of the weight
of the structure. During the tests, the measured damping of the structure varied from two to seven percent
of critical damping. Aspects of present design procedures were identified as having contributed to the over-
strength of the structure. They concluded that response may have been less favorable under bidirectional

horizontal base motions and further research on this topic was recommended.

1.3.4 Progressive Collapse

Hawkins and Mitchell examined factors influencing the initiation and propagation of progressive col-
lapse in flat plate structures. They concluded that the failure of an interior column is the most likely
mechanism to trigger such collapse. The progressive collapse spreads because the capacities in combined
moment and shear of the surrounding slab to column cohnections are inadequate to carry the additional
forces placed on them. Designing the slab for higher live loads is a fundamentally unsatisfactory procedure
for guarding against progressive collapse. Integral beam stirrup reinforcement in the slab may be used to
prevent catastrophic shear failure but is considered impractical by many engineers. Hawkins and Mitchell
recommend that a tensile membrane be provided having a capacity at least equal to the maximum loading
expected during the lifetime of the structure. Only bottom reinforcement continuous through a column or

properly anchored in a wall or beam should be considered effective as tensile membrane reinforcement.

To verify the effectiveness of continuous bottom reinforcement in guarding against collapse, Hawkins
et al. [13] conducted residual shear capacity tests on slab-column connections after punching failure. These
tests were conducted with vertical loads only. Research has not been conducted on the residual capacity of

connections under combined vertical and lateral loads.



2. PROTOTYPE STRUCTURE

2.1 Description

The prototype structure after which the experimental specimens are modelled is based on the proto-
type structure used by Moehle and Diebold [21] in their shaking table tests and by Zee and Moehle [35] in
the follow up connection tests. The only change to this original prototype structure was a minor reduction
in reinforcement detailing as described in Section 2.2.1. This prototype structure is described fully by

Moehle and Diebold in chapter 2 of their report [21].

The prototype structure adopted by Moehle and Diebold is a simple two story flat-plate building with
edge beams (Fig. 2.1). Each story is 10 ft (3.0 m) tall measured from top of slab to top of slab. Three
bays span one direction of the building, and multiple bays span the other direction. Each bay measures 20
ft (6.1 m) in both directions. A slab depth of 8 in. (203 mm) is used on both floors. An edge beam that is
18 in. (457 mm) wide by 14 in. (355 mm) deep frames into the exterior columns. All columns on both
floors have a square cross section with dimension of 18 in. (457 mm). Columns are assumed to be sup-
ported on footings in stiff soil. No column capitals, drop panels, shear caps, shearheads, or slab shear rein-

forcement are used.

2.2 Design of the Prototype Structure

A detailed explanation of the design of the prototype structure can be found in reference [21]. The
prototype structure was designed to satisfy overall requirements for serviceability and strength as specified
by the "Building Code Requirements for Reinforced Concrete” of the American Concrete Institute (ACI
318-83) [7]. The structure is assumed to be in a region classified as Zone No. 2 of the 1985 Uniform Build-
ing Code (UBC [32]) which is a region of moderate seismic intensity that may be expected to experience a
design seismic event corresponding to Intensity VII on the Modified Mercali Scale [4]. Wind loads for this

low-rise building are not a significant factor in the design.

Service gravity loads comprise 100 psf (4790 Pa) slab self weight and 60 psf (2870 Pa) live load.
Normal weight concrete with a specified compressive strength of 4000 psi (28 MPa) is assumed. The rein-

forcement has a specified yield strength of 60,000 psi (414 MPa).



Major aspects of slab, edge beam, and column design are outlined in the following subsections.

2.2.1 Slab

The slab thickness of 8 in. (203 mm) is established based on the minimum thickness requirements of
ACI 318-83 section 9.5.3 [7]. This minimum thickness is found to be adequate for all strength requirements

of ACI 318-83 for both gravity and combined gravity and seismic loads.

The maximum design moments and required proportions of the slab are controlled by the factored
gravity dead and live load effects as determined using the Direct Design Method of ACI 318-83 section 13.6.
Because of the relatively low height of the structure, the seismic design loads have no influence on the total

slab design moments.

Seismic loads have a more significant influence on connection unbalanced moments, that is, the
moment that must be transferred from the slab to the column. The design of the slab connection for
unbalanced moment was checked for dead, live, and seismic load combinations including those specified by
ACI 318-83 section A.9, which addresses requirements for frames in regions of moderate seismic risk. The
highest shear and unbalanced moments are due to the load combination specified by section A.9.3 of ACI
318-83 in which twice the seismic load effect is combined with gravity loads. Details of the requirements

are in reference. [21].

Slab reinforcement is arranged as required by ACI 318-83 section 13.4, and section A.9.6 for beamless
slabs in regions of moderate seismic risk. Briefly, the specified details require that reinforcement be banded

near the columns and that minimum top and bottom bar continuity be provided.

The original prototype structure used by Moehle and Diebold {21] provides a slab reinforcement detail
which is in addition to the requirements of ACI 318-83. Four short bars of 18 in. (457 mm) in length are
placed at the bottom of the slab directly over the interior columns for both directions. Zee and Moehle [35]
also kept this detail in their interior connection specimen. The results of experimental tests by these
researchers show no significant behavioral influences due to the presence of these extra bottom bars.
Because such detail is not commonly used in construction practice and adds to congestion at the connec-

tion, it was not included in the present study. This action had no effect on the other design aspects of the



prototype structure.

2.2.2 Column

Columns are designed to ensure that their strengths would exceed the unbalanced moment capacity of
the slabs at all connections in accordance to the weak-beam strong-column seismic design philosophy.

Details follow recommendations of ACI 318-83 for frames in regions of moderate seismicity.

2.8 Alternative Prototype Structures

In designing this study it was necessary to select a specific prototype structure after which the experi-
mental specimens are modelled. To take advantage of the data and experience of previous research it was
decided to use the prototype structure chosen by Moehle and Diebold {21]. This does not mean that the
results of this study are valid only for this particular prototype structure. It is possible to generalize and
assume a large range of alternative prototype structures for which the modelling of the experimental speci-

mens of this study would remain valid.

Fig. 2.2 shows some of these alternativev prototype structures. For the experimental specimens to
remain valid, it is necessary that the material properties and basic geometry of the prototype structure
remain the same. It is assumed that the structures in Fig. 2.2 are located in seismic Zone No. 4 of the
UBC code [32] and lateral seismic forces are resisted mainly by the shear walls or ductile moment resistant
frames. Given this latter assumption, the slabs are designed mainly to carry vertical loads, and design
~ assumptions are the same as those required for the prototype shown in Fig. 2.1. The assumption that the
slabs can be designed solely for gravity loads is common in west coast design practise. The validity of this

assumption will be evaluated in this study.
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3. TEST SPECIMENS

3.1 Introduction

This chapter describes the test specimens of the present study. The test specimens are reduced scale
models of interior slab-column subassemblages of the prototype structure described in Chapter 2. Four
nominally identical test specimens were constructed and are designated as Specimens 1, 2, 3, and 4. A fifth

specimen was tested by repairing Specimen 4. It is designated as Specimen R and is described in Section

3.7.

3.2 Modelling

The purpose of the experimental program is to study the behavior of typical interior slab-column
connections subjected to lateral loading. To carry out the experimental program economically, a scaled
model of the interior slab-column subassemblage is used. The relation of the test specimen to the proto-

type is shown in Fig. 3.1.

The test specimen designed for this study is 60 percent of full scale. At this scale, the 20-ft (6.1-m)
bay length of the full scale prototype structure is scaled down to 12 ft (3.66 m), the 10-ft (3.05-m) story
height is scaled down to 6 ft (1.83 m), and the 8-in. (203-mm) slab thickness is scaled down to 4.8 in. (122
mm). No. 5 (16 mm) bars that are used throughout the full scale prototype slab scale down to No. 3 (10
mm) bars in the test slab. One advantage of the scale chosen for the test specimen is that it permits con-
crete mixes with regular aggregate sizes that are typically used in construction practise. The use of pea

gravel concrete as in past research [21,35] was not necessary.

Fig. 3.1 depicts the idealization of the interior slab-column subassemblage. Under lateral loading, a
simple portal frame analysis model for an elastic structure has points of inflection at column mid-heights
and at slab mid-spans. This assumption is verified very closely in the analysis of the prototype structure
[21] using a direct stiffness structural analysis program. Therefore, by taking cuts at these inflection
points, an interior slab-column subassemblage can be obtained that behaves similarly under lateral loading
to its corresponding interior connection in the full structure (Fig. 3.1). The column of the subassemblage

extends above and below the slab to story mid-height. The bottom of the column is pinned and lateral load
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in the form of a concentrated load is applied at the top of the column. The slab edges have roller supports

located at the corners and mid-points.

There is a good deal of past experience and analytical research to validate this method of modelling
for interior slab-column connections. Allen [5] shows analytically that the replacement of the lines of sym-
metry by free edges made only small differences to the moment rotation stiffness of elastic plates (approxi-
mately 2 percent). Mulcahy and Rotter [23], using elastic finite element analyses on slabs, indicate that the
replacement of lines of symmetry and antisymmetry by point supports would change the moment-rotation
stifiness by only 3 percent. Cracking around the column will make this stiffness even less sensitive to the
experimental boundary conditions. Aalami [2] shows that extrapolating the behavior of a single slab-

column subassemblage to the behavior of the complete slab system is a realistic procedure.

3.8 Description

A drawing of the test specimen is shown in Fig. 3.2. The thickness of the slab is 4.8 in. (122 mm).
To accommodate the installation of the slab edge support assemblies, an additional 6-in. (152-mm) slab
overhang is added. Thus the overall plan dimension of the slab is 13 ft (3.96 m) by 13 {t (3.96 m). The
eight edge support assemblies (Chapter 4) are fitted through 1-in. (25.4 mm) diameter steel tubes embedded

along the sides of the slab.

The column of the test specimen is located at the center of the slab and has a cross section of 10.8 in.
(274 mm) by 10.8 in. (274 mm). It extends 3 ft (0.914 m) above and below the slab (Fig. 3.2). To attach
both ends of the column to the test apparatus, four 1-in. (25.4-mm) diameter A325 bolts are embedded 13
in. (330 mm) into the concrete at each end of the column. The bottom of the column is fitted with a 1-

3/8-in. (35-mm) thick steel plate, and the top of the column has a 1-in. (25.4-mm) thick steel plate.

The materials specified for the test specimen are typical of those used in construction practice. The
concrete specified for the slab and column is 4000-psi (28 MPa) normal weight concrete with 1-in. (25.4-
mm) maximum aggregate size. The reinforcement has a specified yield strength of 60,000 psi (414 MPa).

The actual measured properties of the materials are given in Section 3.6.

The total volume of the test specimen is approximately 73 cubic ft (2.07 cubic m). The total weight
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of the test specimen is estimated at approximately 11,000 lbs (4990 kg).

3.4 Reinforcement

3.4.1 Slab

All slab reinforcement is No. 3 (10 mm) Grade 60 (414 MPa) deformed rebar. The top slab reinforce-
ment layout is shown in Fig. 3.3 and is symmetric about both centerline axes. Top reinforcement is con-
centrated at the slab-column connection region where the spacing is 3 in. (76 mm) between bars. Further
away from the connection region the bar spacing increases to 4.5 in. (114 mm) and 9 in. (229 mm). The
top reinforcement percentage varies from a maximum of 0.76% at the center of the slab to a minimum of
0.25%. There are 35 top bars in each direction of which 12 are cut off at a distance of 4 ft (1.22 m) from
the center of the column. The cut off point is determined based on moment and development length
requirements. All continuous top bars running to the edge of the slab are provided with 180 degree hooks
for anchorage (Fig. 3.4). To ensure the integrity of the supporting edges, an additional continuous bar is

placed parallel to each slab edge.

Figure 3.5 shows the bottom slab reinforcement layout which is symmetric about both center line
axes. The bottom bars are spaced at 9 in. (229 mm) throughout the slab except at the edges. 27 bars span
each direction with 8 of them stopping at a distance of 5 ft (1.52 m) from the slab ends. All bottom bars
are provided with 180 degree hooks for anchorage at the slab edge and additional bottom bars are placed
parallel to the edges. Note that two continuous bottom bars are place directly over the column. This

detail is recommended [14] to prevent progressive collapse of the slab.

A cross section of the slab reinforcement detail is shown in Fig. 3.4. The nominal clear cover for the
slab reinforcement is 0.45 in. (11 mm). Since the N-S top bars and E-W bottom bars are placed in the

inner layers, they have a larger nominal clear cover of 0.825 in. (21 mm).

3.4.2 Column

The column reinforcement detail is depicted in Fig. 3.6. Twelve No. 7 (22 mm) Grade 60 bars run

continuously from top to bottom in the column, providing a reinforcement percentage of 7.1%. The 22
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column stirrups are fabricated from No. 2 (6.4 mm) plain bars. The first stirrup is spaced at 1.5 in. (38
mm) from the face of the slab, then the spacing is uniform at 3.5 in. (89 mm). A closer spacing of 2.5 in.
(64 mm) is used at the column ends to provide better confinement for the embedded bolts. The nominal

clear cover for the column reinforcement is 0.6 in. (15 mm).

The column reinforcement in the test specimen does not follow the design of the two story flat-plate
prototype structure described in Chapter 2 [21]. A higher reinforcement percentage is provided to minimize
the effect of column deformations during testing and to ensure adequate strength when the test specimen is

lifted to the test site.

3.5 Construction

Test specimens were constructed and cast in pairs so that the same material properties would exist
when comparing the effects of uniaxial versus biaxial lateral loading. Specimens 1 and 2 were first con-
structed simultaneously, followed by Specimens 3 and 4. For both sets of specimens, the same forms and
construction procedure were used with only minor modifications. The forms were basically platforms made
of 3/4-in. (11-mm) thick plywood supported on timber frames. The column forms were also made of ply-

wood and were bolted together.

After the forms were set up and oiled, the column reinforcement cages were constructed and installed.
This was followed by the placement and tying of the slab reinforcement. Reinforcement chairs supported
the top bars and short pieces of steel bars provided the cover for the bottom bars. Concrete was delivered
in a ready-mix truck and placed usin‘g a bucket supported by a crane in the testing lab. The concrete was
vibrated by hand and by vibrators clamped to the column forms. The slab surfaces were finished by the
lab technicians. A wet cure was achieved by covering the specimens with wet burlap and plastic for 14

days. Column forms and the slab edge forms were stripped at the end of the wet cures.

A photograph of two test specimens is shown in Fig. 3.7. Steel cables are used for lifting the speci-
mens before and after testing. For Specimens 3 and 4, some honeycombs appeared in the columns due to
inadequate vibration (Fig. 3.8). Grout was applied to patch up the columns and this did not have a

significant effect on the behavior of the specimens during testing.
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3.8 Material Properties

3.6.1 Concrete

The concrete mix was designed by Carl R. Sundquist P.E., Manager of Quality Control, Kaiser Sand
& Gravel Company of Walnut Creek, California. The mix design is shown in Table 3.1 and was specified
at 4000 psi (27.6 MPa) in 28 days, l-in. (25.4-mm) maximum aggregate size, and 4-in. (102-mm) slump.
Zeecop R40 was added to improve workability.

