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Abstract

An extensive amount of works have been carried out to develop the current understanding
in punching shear mechanism noted in reinforced concrete slabs. However, despite the
increasing popularity of waffle slabs, the current understanding about punching behaviour is
mainly focused on solid flat slabs, and only limited amount of works have been carried out
on waffle slabs and in the presence of biaxial moment. Thus, there is a need to carry out a
research in this area to aid the understanding about punching mechanism of waffle slabs in

the presence of biaxial moment for the internal column and edge column connections.

The experimental work carried out in this research included destructive testing of thirty-
eight 1/10™ scale model waffle slab specimens, which consists of fifteen internal column
slabs and twenty-three edge column slabs. The main variables were, for the internal column
slab, the principle angles of biaxial moment transfer, the column eccentricity, the column
orientation and the size of solid sections, and for the edge column slab, the principle angles
of biaxial moment transfer, the column eccentricity, the column location and the size of solid

sections.

From the experimental investigations, three distinct failure mechanisms were observed: the
concentric punching at internal column mechanism; the eccentric punching at internal
column mechanism; and the edge punching mechanism. In general, the observed punching
shear failure mechanisms of waffle slabs were found identical to solid flat slabs; but the
punching shear capacities reduced due to some losses in potential failure surface within the
waffle section. The principle angle of biaxial moment transfer was found varying the shear

surface area that was being mobilized, thus affecting the punching capacity of the slabs.

An analytical study was carried out, using an upper-bound plastic model, to simulate the
observed punching shear mechanisms, and hence, to predict the punching capacity of the
slabs. A theoretical model was developed for each of the identified failure mechanism. In
addition, three design models based on the current UK code, Eurocode 2, have been

developed. In all cases, these models have achieved good agreements with the test results.



Acknowledgements

| would like to express my sincere gratitude to my supervisor, Dr. Lau Teck Leong for his
continuous guidance, untiring advices, encouragement and interest in the work. The present
work would not be possible without his patience and support throughout the research and

during the preparation of this thesis.

| would like to thank the University of Nottingham Malaysia Campus for the scholarship
awarded and the Department of Civil Engineering for the financial support to this project,

which gave me the opportunity to undertake this research.

Thanks are extended to the technical staffs of the Civil Engineering Mixing Lab at the
University of Nottingham Malaysia Campus, especially Mr. Adzarudin Abu Zarim for their

friendly assistance and encouragement throughout the research programme.

| would like to express my deepest gratitude to my parents for their understanding, patient
and generous encouragement during my study in the University of Nottingham Malaysia

Campus. To my parents, | dedicate this work.



Table of Contents

Y 2 ot i
AcCKNOWIEAZEMENLS.......cceeeeceiieicrireeer it eerrreee s s renssesseenssessennssessennsseseennssessennssessennnnsnne iiii
Chapter 1 Introduction......cccciiiiiiiiiiiieiiiiiiiiiireiireseiresssssrsssestesssssssesssssssesssssssennsssns 1
IO = =Tl =4 e TU T3 o PSP UPPTUPRRN 1
1.2 Problem Statement.........ei i s 3
1.3 ObJECLIVE @NU SCOPE .. uetiieeeciieee ettt ettt e et e e tte e e e e bte e e e ebtseesebeseesesteeeesnseneaeannes 4
Chapter 2 Literature REVIEW ......cccu.ciiieeeiiiieeeicetieeneserennerseenssessennssessesnssessennssessennssessennnnens 7
2.1 INEFOTUCTION «.iiieeeee et sttt ettt e sb e sae e st e s e e b e e nbeennes 7
2.2 Concentric PUNCHING SNEAN ... ..viii e srae e 7

D 2 N = o To 1T g Tor- | WA o] o o = [ T PPPROt 8
2.2.1.1 Control Surface APProach........ccueeieccieie e e e e e e 8
2.2.1.2 REEAN'S APPIOACK oottt ettt et e et e et ae e e e eaba e e e e nraeas 17

2.2.2 BUilding Code APProach......ccuuiii ittt e aaa e 19
2,22 1 ACE3AB-1 ettt sttt sttt ettt et r e e s ene s 19
2.2.2.2 BSBTLL0 .ttt s st et es 20
2.2.2.3 EUFOCOAE 2 ...ttt ettt sttt s st sttt 21

2.2.3 Theoretical APProaCh........coocuiiii ittt e e e e e e raaee e 22
2.2.3.1 Mechanical MOEl .....cc..ooiiiiiiieiete et 22
2.2.3.2 PlaStiC MOAEN.....eiiieiiiie ettt st 24
2.2.3.2.1 Braestrup et al. Model ........coovuiiiiiiciiieecee ettt 24

2.2.3.2.2 Jiang & Shen MOdel......cccuvviiiiiiie et 27

2.2.3.2.3 Salim & Sebastian Model ........ccceriiriiniii e 28

2.2.3.2.3 Crack Sliding Theory model........uveee it 29

2.3 ECCentric PUNCHING SN@ar....ccii ittt e e e e e ee e e e e e 32
2.3 1 EI@StiC MO ...t 32
2.3.1.1 Linear Distribution of Shear Stress on Control Surface Approach................... 32

2.3.1.2 REEAN'S APPIOACK ceoiieiiie ettt ettt ettt e e e nreeas 36
2.3.1.3 Building Code APProach........ccccccuieeeieiiiei ettt e e e 37
e I 101 X 1 2t I PP O PPPUPPPPPTON 38

2.3.1.3.2 BSBILL0 ..ottt ettt et sttt st b e be e s ae e saeeeteas 40

e T N T B LU e Tolo e (<10 TR 41



2.3.2 PlaStiC MOGEL ...ttt ettt ettt et e st e e sab e s snee e sree e 42
2.3.2.1 Beam ANQAlogy MOdEl.....ccouiiiiiiiiee ettt 42

2.4 Punching at EAZe COlUMN ..cooeeiiiiecee ettt e e s e ree e e ae e e e areeas 43
2.4 L EIAStic MOGEI ...ttt 43
2.4.1.1 Linear Distribution of Stress.......ccoeiiiiiiiiiiieeseseee e 43
2.4.1.2 REAN'S APPIOACK ceeiieiiiie ettt et ree e e et e s 44
2.4.1.3 BUIlAING COUBS....uuviiiiiiiie ittt e tee e s e e e e e s eabee e s sabee e e e nareeas 46

2.4. 1.3 1 ACEB08-10.c e e s e e e e e e e s e e e e e e e e e e e e e e e e e e e e e e e e ns 46
2.8.1.3.2 BS8LL0 ..ttt ettt ettt st sttt b e b b saeeearean 47
2.4.1.3.3 EUIOCOR 2 ..ttt sttt ettt st sttt be e b saee e s 48

2. 4.2 PlastiC MOGEl....c.uieiiiieeeeee ettt 49
2.4.2.1 BEAM ANAIOZY .uetiieiiiiiee ettt eetee e et e e et e e e e e e e e e e e s b e e e e e nraeas 49

2.5 Punching of Waffle Slabs and Ribbed SIabs.......cccccouvviiiiiiiiiee e, 50
2.5.1 Concentric PUNCHING SN@AT .......ooi ittt e 50
2.5.2 Eccentric PUNCHING SNEAI ........uvii ettt e et e e 55
2.5.3 Edge PUNCNING SNEAT.......iiiiiieieeeeee ettt e st e e e araee e 57
2.6 SiZ€ EFfECES ettt 62
2.6.1 Size effect in compressive strength testS......ccovvvvciiiiiciiee e 62
2.6.2 Size effects on concrete tensile strength.........ccooociiiiiiic e, 65
2.6.3 Size effects on concrete shear strength........cceeeeciiiie e 65
2.6.4 Aggregate size effects on concrete shear strength ..........ccooooviiieiiiiicciee e, 67
2.7 Behaviour of micro-concrete in punching shear failure .........cccccooeeieiieciee e, 67
2.8 SUNMNIMIATY 1ettttttttttttetatatatseaeaeaeasareaesaeaeaaa—aeaaesaeaeasasaeeaeeesasssssssssssssssssssssssssssssssnsnsssnsnsnsnsnsnnns 69
Chapter 3 MethodOolOgY .....cccciiiieeiiiiieiiiieci e rene e s renese s s s enesssssenesssssenessssnenens 97
3.1 INEFOAUCTION .ttt et st st st b e smeesme e eneeeanees 97
3.2 Slab Specimens for Internal Column SEIIES ........ccooccuiiieiciiie et 98
3.2.1 SIIES TWS. et e s 98
3.2.2. SIS TWSB .. e 98
3.2.3 SIS IFSB ...ttt st en 99
3.2.4 SIS IWSBC ...ttt s st e s 99
3.3 Slab Specimens for Edge COlUMN SEFIES ......cciccuieeeieciieee ettt e e iae e e 100
3.3.1SEIIES EWSB ..ottt 100
3.3.2 SEIIES EFSB ...ttt 101