A number of standard 6-in. by 12-in. (150 mm by 305 mm) test cylinders were cast with the speci-
mens, and concrete strengths were monitored at 7, 14, 21, 28 days, and at the time of testing. Compres-
sion tests and splitting tension tests were performed following ASTM C39-72 and (C496-71 specifications.
The final material properties of the concrete at the time of testing are tabulated in Table 3.2. Specimens 1
and 2 had a mean compressive strength of 4825 psi (33.3 MPa), and a mean tension strength of 570 psi
(3.93 MPa). Specimens 3 and 4 had a mean compressive strength of 4550 psi (31.4 MPa), and a mean ten-
sion strength of 540 psi (3.72 MPa). The tangent modulus and 45% secant modulus of the concrete are

also tabulated in Table 3.2. A typical measured stress-strain curve of the concrete is shown in Fig. 3.9.

3.6.2 Reinforcement,

Tensile tests of the reinforcement {not machined) were performed according to ASTM A615-85, except
a gage length of 2 in. was used. A typical measured stress-strain curve is shown in Fig. 3.10. The material
properties of the reinforcement are tabulated in Table 3.3. The steel has a mean yield stress of 68,440 psi

(472 MPa) and a mean tensile strength of 106,430 psi (734 MPa).

3.6.3 Grout

Damp Pack is the product name of the grout supplied by the Burke Company of Oakland, Califor-
nia. It is a blend of special Portland cements, precisely graded silica sands, and proprietary components.
It features non-shrink performance and high early strength. According to laboratory test data supplied by
the Burke Company, Damp Pack has a 25% flow at 5 drops, a final set time of 80 minutes, and a 28-day

compressive strength of 13759 psi.
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3.7 Repaired Specimen

To observe the behavior of a repaired slab-column connection under lateral loading, a fifth specimen,

Specimen R, was tested. Specimen R was constructed by repairing Specimen 4.

A simple repair method commonly used in construction practice was adopted after Specimen 4 was
tested to failure. The Burke Company of Oakland, California, was consulted to provide the materials and
procedure for the repair of Specimen R. All damaged concrete in the connection region of the slab was
removed by a technician using a cold chisel and hammer. A void was created at the slab-column connec-
tion. The surfaces of the broken concrete and the exposed reinforcement were cleaned with a high-pressure
air hose and then a coat of epoxy was applied. High-strength grout was packed in the connection void to
replace the damaged concrete. The epoxy coating provided a strong bond between the original concrete
and high-strength grout. After the surface of the grout was finished, the repaired region of the slab was
wet cured for three days. Five 3-in. by 6-in. (75-mm by 150-mm) cylinders were also cast to monitor the

strength of the grout. At the time of testing, the compressive strength of the grout reached a mean value of

7345 psi (50.6 MPa).
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4. TESTING
4.1 Objectives
The four main objectives of the testing program are:

(1) To compare the behavior of interior slab-column connections under biaxial lateral loading versus

uniaxial lateral loading.

(2) To investigate the effect of gravity loads on the lateral load behavior of interior slab-column connec-

tions.

(3) To study the post-failure behavior of slab-column connections and to assess the adequacy of rein-

forcement detailing to prevent collapse.
(4) To investigate the behavior of a repaired slab-column connection.

In order to achieve these objectives, five tests were conducted in the Structural Testing Laboratory of

the Department of Civil Engineering, University of California at Berkeley. These tests are tabulated in

Table 4.1.

Tests 1 and 3 are nominally identical uniaxial lateral tests, but with different levels of gravity load
applied. Test 1 has a gravity load that produces an average shear stress of approximately 1.4V fT¢ psion
the critical section of the slab-column connection. Test 3 has a lower gravity load that produces a stress of
0.88Vf"¢c psi on the critical section. The critical section is defined according to ACI section 11.11.1.2 [7]

at a distance d/2 from the perimeter of the column.

Test 2 is similar to Test 1 in all respects except that lateral load is applied biaxially. Both the level
of gravity load and material properties of the specimens for Test 2 and Test 1 are nominally identical.
Likewise, Test 4 is the biaxial companion of Test 3. The methods used in the tests to apply uniaxial and

biaxial lateral loads are described in Section 4.4.1.

Test 5 is a test of a repaired specimen. After the completion of Test 4, Specimen 4 was repaired as
described in Section 3.7 and retested. Test 5 is a biaxial test with the same level of gravity load as Test 3

and Test 4.
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4.2 Test Setup

Figure 4.1 is a drawing of the overall test setup. Details of Fig. 4.1 are shown in Figs. 4.2 to 4.4.
The test setup is designed so that a slab-column specimen can be tested under uniaxial or biaxial lateral

loading while a constant level of gravity load is maintained.

The test specimen is supported at the base of the column and at the slab edges (Fig. 4.1). A univer-
sal bearing is used at the base of the column to allow rotation in all direction (Fig. 4.2). Between this
bearing and the test floor is a vertical hydraulic jack with a capacity of 100 kips (445 KN). The vertical
jack is used to simulate gravity loads (Section 4.4.1). The horizontal reaction of the column base is
resisted by steel struts located on the east and south side of the column (Fig. 4.2). These steel struts
transfer the reaction forces to steel beams anchored to the floor and are pinned on both ends to allow for
vertical movement of the base as the column is jacked up. The edges of the slab are supported by eight
transducer struts that are described in the Section 4.2.1. The transducer struts provide an effective roller

support for the slab edges.

Lateral loading is applied at the top of the column by two hydraulic actuators with capacities of 100
kips (445 KN). The east-west actuator is supported by a steel frame anchored to the test floor on the east
side of the specimen (Fig. 4.1). The north-south actuator is supported on a steel column fixed to the side
of a concrete reaction block located on the north side of the specimen. The two actuators are fitted with
load cells and are connected to the top of the column through a universal bearing that enables the bi-

directional application of lateral loading (Fig. 4.3).

A torsional restraining frame, described in Section 4.2.2, stabilizes the test specimen. Section 4.3

describes the T-shape instrumentation frame installed above the slab.

4.2.1 Transducer Struts

The edges of the test specimen are supported by eight transducer structs located at the corners and
mid-way points of the slab edges (Fig. 4.1). Not only do they model the roller supports for the slab boun-
dary conditions, they are also instrumented to measure the level of vertical load and serve as a check for

the magnitude of lateral loading.



18

A transducer strut consists of universal bearings and a steel tube with strain gauges glued to the sur-
face (Fig. 4.4). The outside diameter of the steel tube is 1-3/4 in. (44.5 mm) and the wall thickness is 3/8
in. (9.5 mm). Four electrical resistance strain gauges (CEA-06-125UN-120) with a gauge length of 1/8 in.
(3.18 mm) and a maximum strain capacity of 0.05 are glued at the mid-length of the steel tube. The are
wired to form a 4-Active Arm Wheatstone Bridge. This type of transducer measures pure axial loads and
compensates for the effects of temperature, torsion, bending, and Poisson’s ratio. The strain gauges are
covered with sheet metal for protection. Prior to installation, a transducer strut is calibrated under tension

and compression in a universal testing machine.

The ends of a transducer strut are fitted with spherical rod-end bearings that permit bi-directional
movement of the slab (Fig. 4.4). The top rod-end bearing is bolted to a clevis and threaded-rod assembly
that is connected through steel tubes embedded in the slab. A transducer strut is anchored to a steel floor

beam below by the same clevis and threaded-rod assembly.

Under lateral loading, sources of error are introduced in the transducer strut as it sways about its
base. As the transducer strut inclines, vertical displacements are introduced and a horizontal reaction com-
ponent is created at the ends. Another source of error is the axial deformations of the strut when it is
loaded. Zee and Moehle [35] show that all these sources of error are negligible for the levels of lateral dis-

placement the test specimen experiences and therefore can be ignored.

4.2.2 Torsional Restraining Frame

The use of universal bearings for the column supports and transducer struts results in a test specimen
that is unstable in the in-plane torsional direction. To counteract this rigid-body twisting of the test speci-
men when lateral loads are applied, a torsional restraining frame is attached to the west side ol the slab
(Fig. 4.1).

The torsional restraining frame is a space truss structure combined with steel struts. Its overall
dimensions are 12 ft (3.65 m) in length, 2 ft (0.61 m) in width, and 3 {t (0.91 m) in height. The truss is
made of 2-1/4 in. x 2-1/4 in. x 3/8-in (57-mm x 57-mm x 9.5-mm) steel angle sections. The steel struts are

identical to the transducer struts described in Section 4.3.1 fitted with spherical rod-end bearings. Steel
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struts are also used to connect the torsional restraining frame to the north-west and south-west corners of
the slab. The torsional restraining frame is designed to allow unrestrained bi-directional translation of the

slab, but to restrain twist.

4.3 Instrumentation and Data Recording

The test specimen is instrumented as shown Fig. 4.5 to obtain data on lateral and vertical forces, slab
displacements, slab rotations, reinforcement strains, and secondary displacements. Instrumentation is

categorized as follows:
(a) Lateral Loads

Lateral loads applied to the top of the column are measured by load cells attached to the actuators

(Fig. 4.5). Prior to testing, these load cells were calibrated in a universal testing machine.
(b) Column Displacements and Deformations

X-Y lateral displacements at the top of the column are measured by positional transducers located on
the west and south side of the specimen (Fig. 4.5). Each positional transducer has a range of +8 in. (+190
mm) and is connected by stainless-steel wire between the top of the column and a "fixed" reference point in
the laboratory. Displacements at the base of the column relative to the laboratory floor are monitored by
three linear potentiometers. One vertical and two lateral components of displacement are measured by

these potentiometers as shown in Fig. 4.5.

At the bottom of the top column, three linear voltage displacement transducers (LVDTs) are attached
to monitor the biaxial deformations of the column. The LVDTs are clamped to an aluminum collar
mounted on the column concrete and are targeted to aluminum blocks epoxied to the top surface of the

slab. Details are in Fig. 4.6.
(¢) Gravity Loads

Gravity (vertical) loads are measured by eight transducer struts supporting the slab edges. Refer to

Section 4.2.1 and Section 4.4.1 for details.

(d) Slab Connection Rotations
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On each side of the slab-column connection, LVDTs are attached to the top and bottom surface of
the slab to measure rotations of the slab connection (Fig. 4.6). These LVDTs are mounted on aluminum
stands glued to the slab surface at a distance equal to the slab thickness, h (4.8 in. (122 mm}), from the
face of the column. Targets for the LVDTs are mounted on aluminum collars attached to the column.

Rotations of the slab relative to the column are deduced using readings from these instruments.
(e) Slab Displacement and Twist Profiles

An instrumentation frame is mounted above the slab in order to measure vertical displacements and
rotations along the west and south sides of the slab (Fig. 4.1). It is supported on spherical bearings and
braced so that it remains undeformed and horizontal, but translates with the slab during testing. Installed
on the instrumentation frame are four LVDTs and eight clip gauges. Vertical displacements at the slab
centerline are calculated by taking the average displacements of two opposite LVDTs or clip gauges. Slab
twists at the centerline are calculated by dividing the absolute sum of these two displacements by the hor-
izontal distance between them. This horizontal distance was set at c¢+d, which is equal to 14.8 in. (376

mm).
(f) Rigid-Body Torsion
To check the effectiveness of the torsional restraining frame (Section 4.2.2), three linear potentiome-

ters are located on the north side and north-east corner of the slab to measure the amount of in-plane

rigid-body torsion of the slab (Fig. 4.5).
(g) Reinforcement Strains

Figures 4.7 and 4.8 show the locations of strain gauges glued to the reinforcement for the uniaxial
tests (Test 1 and 3). Figures. 4.9 and 4.10 show the locations for the biaxial tests (Test 2 and Test 4). All
strain gauges are electrical resistance type gauges (CEA-06-125UN-120) with a gauge length of 1/8 in. (3.18

mm) and a maximum strain capacity of 0.05. The strain gauges were water-proofed with an epoxy resin.

All experimental data were recorded on a Data General Nova computer through a high speed data
acquisition system. Throughout each test, selected instruments were monitored on a Tektronix terminal.

X-Y plotters were used to monitor lateral loads and deflections at the top of the column.
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4.4 Testing Procedures

This section outlines the testing procedures. The procedures were identical in all five tests except for

minor modifications.
(1) Specimen Lifted to Test Site

After a test specimen is cast and cured, it is lifted from the formwork to the test site by an overhead crane
using a cable attached to the top of the column. Before the top of the column is hooked to the crane and
lifted, four 1/2-in. (12.7-mm) diameter steel cables are installed from the corners of the slab to the top of
the column and hand-tightened. These cables help to suppoft the slab self-weight and reduce stresses in
the slab during the lifting operation. At the test site, the base of the column is first placed on the univer-
sal bearing located above the vertical jack, and then the slab edges are attached to the eight transducer
strut supports (Fig. 4.1). The slab is temporarily clamped to the two reaction frames that support the
actuators and the bottom universal bearing is blocked to stabilize the specimen during the test setup opera-

tions.
(2) Set Up Specimen for Testing

The transducer strut supports are balanced to level the slab, then the torsional restraining frame is
attached to the west side of the slab (Fig. 4.1). To facilitate monitoring of cracking during testing, the
entire specimen is white-washed with diluted latex paint and grid lines spaced at 6-in. (152-mm) intervals
are drawn on the top and bottom surfaces of the slab. After the instrumentation frame (Section 4.3) is
installed above the slab, the horizontal actuators are attached to the top of the column. The horizontal

actuators and vertical jack are connected to manually controlled hydraulic pumps.
(3) Install Instrumentation

Instrumentation (Section 4.3) that measures the response of the specimen are wired, calibrated, checked,
and installed onto the test specimen. The data acquisition system, plotters, and other instrumentation

monitors are set up.
(4) Testing

The temporary clamps and blocks are removed to begin testing. All instrumentation and data acquisition
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is rechecked and zeroed. The first stage of testing is the simulation of gravity load that is performed by
jacking up the vertical hydraulic jack under the column. For Tests 1 and 2, lead blocks are also placed on
the slab prior to testing to simulate part of the gravity loading. During the vertical jacking operation, the
level of gravity load is monitored on the data acquisition terminal screen. After the target gravity load is
achieved, the second stage of testing begins with the pumping of the horizontal actuators to apply lateral
loads at the top of the column. Section 4.4.1 describes in more detail the application of gravity and lateral
loading. During testing, data are collected at appropriate intervals, the level of gravity load is monitored
and held constant, cracks on the slab surfaces are marked and recorded, and any vertical movement of the

instrumentation frame is checked with a surveyor’s theodolite.
(5) Post-Failure Investigation

When the first punching shear failure occurs in the slab-column connection, testing is stopped, the specimen
is inspected, and photos are taken. To investigate the post-failure behavior of slab-column connections,
lateral loading is continued for a few more cycles. To assess the effectiveness of detailing and the residual
capacity of connections, additional vertical loads are applied gradually through the vertical jack below the

column. The specimens were not tested to collapse to avoid damaging the transducer struts.
(6) End of Test

After the instrumentation is removed, the specimen is disconnected from the test setup and lifted out. The

test site and setup are prepared for the next test.