3.3.35€ri@S EWSCE.....cciiiiiiiiiiiit 101



Vi

3.4 Fabrication Of SPECIMENS .....cii ittt e s e e s ssvaeeeseanes 101
3 Y/ oYU TSP SPR 101
34,2 COUMIN ettt ettt sttt e b e be e sbeesaeeeateesbeesbeesane e 102
3L4.3 CONCIEEE...ciiiiiiiiiieett e 102
3.4.4 REINFOICEMENT ..neieiieee ettt sttt e bt e saee e 103
3.4.5 Casting @Nd CUMNG ...ueveiiuiiieieiiiee ettt e et e e st e e s s are e e e s rbe e e e sabeeessnreeessnnseeas 104

3D TS SO U e e e e e e e e e e e e e e e e e e as 105
3.5.1 Internal ColumMN SEIES......coiiieieieiie ettt et e e 105
3.5.2 EAZE COIUMN SEIIES...ciiceiiieeectiee ettt e ettt e et e et e e et e e e e abe e e e enabaeeeeareeaeensenas 105

3.0 DEFlECLION ..t bbbt be e e 106

3.7 TEST PrOCEAUIE ..ttt sttt b e b e s bt st e et e e be e sbeesane e 106

38 SUMIMIAIY s s s e s s e s e s s e e e s s s e s e s e s e s e e nsasasasasasssssnsasasnansnsnanannns 107

Chapter 4 Failure Mechanisms and Test ReSUILS.......cccciveiirenireeiereeiienereeenerenerennerenneens 129

AL INEFOAUCTION 1.ttt ettt sttt et b e b e s bt e sbe e sateeateebeesbeesaeesanenas 129

4.2 INtErNal COIUMN SEIIES.....eiitiiiiiiitiete ettt sttt sttt esbeesbeesaee e 130
0 N 0o Y (o= Y 4 (ol o Y- Yo 1oV -SSP 130

4.2.1.1S€rIES IWS .ottt s 130
4.2.1.2 Behaviour of Slab during Punching Shear Failure........ccccccevvvveeeiiiieeeciineen. 130
4.2.1.3 Punching Capacity of SIab.......ccoieciiiiiiiieeceece e 132
A4.2.1.4 DEFIECLIONS ..ttt st st et sbe e sane e 132
VN Tl ) 4 (ol WY o |1 V- U UUPRRN 133
4.2.2.1 Components of the SEries........uiiuciii i e 133
4.2.2.1.1 SIS IWSB ...ttt st e 133
4.2.2.1.2 SEIES IFSB ...ttt st e 133
4.2.2.1.3 SIS IWSBC ...ttt st sre e 133
4.2.2.2 Behaviour of Slabs during Punching Shear Failure ..........ccccccovveeeiieeeecnnennnn. 133
4.2.2.3 PUNChING CaAPaCity . cceeeiecciiiiiiie ettt ettt e e e e ebrre e e e e e e e e nrae e e e e e e e enas 135
A.2.2.4 DEFIECTION ..ottt sttt 136
4.2.2.5 Effects of test Variables ..o 137
4.2.2.5.1 Principle angle of biaxial moment transfer..........cccecvveiiicieieccciee e, 137
4.2.2.5.2 Column @CCENTIICITY .uvveeeeeiieeeieiiee ettt e e e e e e e 138
4.2.2.5.3 Column Orientation ......ccceeeiiienieeniie et 139
4.2.2.5.4 Size of SOlid SECLION ....eiiiiiieiiieee e 140