4.4.1 Loading

Two types of loading are applied to the specimen during testing - gravity and lateral. This section
describes in detail the application of these loads.
(a) Gravity Loading

In addition to the self weight of the specimen, additional gravity load is induced by jacking up the

vertical hydraulic jack located below the column (Fig. 4.2). For Tests 1 and 2, lead blocks are also added

on the slab to simulate additional gravity loading.
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The simulated gravity shear force in the slab-column connection can be calculated by simple statics
as the sum of the forces in the transducer struts, the slab self-weight, and any additional lead blocks. For
Tests 1 and 2, the total gravity shear force applied is approximately 23 kips which is equivalent to a condi-
tion in the prototype structure with the full dead and design live loads. For Tests 3, 4 and 5, the total
gravity shear force is approximately 14 kips which is equivalent to the full dead load only. When lateral
load is applied to the specimen, the slab-column connection cracks and deteriorates, resulting in the redis-
tribution and decrease of the simulated gravity shear. Therefore, to maintain a constant level of gravity
shear, the transducer struts are monitored continuously during testing and additional gravity load is added

as needed by the vertical jack.

For Tests 1 and 2, 48 lead blocks, each weighing an average of 98 1b (436 N), are placed symmetri-
cally on the slab as shown in Fig. 4.1. Elastic finite element analyses of the slab determined the locations
of the lead blocks in order that the ratio of the moment to shear at the slab critical section are modelled
approximately. The two layers of lead blocks are placed on rubber pads so that the stiffness and crack pro-
pagation of the concrete slab would not be affected. Due to the boundary conditions of the specimens it is
only possible to obtain an approximate modelling of gravity moments. Chapter 6 further discusses the

modelling of gravity loads.
(b) Lateral Loading

Lateral load is applied at the top of the column by manually controlled hydraulic actuators (Fig.
4.1). Displacement is controlled by manually operating pump pressure. Horizontal displacements at the
top of the column are monitored during testing by the two positional transducers described in Section 4.3.
These positional transducers are also connected to calibrated voltmeters to obtain continuous digital
readouts of column displacements. With the north-south actuator locked, uniaxial lateral loading was
applied to Tests 1 and 3 by the east-west actuator. Both actuators were used to apply biaxial lateral load-

ing in Tests 2, 4, and 5.
Uniaxial Lateral Loading

The lateral displacement history adopted for the uniaxial tests is shown in Fig. 4.11. The aim of the

displacement history is to subject the test specimen to a broad range of lateral loading, simulating
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conditions that the prototype structure can be expected to experience. These include low-level wind loading
to severe seismic excitation. The displacement history is divided into five cycle sets with target displace-
ments of 0.16 in. (4.06 mm), 0.31 in. (7.87 mm), 0.62 in. (15.7 mm), 1.25 in. (31.8 mm), and 2.50 in. (63.5

mm). These cycles sets are denoted by their equivalent drifts: 0.2%, 0.4%, 0.8%, 1.6%, and 3.2%.

Figure 4.11 also traces out one cycle of the uniaxial lateral load pattern on a typical load-
displacement curve. From the initial undeformed state, the top of the column is pulled eastward until the
target displacement of the cycle set is reached (steps 1 and 2 in Fig. 4.11). Then the direction of the load
is reversed and the column is pushed westward to the reverse target displacement (2-3). Then the column is
pulled backed to its initial undeformed state (3-4). The cycle is then repeated to complete a cycle set. For
the 0.8%, 1.69, and 3.2% cycle sets, one extra cycle of the previous cycle set is added. The purpose of this

is to study degradation of the specimen after larger cycles.
Biaxial Lateral Loading

For biaxial loading, a lateral displacement history analogous to to the uniaxial case was adopted so
that an equivalent comparison can be made between biaxial and uniaxial tests (Table 1). The same five
cycle sets and target displacements of the uniaxial case are used, but applied in a bi-directional pattern
which consists of increasing and decreasing lateral loading combinations (Fig. 4.11). Because of its resem-
blance, this biaxial load pattern with its four quadrant loops (1-14) is often referred to as a “"clover leaf”

pattern.

Figure 4.12 separates the biaxial load pattern into its east-west and north-south components. These
are used during testing to coordinate the movements of each actuator. When constant displacement is
required, the actuator pump is turned to neutral and locked. Figure 4.12 also traces out for each direction
the biaxial load path on typical load-displacement curves. One cycle set is equivalent to one completed
biaxial load pattern (1-14). For the 0.8%, 1.6%, and 3.2% cycle sets, an extra biaxial load pattern of the
previous cycle is added. Note that when the displacement in one direction is held constant as displacement
in the orthogonal direction is activated, the peak load decreases (i.e. Fig. 4.12, E-W Load vs. Displacement,
step 2-3). This is typical for biaxial behavior since loading in one direction interacts with the orthogonal

direction that results in a decrease of stiffness and strength.
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5. EXPERIMENTAL RESULTS

5.1 Introduction

This chapter presents the experimental results of the five tests described in Chapter 4. Figure 5.1
shows a schematic drawing of the selected experimental results which include: lateral load vs. drift, connec-
tion shear, slab connection rotation, column rotation, and slab displacement, rotation, and twist profiles.
Also presented in this chapter are slab reinforcement strains, in-plane slab torsion, post-failure behavior,
and crack patterns. The experimental data presented serve as a basis for analysis and interpretation in

subsequent chapters.

All experimental data from the five tests are stored on magnetic tapes. Appendix A lists and describes

each recorded channel number.

5.2 Sign Convention

The orientation of the test specimen is indicated in Fig. 4.1 (a). East-west lateral load and drift are
positive when directed towards the east. North-south lateral load and drift are positive when directed
towards the north. Slab displacements are positive in the upward vertical direction. Slab rotations along
the west and south centerlines are clockwise positive when viewed from the south and west, respectively.
Thus, positively increasing slab rotation is normally associated with positively increasing vertical displace-
ments or lateral loads. Slab twist is clockwise positive when viewed from the center of the column. Thus,
positive drift and twist usually occur simultaneously. Positive slab moments correspond to tension on-the
top surface of the slab and produce positive slab connection rotations. Tension in the reinforcement

corresponds to positive strain.

5.3 Lateral Load versus Drift

Figures 5.2 to 5.6 present the lateral load versus drift data of Tests 1 through 5 (See Table 4.1 for
information on the specimen number, the number of lateral load directions, and the level of vertical load).
Tests 1 and 3 (Figs. 5.2 and 5.4) are uniaxial tests and no north-south lateral load versus drift data are

presented. The bottom horizontal axis of Figs. 5.2 to 5.6 is the drift displacement which is defined as the
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relative horizontal displacement between the top and base of the column (Fig. 5.1). The top horizontal
axis is the drift percentage which is equal to the drift displacement divided by the height between the top
and base of the column (Fig. 5.1). The vertical axis is the lateral force in kips applied at the top of the

column measured by load cells attached to the horizontal actuators (Fig. 4.5).

All tests experienced a sudden punching shear failure in the slab-column connection region. Tests
with the higher vertical load applied (Figs. 5.2 and 5.3) failed at lower levels of lateral load and drift than
their companion tests with less vertical load (Figs. 5.4 and 5.5). Specimens with low connection shear
(Figs. 5.4 and 5.5) exhibit pinching in their hysteresis curves and display a high degree of yielding. Speci-
mens with high connection shear (Figs. 5.2 and 5.3) show less of this pinching phenomenon and yielding
behavior. All tests show an increasing level of stiffness degradation at higher drift levels as can be seen by

comparing the second loop with the first of each drift cycle.

Compared with their companion uniaxial tests, the biaxial tests show decreased strength and stiffness.
The biaxial tests (Figs. 5.3, 5.5, and 5.6) also exhibit drops in the applied lateral force at their displace-
ment peaks. This behavior is due to biaxial loading which reduces the peak lateral resistance in one direc-

tion when lateral load in the orthogonal direction is applied (Section 4.4.1 (b)).

Figure 5.6 shows the results of the repaired specimen (Section 3.7). The curves display a significant
decrease in strength and stiffness as compared with the original specimen (Fig. 5.5). However, it should be

noted that the repaired specimen does sustain the original maximum drift capacity.

5.3.1 Post-Failure Behavior

After shear failure occurred in each test, the test specimen was loaded laterally for a few more cycles
to investigate its post-failure behavior. A typical example is shown in Fig. 5.7 which depicts the post-
failure behavior of Test 2. It is important to note that although "failure” had occurred, the specimen stiil
has some lateral resistance. More importantly, the slab-column did not collapse and was still capable of

sustaining gravity loads.

In order to test the effectiveness of the continuous bottom reinforcement detailing in preventing pro-

gressive collapse (Section 3.4.1), additional vertical load was added after punching failure. This additional
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load was applied by the vertical jack below the column base and was monitored by the transducer struts.
As Fig. 5.8 shows, the slab-column connection of Test 1 was capable of carrying higher vertical loads even

after punching failure.

5.4 Connection Shear

Figures 5.8 to 5.12 ploté the slab-column connection shear history for the five tests. The connection
shear is calculated by summing the reactions of the transducer struts (Section 4.2.1), the self-weight of the
concrete slab, and any loads from the lead blocks (Section 4.4.1 (a)). The goal during each test was to
maintain a constant level of connection shear in order to achieve an accurate simulation of the conditions

in the prototype structure. This was effectively accomplished as Figs. 5.8 to 5.12 show.

Figures 5.10 and 5.11 show a greater variability in the level of connection shear than Figs. 5.8, 5.9,
and 5.12. This can be explained by the fact that variability in connection shear is mainly due to the level
of imposed lateral loads. Tests 3 and 4 experienced significantly higher lateral loads than Tests 1, 2, and 5.
The greater lateral load made maintaining a constant level of shear more difficult during testing. Lateral
loads decrease the stiffness of the slab-column connection, thereby transferring shear to the slab edge sup-

ports.

The time of shear failure can be identified in each test by a sharp drop in connection shear. To
investigate the collapse capacity of the slab specimen, Tests 1, 2, and 3 were reloaded after shear failure as
shown in Figs. 5.8 to 5.10. As noted in the previous section, the slab specimen is capable of sustaining

gravity loads in excess of the original loads.

5.5 Slab Connection Rotation

Figures 5.13 through 5.17 present plots of the total slab moment against the slab connection rotation
relative to the column (Fig. 5.1). The slab connection rotation is measured at a distance d away from the
column face and is obtained from LVDT measurements attached to the top and bottom slab surfaces (Sec-
tion 4.3 (d)). The total slab moment is the moment across the entire slab section taken at the column face.
It is calculated by summing moments of the three transducer struts on the side where the sectic;n is taken

and adding moments due to the self-weight of the slab and lead blocks. For the biaxial tests (Figs. 5.14,
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5.16, and 5.17), slab connection rotations of all four sides of the connection are presented. For the uniaxial
tests (Figs. 5.13 and 5.15), only the east and west sides, where significant slab connection behavior

occurred, are presented.

The biaxial tests (Figs. 5.14 and 5.16) have lower slab rotation capacities than their companion
uniaxial tests (Figs. 5.13 and 5.15). This can be explained by the more significant interaction of torsion at
the slab connection due to biaxial loading. Particularly evident in Figs. 5.13 and 5.14, yielding of the con-
nections results in the tendency for slab rotation residuals to develop at higher displacement cycles. The

repaired specimen exhibits very low slab connection stiffness (Fig. 5.17).

5.8 Column Rotation

In all tests, the column generally behaved elastically as shown in Fig. 5.18 for Test 3. Column rota-
tion is measured for a height equal to the column width, ¢, above the top slab surface (Fig. 5.1). The

column moment in Fig. 5.18 is the average moment in the column rotation region.

5.7 Slab Displacement, Rotation, and Twist Profiles

Figures 5.19 through 5.22 present for Tests 1 to 4 the following profiles along the slab’s west and
south centerlines: (a) displacement, (b) slab rotation, and (¢) slab twist (Fig. 5.1). These experimental data
are derived from measurements made from the instrumentation frame described in Section 4.3 (e). For the
uniaxial tests (Figs. 5.19 and 5.21), twist along the west centerline, together with displacement and rota-
tion along the south centerline are not presented since they do not experience significant changes. The

instrumentation frame was not installed in Test 5.

Zero displacement, rotation, and twist correspond to the condition of the slab prior to testing. Only
peak profiles of each drift cycle set (Fig. 4.11) are plotted in Figs. 5.19 to 5.22. The slab displacements at
the center of the column are calculated from measurements taken at the base of the column (Fig. 4.5 (b)).
Note that the increase in displacement at the column center is due to the column being jacked up periodi-
cally during testing to maintain a constant connection shear force (Section 4.4.1 (a)). Slab rotations are
derived from the slab displacement profile using the center difference method. With the exception of the

first point from the column center, slab twist represent measurements taken c+d apart, across the slab
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3

centerline. The first slab twist (plotted at 5.4 in. (137 mm) from the column center) only approximates the

twist at the column and slab interface. It is derived from the drift displacement measurements.

Figures 5.23 and 5.24 show typical displacement and twist profile histories for one complete drift
cycle set. With Fig. 5.23 representing a uniaxial test and Fig. 5.24 a biaxial test, the profile lines are num-
bered according to the load pattern numbering system depicted in Fig. 4.11. As expected, near symmetry

1s evident from load reversals.

5.8 Reinforcement Strains

Peak strain profiles for Tests 1 to 4 are shown in Figs. 5.25 to 5.28. The exact locations of the strain

measurements from which these profiles are derived are shown in Figs. 4.7 to 4.10.

Strains are typically concentrated near the column. The yield strain for the No. 3 slab reinforcement
is approximately 0.002 (f,=69 ksi, E,=29,000 ksi). All the top and bottom strain profiles of Tests 3 and
4 (Figs. 5.27 and 5.28) eventually reached yield at higher drifts. In Tests 1 and 2 (Figs. 5.25 and 5.26),
only the top strain profiles reached yield. The high gravity moments in those tests induce large compres-
sive stresses at the bottom of the slab that result in low tensile strains in the bottom reinforcement. Bro-

ken strain gauges caused a number of profiles lines to be incomplete.

Figure 5.29 follows the strain profiles of a uniaxial test for one complete drift cycle set. Similarly,
Fig. 5.30 shows strain profiles for a typical biaxial test. The profiles are numbered according to the
numbering of the load pattern depicted in Fig. 4.11. These Figures show that when the top of the slab is
in tension, relatively large reinforcem.ent strains result because the concrete is cracked and all tension is car-
ried by the steel. On reversal of the load, relatively low compressive strains occur because cracks close and

strains are taken up by the concrete.

5.9 In-Plane Torsion

During testing, the torsional restraining frame (Section 4.2.2) successfully limited the level of in-plane
torsional movement of the slab as shown typically in Fig. 5.31. The maximum value in Fig. 5.31 is 0.0013
rad. which is equivalent to a horizontal slab displacement of only 0.09 in. (2.3 mm) Compared with the

maximum drift displacement of 1.25 in. (31.8 mm), in-plane torsion had a minimal effect on these tests.
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5.10 Crack Patterns

The visible crack patterns on the slab surface are reproduced in Figs. 5.32 to 5.36 for each test.
Cracking is more extensive for the tests with higher gravity loads (Figs. 5.32 and 5.33). Biaxial loading
tends to spread the cracks more throughout the slab (Figs. 5.33 and 5.35). The bottom slab surface and
column showed very little visible cracking. Shear failure of the slab-column connection is characterized by
a deep top surface crack located approximately h away from the column face. The angle of the crack is
relatively shallow (approximately 10 to 30 degrees) and, in many instances, the crack exposed the top slab

reinforcement. Photographs of failure are reproduced in Fig. 5.37.
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6. DISCUSSION OF EXPERIMENTAL RESULTS

6.1 Introduction

This chapter discusses the experimental results presented in Chapter 5. The effects of gravity load
and biaxial loading on specimen behavior are first presented followed by discussions on the results of
repeated load cycles, the post-failure behavior, and the behavior of the repaired specimen {Test 5). A study
of the slab moments due to gravity loads is also presented. Analytical models that are used to estimate the
lateral stiffness of the test specimen include the effective beam width model and the equivalent frame model
[33]. Ultimate strength models include the linear stress variation method [11], the beam analogy model by
Hawkins [3], and the method proposed by Park and Islam [25]. The various analytical models are dis-

cussed and compared.

6.2 Effects of Gravity Loads

Test results of the present study show that the level of gravity load on the flat slab is one of the
most important factors determining the lateral behavior of reinforced concrete flat-plate connections. Pre-
vious research [3,19] has also shown evidence of this conclusion. Most failures in reinforced concrete flat-
plate connections can be attributed to excessive vertical shear stresses that are induced from the applied
gravity loads and unbalanced moments. Therefore, with higher gravity loads, the available shear capacity

left over to resist unbalanced moments due to lateral loads is reduced.

Table 6.1 summarizes the test results of the present study. Comparing the low-gravity uniaxial Test
3 with the high-gravity Test 1, the maximum lateral force decreases from 10.02 kips to 6.62 kips, and the
maximum drift decreases from 4.76% to 1.54%. Likewise, the biaxial tests (Tests 2 and 4) show a

significant decrease in lateral force and drift capacity under the higher gravity load condition.

Figure 6.1 further illustrates the effect of gravity loads by comparing the lateral load versus drift
envelopes. The envelopes of Fig. 6.1 are derived from the measured load-drift relations shown in Fig. 5.2
to 5.5. From Fig. 6.1, it can be observed that strength, stiffness, ductility, and drift capacity are all
significantly reduced in the higher gravity load tests (Tests 1 and 2). The following figure (Fig. 6.2) com-

pares the secant stiffness envelopes. The reduction in stiffness due to higher gravity loads is more
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significant for the biaxial tests (Fig. 6.2 (b)) than for the uniaxial tests (Fig. 6.2 (a)). The effect of gravity
loads on ductility and drift capacity is further discussed in Chapter 7. A related design recommendation is

made in Chapter 8.

6.3 Effects of Biaxial Loading

The results of the present experimental study show that biaxial loading is another important factor
influencing the lateral behavior of reinforced concrete flat-plate connections. Test results tabulated in
Table 6.1 show that the maximum lateral force and drift measured from uniaxial tests are significantly
reduced if biaxial loading is applied. This is evident by comparing the results of Test 2 with its uniaxial

companion, Test 1, or by comparing Test 4 with Test 3.

In the east-west direction, Test 2 experiences a 21% reduction in maximum lateral strength as com-
pared with Test 1. In the north-south direction, the reduction is even greater at 36%. Maximum drifts in
the east-west direction are about the same for Tests 2 and 1 (1.51% and 1.54%), but in the north-south
direction Test 2 reaches a lower drift of 1.04%. Although drifts in the east-west direction were similar for
Tests 1 and 2, the biaxial Test 2 failed after a half cycle whereas Test 1 did not fail until one and a half

cycles (Figs. 5.2 and 5.3)

With lower gravity loading (Tests 3 and 4) the effect of biaxial loading remains significant. In the
east-west direction, the maximum lateral force for Test 4 is reduced by 4% as compared with its uniaxial
companion, Test 3. In the north-south direction the reduction is 21%. Test 3 exhibits very ductile
behavior and reaches a maximum drift of 4.76%. The drift capacities of Test 4 under biaxial loading are
much lower: 3.22% in the east-west direction and 1.54% in the north-south direction. The number of

cycles in the biaxial test is correspondingly less than in the uniaxial test.

Lateral load versus drift envelopes illustrating the effects of biaxial loading are shown in Fig. 6.3.
The effect of biaxial loading is less significant when drifts are low. Figure 6.3 shows that the difference

between biaxial and uniaxial behavior is small when drifts are less than approximately 0.5%.

Lateral secant stiffness envelopes are compared in Fig. 6.4. Stiffness is less affected by biaxial loading

when the gravity load is low (Fig. 6.4 (b) versus Fig. 6.4 (a)). Comparing Test 2 with Test 1, the reduc-
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tion in the secant stiffness due to biaxial loading range from 20% to 30%. Comparing Test 4 with Test 3,

the reduction is between 2% to 10%.

The difference in the level of damage between biaxial and uniaxial loading can be observed from the
crack patterns shown in Figs. 5.32 through 5.35. For the biaxial tests, cracking is more extensive in the
slab-column connection region. Under biaxial loading, the combined actions of shear, moment, and torsion

result in a higher rate of deterioration.

It must be pointed out that the effects of biaxial loading are also dependent on the type of biaxial
load pattern the test specimen experiences. The present study is based entirely on the chosen "clover-leaf"
load pattern depicted in Fig. 4.11. However, within the limitation of the present test data, it is clear that

biaxial loading causes a reduction in strength, stiffness, ductility, and drift capacity.

As a matter of interest, the absolute lateral force versus drift of the biaxial tests (Tests 2 and 4) are
compared with their companion uniaxial tests (Tests 1 and 3) in Fig 6.5. The absolute lateral force, P,,,

and absolute drift displacement, A;,, are defined as

Pabs= V Pe%ﬂ"_Pnzs (61)
Aaba= \Y Ae2w+A35 (62)

where the subscripts "ew" and "ns" denote the east-west and north-south directions.

A close comparison exists between the absolute biaxial envelopes and their uniaxial companions when
the lateral force is less than approximately 80% of the maximum value (Fig. 6.5). Since the slab reinforce-
ment layout of the test specimens is .nominally identical in both direction, Fig. 6.5 provides evidence that
the behavior of reinforced concrete flat slabs is not highly dependent on direction or orientation when the

applied load is low.

8.4 Repeated Load Cycles

The lateral load history adopted in the tests follows a general pattern of load cycles at one deforma-
tion level, followed by cycles at double the deformation level, then followed by repeated cycles at the origi-
nal deformation level (Section 4.4.1 (b) and Fig. 4.11). The repeated cycles provide information on low-

amplitude responses following high amplitudes.
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The original and repeated 0.8% drift cycles of Test 3 are compared in Fig. 6.6 (a). The same infor-
mation is shown in Fig. 6.6 (b} for Test 4, a biaxial test. Prior to repeating the 0.8% drift cycles, the test
specimens underwent drift cycles of 1.6% (Fig. 4.11) which are are not shown in Fig. 6.6. Both figures
display evidence that reinforced concrete ﬁ;dt-plate connections experience a significant degree of stiffness
degradation after large displacement cycles. The repeated 0.8% cycles possesses approximately half the

stiffness of the original cycles. Ratios of original to repeated cycle secant stiffnesses (secant to peak of first

cycle) are plotted for Tests 1 to 4 in Fig. 6.7.

The high degree of stiffness degradation has importance consequences for the performance of flat
plates under seismic loading, particularly if the ground acceleration record includes strong shaking followed
by less intense shaking. During an intense seismic event, reinforced concrete buildings can be expected to
experience maximum drifts as large as 1.5% [29]. After experiencing drifts of this magnitude, Figs. 6.6 and
6.7 demonstrate that a sharp decrease in lateral stiffness would occur, adversely affecting the flat plate’s
performance under additional seismic excitation. Similar degradation of stiffness has been observed for

other forms of reinforced concrete construction [26].

Figure 6.6 (b) also shows the effect of biaxial loading on the hysteretic behavior of slab-column con-
nections. Lateral loads applied from one direction reduces the stiffness and strength of the orthogonal
direction. Sharp drops in strength occur in the east-west direction when lateral load is applied from the
north-south direction. For the original 0.8% drift cycles, the drop in peak strength range from 25% to
30%. A higher rate of deterioration due to biaxial loading is also evident by comparing the biaxial cycles

shown in Fig. 6.6 (b) with its uniaxial companion (Fig. 6.6 (a)).

6.5 Post-Failure Behavior

After punching failure of the slab-column connections, lateral and vertical loading were continued to
assess post-failure behavior. Although the lateral strength and stiffness capacity left over in the connection
were very low, additional vertical loads could still be applied. It is concluded that bottom continuous rein-
forcement placed over the column (Section 3.4.1) was effective in holding up the slab. The top slab rein-
forcement probably also contributed to the residual load capacity of the slab-column connection. However,

based on observations of the level of damage on the slab top surface and the high degree of bond
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deterioration, top reinforcement should not be relied on to carry vertical loads.

Figure 5.8 shows that the slab-column connection was capable of sustaining vertical loads exceeding
the factored design dead and live loads even after punching shear failure. This is particularly important
for seismic design where the magnitudes of lateral loads maybe high and unpredictable. In order to
prevent progressive collapse, continuous bottom reinforcement should be place over the columns for all

reinforced concrete flat plate buildings.

6.8 Repaired Specimen Behavior

The ability of a repaired flat-plate structure to perform adequately under gravity and lateral loads is
of great concern in terms of structural safety and the economic feasibility of repair. The present study
includes Test 5 which is a test of the repaired specimen of Test 4. Section 3.7 describes how the repair was

carried out.

The effectiveness of the repair can be evaluated by comparing Test 5 with the original Test 4 (Figs.
6.8 and 6.9). These figures and the maximum lateral forces tabulated in Table 6.1 show that the repaired
specimen exhibits a drastic reduction in strength and stiffness. The level of lateral load and stiffness of the
repaired specimen is reduced by more than one half compared with the original specimen. However, the
maximum deformation capacity of the repaired specimen is approximately the same as the original speci-

men (Table 6.1).

The ability of the repaired specimen to retain its original drift capacity is a favorable characteristic of
flat plate structures. The results of Test 5 suggests that a repaired flat-plate connection would be able to
sustain without premature failure the levels of drifts that could occur under intense seismic loading. How-
ever, to make up for the loss of the original stiffness and strength, it would be necessary to stiffen and

strengthen the flat-plate structure by adding shear walls or bracings.

Figure 6.8 also shows that the repaired specimen possesses different strengths in each direction. This
may be due to the unequal levels of damage and yielding that occurred in the original slab specimen or due
to inconsistent quality of workmanship during repair. The different strengths underscore the uncertainty

involved in the behavior of a repaired connection and the necessity of providing bracings or shear walls to
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strengthen the damaged structure. Further study of repair and retrofit is recommended to substantiate

these conclusions.

8.7 Slab Moments due to Gravity Loads

Gravity moments greatly influence the moment transfer capacity of flat-plate connections [3]. Thus
it is important to accurately determine the magnitude of gravity moments around the slab-column connec-
tion. The present study adopts a method that estimates the gravity moment distribution across the slab
width based on the reinforcement strain profile. This method is similar to one used in past research [3] and
is illustrated in Figs. 6.10 to 6.12 for Test 1. The measured top reinforcement strain profile under gravity
load is shown in Fig. 6.10. Using the moment-strain relations of various slab sections across the test speci-
men (i.e. Fig. 6.11), this reinforcement strain profile is converted to a slab moment profile (Fig. 6.12 (a)).
The moment-strain relation shown in Fig. 6.11 is derived analytically using a moment-curvature program
that also accounts for the nonlinear material properties of steel and concrete [17]. A number of moment
strain curves are derived to include all the different reinforcement arrangements across the slab {i.e. top
reinforcement spacings of 3 in., 4.5 in., and 9 in.). By taking strain readings across the reinforcement
strain profile (Fig. 6.10) and then reading off the slab moment from the appropriate moment-strain curve
(i.e. Fig. 6.11), a point on the slab moment profile is obtained (Fig. 6.12 (a)). A check of the total gravity
moment is performed by computing the area under the slab moment profile and comparing it with the
gravity moment obtained by statics (summing the moments due to the self weight of the slab, lead blocks,
and transducer strut reaction (Section 4.2.1)). The statical moments are 5.6% to 18.7% greater than the

computed moments.

Figure 6.12 also compares the experimentally dérived slab moment profiles with the results of elastic
finite element analysis using 4-node shell elements (SAP80 [34]). The discrepancy that exists between these
two profiles is attributed to the inelastic behavior of the slab specimen and, in particular, the effect of rein-
forcement that the elastic finite element solution does not take into consideration. The experimental results
of Fig. 6.12 show that gravity moment is concentrated over the central region of the slab where the top
reinforcement is more closely spaced (Fig. 3.3). A sharp drop in slab moment occurs at approximately 18

in. from the center of the column, the point where the top reinforcement spacing increases to 9 in. A 9-in.
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spacing is equivalent to a very low reinforcement ratio, less than 200/p, and as a result, slab moments near
the edge of the slab are redistributed towards the center where higher flexural capacity and stiffness proper-

ties exist.

The difference between the elastic and experimental results (Fig. 6.12) indicates that the gravity load
finite element simulation significantly underestimates slab moments at the slab-column connection region.
For Tests 1 and 2, the actual gravity moments on the critical section are on average 37% greater than
those predicted by finite element analysis (Fig. 6.12 (a)). For low gravity tests, Tests 3 and 4, the

difference is less, averaging 14% greater than the elastic solution (Fig. 6.12 (b)).

Gravity: moment profiles of the prototype and Test 1 are compared in Fig. 6.12 (c). Near the critical
section, a close comparison exists between the scaled prototype and specimen moments that are both based
on finite element analyses. Although the gravity moments derived experimentally are significantly larger
than the prototype moments, this does not indicate an error in the gravity load simulation. As discussed
previously, the larger experimental moment is attributed to concentration of reinforcement near the

column. Similar moment concentration would be expected for the prototype.

Average gravity moment to shear ratios (M. / V) are computed at the face of the slab-column criti-
cal section. Based on the elastic finite element analyses: M, /V,, = 10.8 in. for the sgaled prototype struc-
ture; My, /V,, = 9.5 in. for Tests 1 and 2; and M, /V,, = 10.4 in. for Tests 3 and 4. Using the experi-
mental gravity moments (Fig. 6.12) and measured shears : M ;. /V' ;. = 13.2 in. for Test 1, 13.4 in. for

Test 2; and M' . /V' ;. = 11.8 in. for Test 3, 11.7 in. for Test 4.

8.8 Lateral Stiffness

In the design of flat plate buildings, not only is adequate strength required, but sufficient lateral
stiffness must be provided to produce a serviceable structure. An estimation of initial stiffness is typically
required under working load conditions such as wind loads. Two elastic methods, the effective beam width
model and the equivalent frame model, are presented and their results are compared with the experimental
tests. The present study offers a unique opportunity for comparing these analytical methods against a

more realistic basis that includes biaxial effects and extreme conditions of gravity loading.



38

Other stiffness models such as the beam analogy model have been proposed to take into consideration
the full nonlinear behavior of slab-column connection [3]. Although these methods can provide excellent
predictions of strength-stiffness behavior, they usually involve using complex iterative techniques that are

not suitable for design applications. The beam analogy model proposed by Hawkins [3] is discussed in Sec-

tion 6.9.2.