e e o d N 0e ] [0 o] YT =TSR 141



vii

4.3.1 Components Of the SEIES.....cccuiiiiiiciie e 141
4.3.1.1 SEIIES EWSB ...ttt ettt e e e e s e e e e e s e e abeaee e e e e e enan 141
4.3.1.2 SErIES EFSB ...ttt ettt 141
4.3.1.4 Seri@S EWSCE ..ottt ettt st et sbe e s 141

4.3.2 Behaviour of Slabs during Punching Shear Failure .........cccccooeveiieeciee e, 141

4.3.3 PUNCHING CaPaCity .cccueeeieiieeeiiiieeeieitee e eritee et e e sstee e st e e e s sbee e s ssabee e s ssabeeessnneeas 143

A.3.8 DEflECTION ...eiiie ettt nr e s sanes 143

4.3.5 Effects of Test Variables. ..ot 144
4.3.5.1 Principle angle of biaxial moment transfer.........ccooeeeeiiiiiciieecceee e, 144
4.3.5.2 Column ECCENTIICITY voeeeeeieeeeiiee ettt e et e aaaee e 146
4.3.5.3 ColUMN LOCATION ..eeiiiiiiiiiieeie ettt sttt 147
4.3.5.4 Size Of SOlid SECHION ..eovuiiiiiiiiieeeee e e 148

A4 SUMMAIY oot e e e e e e e e e e e e e e e e e e e e aeeeaeaeeaaeeeaeasaesassasasasasesssesenasnassaanensenns 149
Chapter 5 Theoretical Models.........cccceuuiirieeniiiiicierrrccerereeeereeeneeereneseesenaseessenansssnennns 226
5.1 INErOAUCTION .ttt b e st st et esbe e sbeesanenas 226
5.2 Theoretical Model for Concentric Punching at Internal Column...........ccoveeeeciieeennns 227

5.2.1 PUNChing Failure SUMace.......ccuuiiiiiiii ettt 227

5.2.2 Effectiven@ss FACTON ......ooiiiiieiieiierte ettt e 229

5.2.3 Comparisons With RESUILS ........ueiiiiiiiiiciiee e 230

5.3 Theoretical Model for Eccentric Punching at Internal Column........cccccccecvveeeiciieeenns 231

5.3. 1 INTrOAUCTION ..t be e e s e e nnnes 231

5.3.2 Moment Transfer MechaniSm ..........ccociiiiiiiinienii et 232
5.3.2.1 Flexural CapacitieS, Mf ..ottt st 234
5.3.2.2Distance CAB, CCD ..ottt 235
5.3.3 0PENINEG ANEIE, G .eveienerieeiee ettt ettt et e e e et sbe e e tee e saae e e beeenaree s 236
5.3.4 PUNching Failure SUIMace.......c.ueiicuiiii ettt et 237

5.3.5 Comparisons With test results ........cccceeiieccciiiiec e 239

5.4 Theoretical Model for Edge PUNCNING..........cooiiiiiiieiie ettt 240

5.4. 1 INErOAUCTION .ottt sttt st st r e e b e sane e 240

5.4.2 Moment Transfer MechaniSm .......c.ccocvieiiiiienienicneeeeeeesee e 241
5.4.2.1 Flexural CapacitieS, Mf .......cccooeririereneeiesieeteie sttt s 241
5.4.2.2DiStanCce CAB, CCD ..............uoooeeeeeeeeeeeeeeeeeeeeee ettt e eaaeeeaas 243
5.4.2.30PENINE ANEGIE, G ..ooeeeeeeieeeeeeee ettt ettt et e e e ette e e e etr e e e e eaans 245