6.8.1 Effective Beam Width Model

In the effective or equivalent beam width model, slabs are replaced by beams spanning in the direc-
tion of lateral loading [33]. The depth of the beam is equal to the slab thickness, h, and the width of the
beam is equal to the product of an effective beam coefficient and the transverse slab dimension, [, (Fig. 6.13

(2)). The moment of inertia of the effective beam, I,;, is thus defined as

1;h3
le,,=—i2— X Effective Width Coef ficient (6.3)
Using the column gross moment of inertia, an elastic direct stiffness program (SAP80 [34]) is used to
analyze the effective beam width model of Fig. 6.13 (a). The results of the analyses performed with several

effective width coeflicients are shown in Fig. 6.14.

For the present test specimen geometry (l,=l;, ¢4/1,=0.075), theoretical effective beam width
coefficients for Eq. (6.3) have been determined by past researchers to be approximately 0.65 using Levy,
finite difference, and finite element methods [33]. Figure 6.14 shows that 0.65 is an upper bound solution
for the initial lateral stiffness of the test specimens. The theoretical methods ignore inelastic :behavior such

as cracking and bond slip.

A more representative effective beam width coefficient is dependent on the choice of an acceptable
drift under working load conditions (Fig. 6.14 (b)). There is currently no consensus on what constitutes an
acceptable drift criterion nor whether a criterion should be based on static or dynamic behavior. The static
criterion of 1/ SOC (0.2%) of the structure’s height is used in the present study since this value is most often

quoted as a limit for wind design in the literature.

Using the 0.2% drift criterion in Fig. 6.14 (b) results in an effective width coefficient of 0.20 that best

models the experimental results. At 0.2% drift, the 0.20 width coefficient produces a line that averages the
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two secant stiffnesses of the biaxial tests (Test 2 and Test 4). Uniaxial tests (Tests 1 and 3) are not con-
sidered when determining the best effective width coefficient since they do not simulate actual conditions in
a building that experiences wind loads from many different directions. An average is taken because the
actual live load on the flat slab building is unlikely to be zero or near the full design live load but rather in
between the extremes. Test 2 (high gravity), with almost the full live load, can be considered to provide a
lower bound on stiffness; Test 4 (low gravity), with almost no live load, provides an upper bound condi-
tion. A 0.2 effective width coefficient can be considered equivalent to the theoretical coefficient (0.65)

modified by a stiffness reduction factor of 0.31.

6.8.2 Equivalent Frame Model

The equivalent frame model or lateral torsional member model was calibrated using the results of
comprehensive studies of reinforced concrete floor slabs and has been adopted by the ACI code since 1971
[7]. The model was originally developed from flat slab structures with typical configurations and gravity
loads only. The validity of extending the equivalent frame model into lateral load analysis is presently

uncertain.

The equivalent frame model is comparable to the effective beam width model in representing a three-
dimensional slab system by an elastic two dimensional frame (Fig. 6.13 (b)). It has been devised to provide
a better representation of the slab system through the strategy of defining flexural stiffnesses that reflect

the torsional rotations possible in the three-dimensional slab system.

The equivalent frame model uses an effective slab moment of inertia, I;;, equal to the gross moment
of inertia of the full slab width (/2); Vanderbilt and Corley [33] have recommended that the value of I,;,
be modified by the coefficient 8 to account for cracking and inelastic behavior. In the joint region, the
inertia of the slab is magnified by dividing I;; by the quantity (1—cy/l5)* [7].

A lateral torsional member is considered in the equivalent frame model to account for the torsional
flexibility of the slab-to-column connection. The lateral torsional member of the test specimen is formed
by a slab strip of one column width that extends from the column face to the side of the slab [7]. Stiffness,

K, of the torsional members is calculated by the following expression [7]:
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9E,, C,
K= co ¢ (6.4)
lbmzi
2 A
where E,, is the modulus of elasticity of the slab concrete. The constant C; in Eq. (6.4) is the torsional

constant and for the rectangular slab is approximated as follows (7],

C,= [1-0.63—

Co

(6.5)

h ]h302

The torsional member need not be directly included in the equivalent frame model (Fig. 6.13 (b)). Its
torsional stiffness, K, is combined with the stiffness of the column, K, to form an equivalent column
stiffness, K,.. The flexibility of the equivalent column is taken as the sum of the flexibility of the columns

and the flexibility of the torsion members. Thus K., is defined as [7]:

YK,
K,=—C (6.6)
1+E&

K,

Knowing the equivalent stiffnesses of the column and slab, the equivalent frame model can be
analyzed using any acceptable method of elastic structural analysis such as moment distribution or the
direct stiffness method. For the present study, a direct stiffness program (SAP80[34]) was used to analyze
the model. The results of the equivalent frame analyses using various values of 8 are shown in Fig. 6.15.
Applying the same 0.2% drift and modelling criteria discussed in the previous section, a 8 coefficient of
0.33 gives the best stiffness model for the experimental results (Fig. 6.15 (b)). $=0.33 has also been recom-
mended in previous studies (i.e. Vanderbilt and Corley [33]). This stiffness reduction is similar to that

required for the effective beam width model (0.31).

The present study has shown that both the equivalent frame and effective beam width models can
provide good estimates of lateral stiffness. For both models, the choice of an appropriate stiffness reduction
factor is most essential for accurate modelling of stiffness. The main difference between the two models is
the inclusion of a lateral torsional element in the equivalent frame model. The equivalent frame model has
an advantage in being applicable for gravity load analysis (§=1.0), but the effective beam width model is a
simpler model that can be readily applied in structural analysis programs commonly used in design prac-

tice.
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8.9 Ultimate Strength

When substantial lateral forces dues to wind or earthquakes are expected, it is important to accu-
rately predict the ultimate shear and unbalanced moment transfer capacities of slab-column connections.
This section compares with the experimental results three methods of ultimate strength prediction: the

linear stress variation model, the beam analogy by Hawkins, and the Park and Islam model.

8.9.1 Linear Stress Variation Model

Specified by ACI 318-83 [7], the linear stress variation model assumes that shear stresses, v,, on a
critical perimeter vary linearly with distance from the centroidal axis of the perimeter and are induced by
the shear for;e and part of the unbalanced bending moment (Fig. 6.16). The remainder of the unbalanced
bending moment is carried by flexure in the slab. The method is semi-empirical and the critical perimeter

is assumed at a distance d/2 away from the face of the column. The maximum shear stress, v,,,,, is calcu-

lated by Eq. (6.7):

where
V, = the gravity shear force on the connection,
A, = area of critical section = 2d(¢;+co+2d),
v, = the fraction of transfer moment that is considered transferred by eccentricity of shear
= 0.4 for a square column [7],
M,; = the transfer moment,
¢, = the distance from the centroid of the critical perimeter to the critical section == (¢;+d)/2,
J. == property of the critical section analogous to the polar moment of inertia given as
g d(c1+d)3+ (c1+d)d‘°’+ d(cotd)(ci+d) (63)

6 6 2

For the biaxial tests (Tests 2, 4, and 5), an additional (v,M';¢c./J.) term is added to Eq. (6.7) to

account for moment transfer in two directions (Fig. 6.16 (b)).
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According to ACI 318-83, vy, is limited to 4\/f", psi (0.33\/]T MPa). This limit is conservative
compared with the experimental results of Tests 1 to 4 (Fig. 6.17). Maximum shear stresses are computed
to be higher for the biaxial tests (Tests 2 and 4) compared with their uniaxial companions (Tests 1 and 3).
The model predicts higher maximum shear stresses when the gravity load is reduced (Tests 3 and 4 versus

Tests 1 and 2). The repaired specimen (Test 5) fails below the ACI limit.

The linear stress variation model is a simble elastic model that wa.s originally de;/eloped,. from uniax-
ial test results. Thé actual distribution of ﬂexu;;él,‘ torsional, and shear stresses arouﬁd the column is coﬁi—
plex. After cracking of th¢ concrete an(i inelasticbdeformations have commenced, stress redistribution of
internal actions will occur [1]. It is likely thé.f,.t,he effect of stress redistribution is more significant under
biaxial loadiﬁg. |

Alternatively, a shear-moment interaction relationship can be derived from Eq. (6.7) to assess the
ultimate strength of slab-column connections. In Fig. 6.18, the ordinate (V,/V,) is the ratio of the gravity
shear force to the shear strength from Eq. (6.7) when M,=0. The abscissa (v, M, /7, M,) is the ratio of
unbalanced bending moment transferred to column by shear to the moment strength from Eq. (6.7) when
V,=0. Three points are plotted for each biaxial test (Tests 2, 4, and 5): (1) EW+NS, considers the com-
bined moment transfer in the east-west and north-south direction; (2) EW only, considers moment transfer
in the east-west direction only; and (3) NS only, considers moment transfer in the north-south direction
only. Even though the effect of biaxial loading was not included in the original development of the ACI
limit, it remains conservative for all three points of each biaxial tests (Fig. 6.18). Only the rgpair specimen

(Test 5) falls below the ACI limit.

Overall, the linear stress variation model provides the designer with a simple and conservative
method of estimating the sti‘ength of reinforcement concrete flat plate connections. The present study 'has‘“

shown evidence that the method can be conservatively applied for biaxial cases.

6.9.2 Beam Analogy Model by Hawkins

In the beam analogy model, the slab is attached to the column by short beams that frame into éach '

column face (Fig. 6.19). The flexural elements in the front and back of the column have a width equal to
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¢, and length equal to h. The tofsional elements at the sides of the columns have a width equal to ¢, and
a length equal to 1.5h. Each short element is assigned trilinear stiffness and hysteretic characteristics based
on accepted reinforced concrete theory and experimental data [3]. Bond slip is included in the model as
shown in Fig. 6.19. The bond slip stiffness is based on experimental data and is a function of the bar
diameter and concrete strength. The connecting bar between the flexural and torsional elements is rigid
except for a portion (h-d/2) in length located at the corners. The properties of the corners are related to
the cracked stiffnesses of the flexural and torsional elements and were calibrated from experimental analysis
[3]. A torsion and shear interaction relationship similar to the ACI relationships is included in the beam
analogy model. The cracked torsional stiffness is multiplied by (h/(h-0.27¢,)) or 2.0, whichever is less, to

account for the stiffening effect of the surrounding slab.

After the strength-deformation characteristics of each connection element are defined, a combined
stiffness matrix of the slab-column is formed in accordance with the equations of equilibrium and compati-
bility. Lateral load is applied incrementally and the load deformation equations are solved by iteration.
Stiffness and strength of all the elements are monitored for their cracking, yielding, or ultimate conditions.
Hawkins has developed a computer algorithm to implement the beam analogy model. In typical cases, the

algorithm is stable and converges rapidly.

For interior connections, the beam analogy model predicts seven stages of behavipr (i.e. torsional
cracking 6r back flexural cracking, front or back flexural yielding, etc.). Various rules are included in the
model to govern the redistribution of shear stresses between flexural and torsional elements. Failure is
assumed when at least three elements framing into the column have reached their collapse condition.
Three basic modes of failure are assumed: (1) flexural crushing, (2) torsional crushing, and (3) shear punch-
ing.

Since the application of the complete beam analogy method is a relatively complicated and exhaus-
tive process, beyond the scope of the present study, the simplified version of the model proposed by Haw-
kins [3] is adopted here. The simplified version is based on the same formulation of the complete beam

analogy model but does not use an incremental procedure. It assumes a trilinear curve for the slab-column

load-displacement relationship. The first break in the curve corresponds to full yielding of the flexural ele-
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ments and cracking of the torsional elements. The second break corresponds to crushing of the flexural and
torsional elements. Drifts are predicted based on the analytical flexural and torsional stiffnesses of the ele-
ments and includes bond slip. Figure 6.20 compares the results of the simplified beam analogy model with
the experimental results of Tests 1 to 4. The model closely follows the experimental load-displacement

relationship. The present form of the beam analogy method can not consider the effects of biaxial loading.

68.9.3 Park and Islam Model

Park and Islam developed a more easily applied beam analogy model. Their purpose was to provide
a model more suitable for design [25]. The general theory of their model contains a number of simplifying
assumptions but is conceptually similar to the beam analogy model by Hawkins (Fig. 6.19). They assume
that there is sufficient ductility in the connection to enable the full flexural and torsional strengths of the
connection to develop. The Park and Islam Model gives the unbalanced bending moment strength of the

slab-column connection as
M‘l =(ml +ml .)(62+d)+[4 Vv f’ c(c2+d)d_0‘25 Vq](cl+d) (69)

1/2
E 2 A\ f! — Ji_l

where m, and m', are the ultimate negative and positive flexural capacity of the slab per unit width
according to standard flexural theory. The model does not predict displacements nor considers the effects

of biaxial loading.

The Park and Islam model gives conservative estimates of the ultimate moment transfer capacities as
compared with the experimental results of Tests 1 to 4 (Fig. 6.21). The maximum lateral load of Test 1 is
53% greater than the value predicted by the model, Test 3 is 49% greater. These values are consistent
with the study made by Park and Islam in which the model very conservatively predicted the results of 19

slab-column tests [25].

Compared with the linear stress variation model, the beam analogy models of Hawkins and Park and
Islam appear to be more rational approaches to the problem by considering the individual ultimate flexural
and torsional capacities of the slab-column connection. The Park and Islam model is generally conserva-

tive and involves solving only one equation (Eq. (6.9)). The beam analogy method proposed by Hawkins is
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more complicated but can serve as a valuable research tool. The simplified version provides a good predic-
tion of behavior. In estimating ultimate strength, the main difference between Hawkins and the Park and
Islam model lie in the calculation of torsional strength. Park and Islam adopts a simpler elastic theory
that assumes a maximum torsional stress of concrete at 4.8\/f', psi. Hawkins uses a more accurate

method and considers the slab reinforcement explicitly.
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7. DUCTILITY AND DRIFT CAPACITY
7.1 Introduction

In design of buildings to resist earthquake ground motions, the prevailing ductile design philosophy
typically requires that elements of the structural system be capable of deforming into the inelastic range.
This requirement often, but not always, extends to elements that are not considered in design as part of the
lateral load resisting system. For example, a common form of construction in seismic zones in the United
States combines flat-plate frames, to carry gravity loads, with shear walls, to resist the earthquake loads.
It is unclear in this form of construction whether the flat-plate connection will possess sufficient lateral dis-
placement capacity to survive the lateral deformations that can reasonably be expected during a strong

earthquake.

The objective of this chapter is to examine the available data, and therefrom develop an understand-
ing of the major parameters that influence the lateral displacement capacity and ductility of reinforced con-
crete flat plates. The significant effects of gravity load and biaxial lateral loading are reiterated. Implica-

tions of the findings with regard to seismic design and performance are discussed in Chapter 9.

7.2 Review of Experimental Observations

Together with the tests results presented in Chapter 5, experimental data from several research inves-
tigations reported in the literature were gathered for this study (Table 7.1). Included are data from Haw-
kins et. al. [13], Morrison and Sozen [22], Ghali et. al. [10], Islam and Park [16], Hanson and Hanson [11],
Zee and Moehle [35], and Symonds, et. al.[30]. Prerequisites for selection of these data were: (1) specimens
represented interior connections, (2) specimens contained no slab shear reinforcement, and (3) specimens
were loaded to simulate effects of shears and moments due to vertical and lateral loads. Some of the speci-
mens [Spec. No. 1-15, 19-21] were subjected to reversed cyclic lateral loads simulating severe seismic load-

ing. Others [Spec. No. 16-18, 22-23] were subjected to effectively monotonic lateral loading.

Relevant data of these experiments are tabulated in Table 7.1. Brief descriptions of the specimens,
test procedures, and principal results follow. More detailed information can be found in the original

papers.



7.2.1 Tests Description

All of the test specimens reported herein were similar in that a single interior connection sub-
assemblage was isolated from an idealized structure and loads were applied to simulate lateral load effects
(Fig. 7.1). The column in each test specimen extended above and below the slab to "pinned” connections
located at a point equivalent to the column mid-height of an idealized building. In the direction parallel to
lateral loading, the slab extended on either side to a point equivalent to midspan of the prototype slab,
except for Specimens No. 5-10 which extended 0.3 times the slab span. In the transverse direction, the

total slab width ranged between half the longitudinal span and the full longitudinal span.

Slab gravity loads were simulated in some of the tests [Spec. No. 1-2, 5-10, 14-15, 19-21]. The pro-
cedure of adding these vertical loads varied; in some cases subsidiary weights were placed on the slab sur-

face [Spec. No. 1-2, 14-15, 10-21], and in other cases vertical actuators applied the load [Spec. No. 5-10].

In some of the tests [Spec. No. 1-4, 11-19] lateral load effects were simulated by attaching the slab
edge to "roller” supports and then loading laterally at the top of the column (Fig. 7.1 (a)). In the other
tests lateral load effects were simulated by actuators that applied equal and opposite vertical loads to the
ends of the slab while the columns were restrained against lateral displacement (Fig. 7.1 (b)). There is no
general agreement as to which of these two testing techniques is more representative of actual conditions.

Both probably represent situations to which a redundant, nonlinear building system is exposed.

All tests reported previously in the literature have considered only uniaxial lateral loadings. Only the

test results of the present study [Spec. No. 1-4] considered both uniaxial and biaxial lateral loadings.

7.2.2 Lateral Load-Displacement Relations

For those specimens that were tested by laterally displacing the upper column [Spec. No. 1-4, 11-19],
the lateral load-displacement relation is self-evident from measured lateral loads and displacements at the
top of the upper column. For the specimens that were loaded by vertically displacing the slab ends [Spec.
No. 5-10, 20-23], the lateral load (reaction at the upper column) was resolved by statics. Lateral displace-

ment of the specimen, Dh, was taken as

Dh=Du(hc/ll) (7‘1)
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in which D, = difference of the vertical displacements at opposite ends of the slab at the point of vertical
load application, k, = total column height, and !/, = total span of the slab in the direction of lateral load-
ing (Fig. 7.1). For Specimens No. 5-10, effective lateral displacements, D;, obtained by Eq. (7.1) were
further multiplied by a factor 1/0.6 because, as described in references [13] and [30], the slab span of the

specimen represents approximately 0.6 times the total span of the slab in the prototype.

Measured lateral load-displacement relations from three of the specimens that were subjected to
reversed cyclic lateral loads are plotted in Fig. 7.2. These relations display the broad range of behaviors
observed for the connections included in Table 7.1. The data in Fig. 7.2 (a) reveal a relatively stable hys-
teretic response to lateral drifts well beyond the range of practical interest in building design. The data in
Fig. 7.2 (b) also reveal a stable hysteretic respoﬁse, but to significantly less drift than obtained for the
specimen in Fig. 7.2 (a). Failure occurred in a relatively sudden punching shear mode after the slab rein-
forcement near the column had yielded. Lateral drift at failure in this case can be reasonably expected for
a multistory building subjected to a intense earthquake motion [24]. Unless measures are taken to control
lateral drift, this connection may not be suitable in a building designed to resist strong earthquakes. Fig-
ure 7.2 (c) presents a response history that is even further curtailed by punching shear failure. The low
level of lateral drift, and complete lack of apparent ductility, make this type of specimen clearly unsuitable

for almost all types of buildings subject to severe earthquake loading.

It is useful to qualitatively classify responses of the specimens in Table 7.1 according to the response
types depicted in Fig. 7.2. Column 8 of Table 7.2 lists the assigned classification, either A, B, or C, signi-

fying behavior similar to that plotted in Fig. 7.2 (a), 7.2 (b), or 7.2 (c), respectively.

Two measures are used in this study to quantify the lateral deformation capacities of the specimens.
The first measure is the maximum drift which is defined as the lateral drift at failure, D,, as a percent of

specimen height, k.. Lateral drift at failure is tabulated for each specimen in column 6 of Table 7.2.

The second measure of deformation capacity is the lateral displacement ductility at failure, p.
Lateral displacement ductility cannot be uniquely defined for slab-column connections because the force-
displacement relation has no distinct yield point (because yield spreads gradually across the slab transverse

width [13]). To overcome the uncertainty in defining the yield displacement, an arbitrary procedure was
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applied. The procedure, illustrated in Fig. 7.3, was to first construct the envelope relation between lateral
displacement and lateral load. The envelope relation was then idealized by an elasto-plastic relation (Fig.
7.3). The initial slope of the idealized relation is a secant through the measured relation at a load equal to
two-thirds of the measured strength. The plastic portion of the idealized relation passes through the max-
imum load and the maximum deformation at failure. The intersection between these two lines defines an
effective yield displacement. Displacement ductility is then calculated as the ratio between the ultimate dis-
placement and yield displacement (u=D,/D,) of the idealized relation (Fig. 7.3). The computed lateral

displacement ductilities {z) for the test specimens are listed in column 5 of Table 7.2.

7.3 The Effect of Gravity Load on Lateral Displacement Ductility

As pointed out in Section 6.2, the level of gravity load carried by the slab is a primary variable
affecting the apparent lateral ductility. This phenomenon has also been identified in earlier tests by Kanoh
and Yoshizaki [19]. The same trend is apparent in the relations plotted in Fig. 7.2. In that figure, lateral
displacement ductility decreases from Fig. 7.2 (a) to 7.2 (c), as gravity load carried by the slab increases

(column 7, Table 7.2).

In order to generalize the conclusion that gravity load affects lateral displacement capacity of the con-
nection, lateral displacement ductility, # (column 5, Table 7.2), was plotted versus the normalized gravity
shear ratio, V,/V, (column 7, Table 7.2}, for each connection. The value V, is the vertical shear acting at
failure on the slab critical section defined at a distance d/2 from the column face, in which d = the aver-
age slab effective depth. The quantity V, is the theoretical punching shear strength in the absence of
moment transfer, as given for these connections by Eq. (7.2) [1],

V,=4\/f".b,d (7.2)
in which V, is in pounds, f', = concrete compressive strength in psi, and b, = perimeter length of the

slab critical section (b, and d have in. units.)

The relation between lateral displacement ductility, #, and the gravity shear ratio, V,/V, is plotted
in Fig. 7.4. Clearly, for values of V,/V, exceeding approximately 0.4 there is virtually no lateral displace-
ment ductility (u=1), that is, the connection fails by punching before any yield in the load-displacement

relation is detected. As gravity shear decreases, there is an increase in the available ductility.
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The effect of gravity shear on lateral drift at failure is presented in Fig. 7.5. As in Fig. 7.4, there is a

reduction in available drift with increasing gravity shear ratio.

The observation that lateral deformation capacity and gravity shear are related is not surprising and
has been identified previously [13,19]. According to the ACI Building Code [7], shear strength for square
interior columns is defined by Eq. (7.2). This limiting shear strength has been established from test of
slab-column connections for which shear failure occurred before widespread yielding of the slab reinforce-
ment {14]. The condition for which this limiting shear stress is defined is consistent with the philosophy of
the main body of the ACI Building Code, namely, that design loads are set sufficiently high and inelastic
redistribution is sufficiently limited that significant yield at connections will not occur. Under this loading
condition, the surrounding slab confines the connection region. This confinement is believed to be the rea-
son why observed nominal shear stresses at failure are larger for slab-column connections than for linear
elements such as beams [1]. Some researchers [14] have hypothesized that the confining effect of the slab is
diminished when widespread yield of the slab reinforcement occurs in the connection region. Experimental
data in support of this hypothesis have been presented previously [14] for connections loaded solely by

vertical loads. The data for lateral load tests presented in Fig. 7.4 augment these vertical load data.

The ACI linear stress variation model (Section 6.9.1) provides a simplified explanation of the reduc-
tion in deformation capacity due to higher gravity loads. Shear stresses at the slab-column connection are
induced by two sources: (1) gravity loads, and (2) lateral loads. Gravity loads induce shear stresses directly
on the connection. Lateral loads produce a moment transfer that is resisted by flexure and gccentric shear
at the connection. Therefore, with higher gravity loads, less shear capacity is left over in the connection to
resist the eccentric shear produced by lateral loading. Consequently, failure in the connection occurs at a

lower deformation level.

7.4 The Effect of Biaxial Lateral Loading on Lateral Displacement Ductility

During wind or earthquake loading, the slab-column connection resists lateral loads acting in multiple
directions. As pointed out in Section 6.3, biaxially loaded specimens (Specimen No. 2 and 4) failed at an
earlier stage of testing in comparison with their companion uniaxially-loaded specimens (Specimen No. 1

and 3). Both stiffness and strength were less for the biaxially-loaded specimens than for the equivalent
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uniaxially-loaded specimens. The reduction in drift capacity due to biaxial loading can be seen in Fig. 7.5.

The effect of biaxial loading is less significant when gravity loads are high.

The lower resistance and toughness of the biaxially loaded specimens is explained as follows. Under
uniaxial loading, resistance is attributable to torsion on faces AB and CD and shear and moment on faces
BC and DA [13] (Fig. 7.6). If a uniaxially-loaded connection is subsequently loaded in the transverse direc-
tion, faces AB and CD (which had previously been loaded in torsion) begin to develop flexure and shear,
while faces BC and DA (which had previously been loaded in moment and shear) begin to develop torsion.
The interaction between flexure, shear and torsion [26] are such that the net connection resistance in any
given direction is less under biaxial loading than under uniaxial ioading. Similarly, more rapid degradation

of the concrete occurs under biaxial loading.

Based on the observations of the present experimental study, it is concluded that biaxial lateral load-
ing, as might occur during an earthquake or wind loading, reduces the available strength, stiffness, and
overall lateral displacement capacity of slab-column connections. Thus, since most of the data included in
Figs. 7.4 and 7.5 were obtained from uniaxial tests, conclusions drawn therefrom may be on the unconser-

vative side if biaxial loading occurs.

7.5 Effects of Other Parameters on Drift Capacity

Other parameters such as the level of reinforcement in the slab and the slab-column geometry (c/l,
h/1) are also likely to have some influence on drift capacity. However, no significant trends are apparent
from Fig. 7.7. There are a number of probable reasons why the effects of reinforcement and geometry are
not readily apparent. Together with gravity load, these and other parameters are complexly inter-related.
A mutivariate analysis with a larger sample of test data would be required for a trend to become observ-
able. Furthermore, the present data are based on a variety of tests with different types of boundary and

lateral loading conditions that are likely to distort the influence of these sensitive parameters.

7.6 Ductility, Drift, and Seismic Performance

The data in Figs. 7.4 and 7.5 indicate that the available lateral displacement ductility of reinforce-

ment concrete flat-plate connections without shear reinforcement is low by comparison with values often
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considered marginally acceptable in seismic design [26]. However, the existence of low ductility does not de
facto equate with poor performance during a strong earthquake loading. For typical slab-column connec-
tions, relatively high flexibility may protect the connection from large displacement ductility demands. For
example, Fig. 7.8 presents idealized load-displacement envelopeé of a typical slab-column connection [35]
and a slender shear wall [15] that might be used to stiffen a flat-plate building. If the wall is sufficiently
stiff to restrain lateral interstory drifts to approximately 1.5 percent of story height (a value occasionally
quoted as a reasonable upper bound for severe seismic loading [29]), the required displacement ductility of
the wall will be approximately six. The required displacement ductility of the slab-column connection will
be less than two. It is recommended that interstory drift be used to assess the seismic performance of rein-
forced concrete flat-plate connections. It has the advantages of providing an absolute index of performance

and is relatively simple to calculate.
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8. Studies of the Seismic Response of Reinforced

Concrete Buildings with Flat Slab Construction

8.1 Introduction

A common form of construction in seismic zones combines a flat slab floor system with shear walls or
ductile moment resistant frames. For example, Fig. 8.1 shows a typical multistory flat slab building com-
bined with core walls being built in a seismic active region in California. It is uncertain whether the flat
slab, in particular its connection, possesses sufficient lateral displacement capacity to survive the lateral

deformations that can be reasonably expected during a strong earthquake.

This chépter presents nonlinear dynamic analysis results of typical building systems with flat slab
construction. Drift is used as a criterion to evaluate the performance of the flat slab under seismic condi-

tions. A design recommendation that limits gravity shear stresses on the connection is proposed.

8.2 Description of Buildings

The present study includes three buildings located in a moderate seismic area (UBC Zone No. 2 [32])
and two buildings located in a severe seismic area (UBC Zone No. 4). Typical plans and elevations are
shown in Fig. 8.2. The configuration of these generic buildings is similar except for the type of lateral load
resisting system used: frame, shear wall, or flat plate. The buildings are ten story high with equal story
heights of 10 ft. Three 20-ft bays span each direction. All floors have a slab thickness of 8 in. and the
foundation is assumed to be supported on stiff soil. To simplify the design and analysis, columns, beams,

and walls keep the same dimensions throughout each building.

8.2.1 Buildings in UBC Zone No. 2

The flat plate system has square columns with dimensions of 24 in. (Fig. 8.2 (a)). The frame system
has exterior beams with a width of 16 in. and a depth of 20 in. Columns are square with dimensions of 20
in. The walls of the shear wall system have a thickness of 8 in. and a length of 14 ft. Columns are 18 in.

square.
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8.2.2 Buildings in UBC Zone No. 4

For the frame system, columns have square dimensions of 24 in. Beams have a width of 18 in. and a
depth of 24 in. (Fig. 8.2 (b)). Ductile moment resisting frames are located at the exterior of the building.
In the shear wall system, 10-in. thick walls, 18 ft in length, are located at the middle bays of the exterior

frames. All columns are square with dimensions of 18 in.

8.3 Design

The design of the buildings follows the provisions of the 1985 Uniform Building Code [32]. All floors
are designed for a live load of 50 psf and a superimposed dead load of 20 psf. A basic wind speed of 70
mph is assumed for wind load analysis. The specified material properties are: f' ,=4000 psi normal weight

concrete, and f,=60,000 psi reinforcement.

According to the 1985 UBC, the seismic design base shear is given by Eq. (8.1),

V = ZICSKW (8.1)
where V == service level design base shear, Z = numerical coefficient dependent on the seismic zone (Z=1.0
for Zone No. 4, Z=3/8 for Zone No. 2), I = occupancy importance factor (taken as 1.0), S = numerical
coefficient for site-structure resonance (taken as 1.5), K = a numerical coefficient dependent on the framing
type (K=1.0 for all building systems of the present study), W = total dead load of the building, and C is

given by Eq. (8.2),

B Elv? (8:2)

The value of C need not exceed 0.12 and T is the fundamental period of the building.

It is noted that the 1988 UBC provisions differ from those used above. However, the difference is not
likely to significantly change the design of the generic buildings. Figure 8.2 (c¢) compares the base shear

coefficients of shear wall buildings computed by the 1985 and 1988 codes.