5.4.4 PUNChing Failure SUIMace.......ccuueiiiiiiee ettt e e 246



viii

5.4.5 Comparisons With test reSUIS ......ccuueiiiiiiiiiiie e 252
DD SUMIMIAIY e s s s e s e e e e s e e e e e e e e e s e e e e e e e e e e e e e e e e e e aeaeeennns 253
Chapter 6 Design MOdElS .......cccceuniiiiieiiriiiccrrecerreeeereeea e reeas s s s enesssssenassssrenassssnennns 308
6.1 INErOAUCTION ...t b e s s et e st e sbeesaee e 308
6.2 Design model for internal CoOlUMN SEIIES .....ccccciieeiccieee e 309
6.2. 1 INTrOAUCTION ...ttt ettt st e st e e esab e s be e e sreeesanes 309
I A [ Yo =] N = 0 | TSP STR 310
6.2.2.1 Comparison With test reSUILS .....c.eviveiiiii i 312
6.2.3 MOAEI EC2-IE....cuiiiiieiieeeee ettt st sttt b e e ste e b e saee e 313
6.2.3.1 Moment transfer factor, B ... 313
6.2.3.2 Comparison With test reSUILS ........ceeeiiiiiiiciiee e 315

6.3 Design model for edge CoOlUMN SEIES.....cvuiiiiiciiie i 316
6.3. 1 INTrOAUCKION ..ttt ettt et e st e ab e sab e e sbbe e sbeeesanes 316
6.3.2 MOAEI EC2-E ...ttt ettt et sae e s 317
6.3.2.1 Moment transfer factor, B ... 317
6.3.2.2 Comparison With test reSUILS ........ceciiiiiiiicciiee e 319

6.4 SUMIMIAIY <o s s s s s s s s s s s s s e s s s e s e s s s s s e s e s e s e snsasasssnsnsasssssssssssssasssnanssnnansnnns 321
Chapter 7 Conclusions and Suggestions to Future Works..........cccceeeirieeiiiiieeiinneneisnnenen. 347
7.0 INErOAUCTION ..ttt sttt ettt e sr e sree e e 347
7.2 EXPerimental ProgrammMe .....cocuiie ettt ettt e e ettt e e e tte e e e ebte e e e evtaeasebaeeaeeanes 347
7.2.1Internal ColUMN SEIIES......iiiuieieeitteite ettt ettt ettt st et sbe e b e saee e 348
7.2.1.1 Concentric Punching at Internal Column Series ........ccccceeecvieeeiecieeeeecieeeeens 348
7.2.1.2 Eccentric Punching at Internal Column Series ........ccccoveeivcieeeiccieee e e 349
B A o 1= L o] [V 0 Y BT =T PP 350
7.3 Theoretical MOGE] ... ..ottt re e s 352
7.3.1Internal Column SIS ......cccuuii i 353
7.3.1.1 Concentric Punching at Internal Column Series ........ccccceeeeeeicciiieieee e 353
7.3.1.2 Eccentric Punching at Internal Column Series .........ccccvveeeiieeicciiieeeee e 353
7.3.2 EAZE COlUMN SEIIES...ciiiiiiieeiiiieeeeiitee e ectee ettt e e e ste e e e s ate e e e s abae e s sabaeeeenraeeeenseeas 354
7.4 DESIZN IMOEI ....uviiiiiieee e et e e et e e e et e e e et e e e e eerraeeeenes 355
7.4.1Internal ColUMN SEIIES......iiiiieiieriieite ittt 356
7.4.1.1 Concentric PUNCNING SEIIES........uuiiiiiie ittt e et e e e crree e e e e e e e e ennens 356
7.4.1.2 Eccentric PUNCRING SEIIES c.ccoieiiiieeee ettt e e e e estrree e e e e e e e e nnnes 356

7.4.2 EAZE COIUMN SEIIES...ciiiiiiieeeiiieeeeiitee e ectee e e sttt e e e ste e e e e are e e e s aaeeeesabaeeeeasaeeeensenas 357



7.5 FULUIE WOTK ettt ettt et et e e s e s b e e sareesaneeesanes 358
3= =T =T Vo = 359
DY o o 1Ty T [ G NP 365
P3N o o 1Ty T [} P 369