Following the procedures in the UBC, the base shear is distributed to each floor. Accidental torsion
is considered and is equal to the story shear acting with an eccentricity of 5% of the building width. A

concentrated force, F;, = 0.07TV, is added to the top of the building.
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In the shear wall and frame systems, walls and ductile moment resistant frames are designed to resist
the total lateral seismic forces. The flat slab is designed to carry gravity loads and is assumed in design
not to resist any seismic forces. For the flat-plate building system in Zone No. 2 (Fig. 8.2 (a)), the total
seismic forces are resisted by equivalent slab-column frames. An effective slab width of 0.25/, is assumed.
The value of 0.25/, is considered to approximate the cracked member stiffness; the elastic effective width

(=0.515) is halved to account for cracking.

The dimensions and reinforcement levels of the column, beam, and wall element are determined based
on UBC provisions and current seismic design practise [7,26,32]. The main design criteria are : (1) lateral
drifts are limited to 0.5% for each story, (2) strength requirements are based on factored load combina-
tions, (3) elements are detailed to satisfy requirements of App. A of ACI 318-83. To simplify the nonlinear
dynamic modelling, reinforcement quantities for each wall, column, and beam elements change no more
than three times over the building height. In computing drifts and periods (Table 8.1) for design, half the
gross moment of inertia of columns and beams is assumed. For shear walls, the total gross moment of
inertia is taken. Maximum interstory drifts computed ranged from 0.47% to 0.50%. It is noted that the
UBC does not strictly specify how element stiffnesses should be computed when computing lateral drifts.
Gross section properties could have been assumed for columns and beams, thereby resulting in lower com-

puted drifts.

8.4 Dynamic Analysis

The computer program DRAIN-2D [18] is used for the nonlinear dynamic analysis of the buildings.
In this program, the structure is idealized as a two dimensional planar assemblage of discrete elements.
Analysis is by the direct stiffness method, with the nodal displacements as unknowns. Each node possesses
up to three displacement degrees of freedom. The structural mass is assumed to be lumped at the nodes so
that the mass matrix is diagonal. Viscous damping of mass-dependent and/or stiffness-dependent type

may be specified. The earthquake excitation is defined by time variation of ground acceleration.

The dynamic response is determined by step-by-step integration, with a constant acceleration
assumption within any step. The tangent stiffness of the structure is used for each step, and linear struc-

tural behavior is assumed during the step. If an element yields or unloads, information is returned from
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the element subroutine. Changes are then made to the tangent stiffness matrix and the triangularization of
Gauss elimination is repeated. Any unbalanced loads resulting from errors in the assumed linear behavior

within the step are eliminated by applying corrective loads in the subsequent time step.

8.4.1 Modelling

By symmetry, it is necessary to model only half of each building plan shown in Fig. 8.2. These are
then subdivided into two planar frames which are connected by rigid links pinned at both ends. The base
of the frames are fixed. As an example, the computer model of the shear wall building is shown in Fig. 8.3.

The properties and reinforcement percentages of the building systems are tabulated in Table 8.1.

DRAIN-2D uses the simplified bilinear Takeda model [18] with degrading stiffness to model reinforced
concrete elements. Beam, column, and wall members are modelled by elastic elements with inelastic hinges
at the ends (Fig. 8.4 (2)). The hinges model inelastic action and their hysteretic behavior follow various
loading and unloading rules proposed by Takeda [18]. The form of the hinge moment-rotation relationship

is a bilinear curve with initial stiffness and subsequent strain hardening (Fig. 8.4 (a)).

The Takeda model is also adapted to model the flat slab of the buildings. Slabs are modelled as
beams with effective widths. The load-displacement relationship of these effective slab-beams are interpo-
lated from the experimental results presented in Chapter 5 since similar geometry and loading conditions
exist between the buildings and the experimental prototype. The properties of the inelastic hinges are
determined such that the load-displacement relation of a slab-column model closely approximates the
experimental results. Figure 8.4 (b) compares the computed moment-drift response of a slab-columnl con-
nection with the experimental results. This slab-column connection is taken from the fifth story of the
shear wall system in UBC Zone No. 4. For the flat-plate system in UBC Zone No. 2, the load-displacement
relationship of slab elements are derived using the simplified beam analogy model by Hawkins (Section

6.9.2).

Rigid zones are modelled between column and beam elements. Walls have rigid zones with width

equal to the wall width and zero height. P-A effects are considered in DRAIN-2D.
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8.4.2 Mass and Damping

The mass of the buildings consists of the self-weight, superimposed dead load, and half of the live
load. The mass of each floor, including portion of columns and walls, is lumped at nodes corresponding to

floor centerlines.

Rayleigh Damping (mass and stiffness proportional) is assumed for the buildings. A critical damping

ratio of 4% is assumed and specified for the first and fourth modes of each model.

8.4.8 Ground Motions

To obtain a broad picture of response, each building is analyzed under three ground records (Fig.
8.5): (a) 1985 Mexico City (SCT site, EW component), (b) El Centro, California, 1940 Imperial Valley
earthquake (NS component). (c) 1952 Taft, California (S21W component). For the UBC Zone No. 4 build-
ings, the El Centro and Taft records are normalized to a peak ground acceleration of 0.4g in order to simu-
late earthquakes of intense magnitudes. For Zone No. 2, they are normalized to 0.2g which approximates
the 0.2g EPA index for these regions as suggested in the ATC recommendations [8]. The elastic spectra of
the ground records are shown in Fig. 8.6. Vertical ground accelerations are not considered in the present

analysis.

. 8.5 Discussion of Analysis Results

Response of the five generic buildings to the three ground motions at various intensities were com-
puted as described above. Partial computed results are presented in Figs. 8.7 and 8.8. Examples of drift
histories are shown in Fig. 8.7. Interstory drifts are computed as the ratio of relative horizontal displace-
ment to interstory height. The total building drift is defined as the ratio of relative horizontal displace-

ment at the roof to the total building height.

Figures 8.7 (a) to (c) show the computed responses of the shear wall system in UBC Zone No. 2 sub-
jected to the Mexico, El Centro, and Taft ground motions. Figures 8.7 (d) to (g) show the responses of the
other building systems subjected to the El Centro motion. These figures show that interstory drifts typi-
cally vary along the building height. Due to frame behavior, higher interstory drifts occur at the lower

stories of frame systems. For shear wall systems, cantilever action causes higher drifts at the upper stories.



58

It is also apparent from Fig. 8.7 that the fundamental period of the buildings elongates due to yield-
ing of members. For example, consider the total drift history of the shear wall building in Zone No. 4 sub-
jected to El Centro (Fig. 8.7 (g)). The initial period (time between three successive zero crossings) is
approximately 1.1 sec. at the beginning of the motion. The period increases to as much as 1.7 sec. later in

the response. The original period computed for the building is 1.1 sec. (Table 8.1 (e)).

The effect of higher modes on drifts can be seen from the high frequency content of the ninth and
second interstory drift histories shown in Fig. 8.7. The influence of higher modes is less significant under
the Mexico record as compared with the El Centro and Taft records. Comparing the response spectra of
Fig. 8.6, the Mexico spectrum peaks at a period of approximately 2.0 sec. This sharp peak tends to dom-

inate the overall response.

Maximum interstory drifts are summarized in Figs. 8.8 {a) and (b). The majority of interstory drifts .
are below 1.5%. Drifts are generally higher for the Mexico record which can again be explained by the
sharp peak of its elastic spectrum that occurs near the fundamental period of the buildings (Fig. 8.6). The

flexible flat plate system also exhibited higher drifts.

Maximum computed interstory drifts from the DRAIN—2D analyses are compared with the maximum
design drifts in Figs. 8.8 (¢) and (d). Computed drifts are' 2.3 to 5.1 times greater than the design drifts.
Maximum design drifts determined by elastic analysis are approximately equal to the UBC limit of 0.5%,
but it should be noted that generally conservative a,ssump/tions were used in the analysis and design of the

buildings.

There are few recorded response of actual flat slab buildings to corroborate the present analytical
study. The Holiday Inn building (Orion Street) located in Southern California was equipped with strong
motion accelerographs during the 1971 San Fernando Earthquake {31). The Holiday Inn is a seven-story
flat-slab building with edge beams and was built in 1966 (Fig. 8.9). No structural walls are present. Dur-
ing the 1971 earthquake a peak acceleration of 0.251g was recorded at the ground floor. A maximum total
building drift of 1.35% was determined from the accelerograph record at the roof level. This value is in

the same range of drifts obtained from the the present analysis.



8.8 Design of Flat Slab Connections under Seismic Conditions

The results of the preceding analysis indicate that interstory drift of 1.5%, and in some cases higher,
can be expected for buildings with flat slab construction designed based on present code provisions. This
value of drift has also been quoted by past researchers for typical reinforced concrete buildings [29].
According to the data presented in Fig. 7.5, a slab-column connection can be expected to possess a drift
capacity of at least 1.5% of interstory height, only if the vertical shear on the connection is less than or
equal to approximately 40 percent of the direct punching shear strength. Expressed in terms of shear
stresses, the nominal shear stress due to vertical loads should be limited to approximately
(0.4)(4\/}"_,,)%1.5m psi on the slab critical section. Therefore, to ensure the integrity of slab-column
connections under severe seismic loading, it is recommeded that connections be designed to satisfy Eq. (8.3),

V, <15V b,d (8.3)
The vertical load, V,, should be taken at least equal to the gravity load shear. Although it is likely that
vertical accelerations during earthquakes (frequently of the same magnitude as the lateral ground accelera-
tions) will further increase the total connection shear, there is no evidence at the present time to prove that
this effect should be included when computing the vertical connection shear. Likewise, there is no evidence

to confute this possibility.

It should be emphasized that the design drift may be much less than the actual drifts a building
experiences during a strong earthquake. For the structures considered, computed drifts were as much as
five times greater than the design values computed using the UBC (Fig. 8.8 (c) and (d)). Therefore, it is
essential that the design recommendation of Eq. 8.3 be followed even in cases where the design drifts are

well below the UBC limit of 0.5%.

The performance of the vHolida,y Inn Building is evidence that slab-column connections are capable of
sustaining drifts with magnitudes of up to 1.5%. The shear stress, v, at the critical section of the connec-
tions were estimated to be below 1.3\/f",. None of the slab-column connections failed in that building
and structural repair was only necessary for a few beam-column joints. About 80 percent of the cost of
repair was spent on extensive nonstructural damage of partitions, tiling, and plumbing. From an economic

standpoint, to reduce the costs of nonstructural damage, it may be desirable to design flat slab buildings
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that have higher lateral stiffness. This can be done by providing shear walls or moment resistant frames of

sufficient stiffness.

It must be noted that other factors not considered in the present study, such as vertical accelerations,
torsion, soil-structure interaction, and poor construction quality, have the potential to increase drifts
significantly. Ground motions with characteristics similar to the Mexican earthquake will also likely push
drifts above 1.5%. The uncertainty in predicting seismic performance point to the importance of slab-
column detailing to avoid progressive collapse and ensuring life safety. If drifts exceed 1.5% and failure of
the slab-column connection occurs, collapse can be prevented by continuous bottom reinforcement placed
directly over columns to suspend the slab [14] (Fig. 8.10). The minimum bot.tom reinforcement, A, ,

recommended is [14]

4 0.5w, 1,
m = ¢fy

where w, = factored ultimate load in psf, but not less than twice the slab dead load, /; and !, = center-

(8.4)

to-center span in each principle direction, f, = yield stress of steel, and ¢=0.9. The experiments reported
in the present study demonstrate that this quantity of reinforcement is sufficient to suspend the slab and

enable the floor system to sustain the earthquake motions even after initia! punching.
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9. SUMMARY AND CONCLUSIONS

9.1 Summary

The objective of this study was to investigate the behavior of reinforced concrete flat plates under
combined gravity and lateral loads with emphasis on earthquake ioading. The scope of this investigation
includes : (1) the effects of biaxial lateral loading, (2) the influence of gravity loads on lateral behavior, (3)
the post-failure behavior of slab-column connections, (4) the behavior of a repaired connection, (5) an
assessment of existing strength and stiffness models, (6) an investigation of the ductility and drift capacity

of slab-column connections, and (7) a study on the seismic performance of typical flat-plate buildings.

An expei'imental program on interior slab-column subassemblages was conducted and was followed by
analytical studies. Descriptions of the prototype, test specimens, and testing procedures are in Chapters 2

through 4. The test results are presented in Chapter 5. Discussion of these results and the findings of the

analytical studies are included in Chapters 6 through 8.

The prototype structure selected for the experimental study is a typical reinforced concrete flat-plate
building with span lengths of 20-ft in both directions. The prototype slab is 8 in. thick and is supported
by 18-in. square columns without drop panels, column capitals, or slab shear reinforcement. Four test
specimens, modelled after the interior slab-column connection of the prototype structure, were constructed
" at 60 percent of full scale. All were nominally identical in configuration, reinforcement, and materials.
The specimen slab has plan dimensions of 13 {t by 13 ft and a thickness of 4.8 in. A heavily reinforced
column extends 3 ft above and below the center of the specimen. Specified material properties are 4,000 psi
normal ;veight concrete and Grade 60 reinforcement. All slab bars are No. 3 with top reinforcement ratios
ranging from 0.25% in middle strips to 0.76% near the column. The bottom slab reinforcement ratio is

0.25% and, as is recommended to prevent progressive collapse, continuous bars are placed directly over the

column.

During testing, the slab-column specimen was supported at the base of the column and at the slab
ends. Lateral loads were applied by hydraulic actuators connected to the top of the column. Vertical loads

were simulated by lead blocks placed on the slab and by a vertical jack located below the column. Speci-
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mens were instrumented to measure forces, displacements, and strains. A space truss was attached to the

west side of slab to restrain the specimen from rigid-body twisting when lateral loads were applied.

Five tests (Tests 1 to 5) were conducted. Specimens were constructed and tested in pairs, one under
uniaxial lateral loads followed by the other under biaxial loading. One test (Test 5) was conducted to
study the effectiveness of a connection repaired by high-strength grout and epoxy. "High" gravity load con-
ditions (1.4\/f7, connection shear stress due to vertical loads) were simulated in Tests 1 and 2. "Low"
gravity load conditions (0.88\/ﬂ) were simulated in Tests 3, 4, and 5. Uniaxial cyclic loading was
applied laterally in Tests 1 and 3. The specimens d’ Tests 2, 4, and 5 were subjected to biaxial loading

applied in a "clover leaf” pattern.

A maximum lateral force of 6.62 kips and a maximum drift of 1.54% were reached in Test 1 which
had high gravity load and uniaxial loading. With biaxial loading and the same gravity loading, Test 2
resulted in a lower maximum force of 5.24 kips. Maximum drift for Test 2 was similar to that of Test 1,
but failure occurred under fewer cycles. Strength and drift capacities increased significantly when gravity
load was reduced in Tests 3 and 4. The uniaxial Test 3 reached a force and drift of 10.02 kips and 4.76%,
respectively. Its biaxial companion, Test 4, had a maximum force of 9.61 kips and drift of 3.2195. The
repaired specimen (Test 5) retained less than half of its original lateral capacity, but experienced no reduc-

tion in drift capacity.

To assess the effectiveness of bottom reinforcement detailing, additional cyclic loading and vertical

loads were applied to the specimens after punching failure. The details were observed to be sufficient to

sustain vertical load in the presence of continued lateral deformation after initial punching occurred.

The experimental investigation was followed by several analytical studies. Three existing strength
models for slab-column connections were compared with the test results: (1) the ACI linear stress variation
model, (2) the beam analogy model by Hawkins, and (3) the beam analogy proposed by Park and Islam.
Lateral stiffness of the slab-column specimens was compared with computed stiffnesses using the effective
beam width model and the equivalent frame model. Data from past research were collected to investigate
the ductility and drift capacity of slab-column connections. Studies were conducted on the seismic response

of buildings with flat-slab construction. Typical building systems in UBC Seismic Zone No. 4 and No. 2
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were designed and analyzed. Nonlinear dynamic analyses were performed assuming the El Centro, Taft,

and Mexico City earthquakes.

9.2 Conclusions

Based on the results of the study, and within the limitations of that study, the following conclusions

are made:
(1) Biazial Loading

Biaxial lateral loading reduces the lateral stiffness, strength, and available drift capacity of reinforced
concrete slab-column connections. It is concluded that the effects of biaxial loading should be considered in
order to obtain an accurate analysis and proper design of flat-plate structures. Further testing and

research in this area is recommended. Parameters such as reinforcement ratios and slab geometry should

be varied in order to study their effects on biaxial behavior.
(2) Gravity Load
The magnitude of the gravity load shear carried by the slab is a primary variable affecting the lateral

behavior of reinforced concrete flat plates. Significant increases in strength, stiffness, and displacement
capacities were observed in the test specimens when gravity shear stress on the slab critical section was
reduced from 1.4Vf", to 0.88\/f' ..
(8) Seismic Design

The magnitudes of gravity loads and lateral inter-story drifts should be controlled to ensure that the
integrity of slab-column connections is maintained under seismic loading. Lateral interstory drifts under an
extreme earthquake loading should not exceed 1.5 percent of interstory height. At this level of deforma-
tion, the available data indicate that the flat-plate connection will perform adequately if the gravity level
shear stress acting on the slab critical section does not exceed 1.5\/}‘?. At higher drift or higher shear,

available data indicate that connection failures are possible.
(4) Detailing

Continuous bottom slab reinforcement should be placed directly over the columns of flat plates to

prevent progressive collapse in the event of a connection shear failure. Bottom bars effectively suspend the
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slab after punching failure and enable the slab-column connection to sustain gravity and lateral loads. The

recommendation should be applied to all connections of flat plate buildings.
(5) Repaired Connections

The results of the repaired slab-column test suggest that repaired connections retain their original
drift capacities and are not likely to fail prematurely under a subsequent strong earthquake. However,
repaired slab-column frames should not be considered effective for resisting lateral forces. To make up for
the loss of strength and stiffness in the structure, retrofitting with bracings or shear walls is recommended.
Further study on repair and retrofit is recommended to substantiate these conclusions. Other methods of

repair should also be investigated.
(6) Stiffness Models

The effective beam width model and the equivalent frame model can provide a reasonably close esti-
mate of lateral stiffness for slab-column connections. For both models, the choice of an appropriate
stiffness reduction factor is essential to obtain reasonable results. Based on a 0.2% drift criterion, an
effective beam width coefficient equal to one-third of the elastic value gave a close estimate of stiffness for
the test specimens. For the equivalent frame model, a good estimate of lateral stiffness was obtained when

a stiffness reduction factor of one-third was applied to the slab.
(7) Strength Models
For evaluating the the moment transfer strength of slab-column connections, the ACI linear stress

variation method is conservative for both uniaxial and biaxial cases. The beam analogy models by Haw-

kins and by Park and Islam provide a reasonably good estimate of moment transfer strength.
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Materials Percent Cubic Feet Specific Saturated Surface
Used Absolute Vol. Gravity Dry Wts./Cu. Yd.
Cement 2.630 3.15 517
Water: 34 gal. 4.535 1.00 283
Radum 1" x #4 Gravel 52.0 10.314 2.68 1725
Radum Top Sand 36.0 7.141 2.68 1194
Blend Sand 12.0 2.380 2.60 386
Totals 100.0 27.000 4105
Mix #K557-115: 5.5 sk., 1" max., 4" slp., 4000 psi in 28 days, Zeecon R40 @6 oz./cwt.
Table 3.1 - Concrete Mix Design
Test Specimens Test Specimens
1and2 3 and 4
Mat. Prop. Mean Std. Dev. - Mat. Prop. Mean Std. Dev.
f'c (psi) 4825 303 f’c (psi) 4550 364
ft (psi) 570 26 ft (psi) 540 22
Et (ksi) 3958 120 Et (ksi) 3689 147
E45 (ksi) 3762 145 E45 (ksi) 3505 132
Note: Six cylinders tested for each set.
Table 3.2 - Concrete Properties
Mat. Property Mean Std. Dev.
Yield Stress (psi) 68440 1234
Tensile Stress (psi) 106430 4509
Elastic Modulus (ksi) 29500 1870
Ultimate Strain (in./in.) 0.104 0.008

Table 3.3 - Slab Reinforcement Properties
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TEST NO. 1 2 3 4 5

SPECIMEN NO. 1 2 3 4 R*
LATERAL LOAD Uniaxial Biaxial Uniaxial Biaxial Biaxial
GRAVITY LOAD (psi) 1.4VF . 1.4VF, | 088\Vf. | 088VF, 0.88VF .

* Repaired Specimen No. 4

Table 4.1 - Test Program

Test Direction Gravity Maximum Maximum
Load Lateral Force Drift
(kips) _(kips) (%)
1 EW 25 6.62 1.54
2 EwW 25 5.24 1.51
2 NS 25 4.21 1.04
3 EW 11 10.02 4.76
4 EwW 11 9.61 3.21
4 NS 11 7.91 1.54
5 EwW 11 3.92 3.22
5 NS 11 2.36 3.24

Table 6.1 - Summary of Test Results

w
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W = 5384 Kips
T = 2.1 seconds *

V = 152 Kips

Reinforcement Percentage

Column Beam
Size 20"X20" » 16"X20"
Story ‘ Ext. Int. Ext. Int.
10 1.34 2.21 1.12 1.12
9 1.34 2.21 1.12 1.12
8 1.34 2.21 1.12 1.12
7 1.34 291 1.12 1.12
6 1.85 2.88 1.44 1.44
5 1.85 2.88 1.44 1.44
4 1.85 2.88 1.44 1.44
3 3.36 4.20 1.75 1.75
2 3.36 4.20 1.75 1.75
1 3.36 4.20 1.75 1.75

* Stiffness According to Section 8.3

Table 8.1 (a) - Properties of Frame System in UBC Zone No. 2
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W = 5016 Kips
T = 1.6 seconds

V = 148 Kips

Reinforcement Percentage

Ext. Column Slab Col. Strip Shear Wall
Story 18"X18" t=8" 8"X168"
10 0.74 0.57 ' 0.51
9 0.74 0.57 0.51
8 0.74 0.57 0.51
7 0.74 0.57 0.51
6 0.94 0.57 0.88
5 0.94 0.57 0.88
4 0.94 0.57 0.88
3 1.86 0.57 1.45
2 1.86 0.57 1.45
1 1.86 0.57 1.45

Table 8.1 (b) - Properties of Shear Wall System in UBC Zone No. 2
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W = 5280 Kips
T =— 2.3 seconds

V = 164 Kips

Reinforcement Percentage

Slab Col. Strip Column

Size t=8" 24"X24"
Story Ext. Int. Ext. Int.
10 0.62 0.59 0.81 1.25
9 0.62 0.59 0.81 1.25
8 0.62 0.59 0.81 1.25
7 0.62 0.59 0.81 1.25
6 0.82 0.78 0.81 1.56
5 0.82 0.78 0.81 1.56
4 0.82 0.78 0.81 1.56
3 0.82 0.78 2.51 2.76
2 0.82 0.78 2.51 2.76
1 0.82 0.78 2.51 2.76

Table 8.1 (c) - Properties of Flat Plate System in UBC Zone No. 2
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W = 5594 Kips
T = 1.7 seconds

V = 437 Kips

Reinforcement Percentage

Column Beam
Size 24"X24" 18'X24"
Story Ext. Int. Ext. Int.
10 1.60 2.89 1.34 1.34
9 1.60 2.89 134 | 1.34
8 1.60 2.89 1.34 1.34
7 1.60 3.69 1.34 1.34
6 1.94 3.69 1.83 1.83
5 1.94 3.69 1.83 1.83
4 1.94 3.69 1.83 1.83
3 4.24 4.86 v 2.34 2.34
2 4.24 4.86 2.34 2.34
1 4.24 4.86 2.34 2.34

Table 8.1 (d) - Properties of Frame System in UBC Zone No. 4
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W = 5178 Kips
T = 1.1 seconds

V = 482 Kips

Reinforcement Percentage

Ext. Column Slab Col. Strib Shear Wall
Story 18"X18" t=8" 10"X216"
10 0.92 0.57 0.73
9 0.92 ’ 0.57 0.73
8 0.92 0.57 0.73
7 0.92 0.57 0.73
6 1.15 | 0.57 1.22
5 1.15 ’ 0.57 1.22
4 1.15 0.57 1.22
3 2.32 0.57 1.81
2 2.32 0.57 1.81
1 2.32 0.57 1.81

Table 8.1 (e) - Properties of Shear Wall System in UBC Zone No. 4
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Fig. 3.7 Photo of Test Specimens

Fig. 3.8 Honeycombs in Column of Specimen 3
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Fig. 5.37 (a) Initial Failure - Test 2

Fig. 5.37 (b) Connection After Experiment - Test 3
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Fig. 5.37 (c) Initial Failure of Repaired Specimen - Test 5
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(a) Uniaxial

vmax

(b) Biaxial

Fig. 6.16 Linear Stress Variation Model
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(a) Specimen No. 11
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Fig. 7.2 Classification of Specimen Response
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Fig. 8.1 A Multistory Building With Flat-Slab Construction
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Fig. 8.4 (a) Simplified Takeda Model with Degrading Stiffness
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Fig. 8.5 Records of Ground Motion
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(a) Total Building Drift History
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(b) Ninth Interstory Drift History
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Fig. 8.7 (a) Response of Shear Wall Building (UBC Zone No. 2) - Mexico City Record



trhH-H O

o

® trR O

PO

P

238

(a) Total Building Drift History -
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Fig. 8.7 (b) Response of Shear Wall Building (UBC Zone No. 2) - 0.2g El Centro Recor
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(a) Total Building Drift History
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Fig. 8.7 (¢) Response of Shear Wall Building (UBC Zone No. 2) - 0.2g Taft Record
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(a) Total Building Drift History
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Fig. 8.7 (d) Response of Frame Building (UBC Zone No. 2) - 0.2g El Centro Record
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(a) Total Building Drift History
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Fig. 8.7 (e) Response of Flat-Plate Building (UBC Zone No. 2) - 0.2g El Centro Record
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(a) Total Building Drift History
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Fig. 8.7 (f) Response of Frame Building (UBC Zone No. 4) - 0.4g El Centro Record
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(a) Total Building Drift History
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Fig. 8.7 (g) Response of Shear Wall Building (UBC Zone No. 4) - 0.4g El Centro Record
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APPENDIX A: INSTRUMENTATION CHANNEL NUMBERS

All experimental data were recorded on a Data General Nova computer and stored on magnetic tapes. -
Data from Tests 1 throught 5 are stored in filenames labelled as: slabl, slab2, slab3, slab4, and slabr,
respectively. Refer to Section 4.3 for a discussion on instrumentation and data recording.

Channel No. Type Units Location
1 LVDT in. Slab connection - north side
3 LVDT in. Slab connection - south side
4 LVDT in. Slab connection - west side
5 LVDT in. Slab connection - west side
6 LVDT in. Slab connection - north side
8 LVDT in. Slab connection - west side
9 LVDT n. Column - SE corner
11 LVDT in. Column - NE corner
12 LVDT in. Instrumentation frame - west side
13 LVDT in. Instrumentation frame - west side
14 LVDT in. Slab connection - east side
15 LVDT in. Column - NW corner
18 LVDT in. Instrumentation frame - south side
19 LVDT in. Instrumentation frame - south side
20 LVDT in. Slab connection - south side
24 Lin. Pot. in. Slab edge - north side
25 Lin. Pot. in. Slab edge - NE corner
26 Lin. Pot. in. Slab edge - NE corner
27 Lin. Pot. in. Column base
28 Trans. Strut. kip NE corner
29 Trans. Strut. kip East side
30 Trans. Strut. kip SE corner
32 Trans. Strut. kip South side
33 Trans. Strut. kip NW corner
35 Trans. Strut. kip SW corner
36 Pos. Trans. in. South side
37 Pos. Trans. in. West side
38 Load Cell kip East side
39 Load Cell kip North side
41 Trans. Strut. kip North side
44 Trans. Strut. kip East side
48 Clip Gauge in. Instrumentation frame - south side
49 Clip Gauge in. Instrumentation frame - south side
50 Clip Gauge in. Instrumentation frame - south side
52 Clip Gauge in. Instrumentation frame - south side
53 Clip Gauge in. Instrumentation frame - west side
54 Clip Gauge in. Instrumentation frame - west side
55 Clip Gauge in. Instrumentation frame - west side
56 Clip Gauge _ in. Instrumentation frame - west side
57 Lin. Pot. in. Column base
58 Lin. Pot. in. Column base
64-89 Strain Gauge mil. strain See Figs. A.2 and A3

Note: see also Figure A.1.
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EARTHQUAKE ENGINEERING RESEARCH CENTER REPORT SERIES

EERC reports are available from the National Information Service for Earthquake Engineering(NISEE) and from the National Technical Information
Service(NTIS). Numbers in parentheses are Accession Numbers assigned by the National Technical Information Service; these are followed by a price code.
Contact NTIS. 5285 Port Royal Road, Springfield Virginia, 22161 for more information. Reports without Accession Numbers were not available from NTIS
at the time of printing. For a current complete list of EERC reports (from EERC 67-1) and availablity information, please contact University of California,
EERC, NISEE. 1301 South 46th Street, Richmond, California 94804.

UCB/EERC-80/01

UCB/EERC-80/02
UCB/EERC-80/03

UCB/EERC-80/04
UCB/EERC-80/05
UCB/EERC-80/06
UCB/EERC-80/07

UCB/EERC-80/08
UCB/EERC-80/09
UCB/EERC-80/10

UCB/EERC-80/11
UCB/EERC-80/12
UCB/EERC-80/13
UCB/EERC-80/14

UCB/EERC-80/15
UCB/EERC-80/16
UCB/EERC-80/17

UCB/EERC-80/18

UCB/EERC-80/19

UCB/EERC-80/20
UCB/EERC-80/21
UCB/EERC-80/22

UCB/EERC-80/23
UCB/EERC-80/24
UCB/EERC-80/25

UCB/EERC-80/26
UCB/EERC-80/27

UCB/EERC-80/28
UCB/EERC-80/29

UCB/EERC-80/30
UCB/EERC-80/31

UCB/EERC-80/32

“Earthquake Response of Concrete Gravity Dams Including Hydrodynamlc and Foundation lnteracuon Effects,” by Chopra, AK.,
Chakrabarti, P. and Gupta, S., January 1980, (AD-A087297)A10.

by Yim, C.S., Chopra. A.K. and Penzien, J., January {980, (PB80 166 002)A04.
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