D3N s o 1Ty T [ O o 378



List of Tables

Chapter 3

Table 3.1 Specimen Details for SEries WS ... e e raree e 108
Table 3.2 Specimen Details fOr SEries IWSB .......ocoieiecciiiiiiee ettt e e e nraaee e 108
Table 3.3 Specimen Details fOr SEries IFSB ...ttt eeecrrree e e e e e nraaeee s 108
Table 3.4 Specimen Details for SEries IWSBC ........coooiiiiieieee e eeecvrree e e e e snraaeee s 109
Table 3.5 Specimen Details for SEries EWSB .......cccoooiciiieiiee et eeecrrree e e e e nnaneee s 109
Table 3.6 Specimen Details fOr SEries EFSB .......uuiiiiiiiiiiiieeeeeeeeeccireee e eeecirrreee e e e e e senrraeee s 110
Table 3.7 Specimen Details for Series EWSCE ........ccccuiiiiecieee ettt evtee e e van e e 110
Table 3.8 Sieve Analysis DY JONNSON™ ..ottt es e 110
Chapter 4

Table 4.1 Test result of concentric punching at internal column waffle slabs series............ 151
Table 4.2 Cracking Loads of concentric punching at internal column waffle slabs series..... 151
Table 4.3 Test results of eccentric punching at internal column waffle slabs series............. 151
Table 4.4 Cracking loads of eccentric punching at internal column waffle slabs series........ 152
Table 4.5 Test results of edge punching waffle slabs series.........cccecvveeieciieeecciiee e 153
Table 4.6 Cracking loads of edge punching waffle slabs series ......cccoccviveieiiiniiiieniiieeeees 154
Chapter 5

Table 5.1 Test and predicted failure loads of slab specimens reported by Moe® using

o] geToTo 3T g3 To Yo 1Y I RPN 254
Table 5.2 Test and predicted failure loads of slab specimens reported by Eltsner &
Hognestad™ Using Proposed MOTE! .........co.cuevvieeeiieeeeeeeseieeee e e s sese s sessesneas 255
Table 5.3 Test and predicted failure loads of slab specimens reported by Base’ using

oY oY o To XYY N 510 To o [ USSRt 256
Table 5.4 Test and predicted failure loads of slab specimens reported by Yitzhaki® using

oY oY o ToX-Y=To I 510 To o [ SRR UURRRNt 257
Table 5.5 Test and predicted failure loads of slab specimens reported by Tomaszewicz’’
USING PropoSed MOUEI .......euiiiiiie e e e e e e et e e e e e e e e e abareeeeeaeeesansnnes 257
Table 5.6 Test and predicted failure loads of slab specimens reported by Marzouk &

HusSeiN® USING ProOPOSE MOGEN ......vveeeeeeeeeeeeeeeeeeeee e seeeesese e eeeeeeteeeeeeeeeeeeseseeeeeesseseesenens 258



Xi

Table 5.7 Test and predicted failure loads of slab specimens reported by Author using

oY oY o ToTY=Yo I g1 To o [ HN U UURPROt 258
Table 5.8 Comparison between test failure loads and predicted failure loads for concentric
punching at internal COIUMN SEIIES ...ovuiiii i e e e s sbaeeeeas 259

Table 5.9 Test and predicted failure loads of slab specimens reported by Moe® using

o] geToTo 3T gy VoY 1Y ISR 260
Table 5.10 Test and predicted failure loads of slab specimens reported by Ghali et al.”**’

(U3 TaY =g eToT o To 1Y =Te g s Vo To {1 N UPN 261
Table 5.11 Test and predicted failure loads of slab specimens reported by Elgabry & Ghali*®*°
(U3 TaY = T oT o To 1Y =To g s o Yo {1 RSP 261
Table 5.12 Test and predicted failure loads of slab specimens reported by Kruger* using

o] geYoToT=Te g Vo T =Y ISP 262

Table 5.13 Test and predicted failure loads of slab specimens reported by Marzouk et al.>***
(U TaY = eTgeT o Jo 1Y =Te Iy s o Yo [ U SPIP 263
Table 5.14 Test and predicted failure loads of slab specimens reported by Hawkins et al.*
(U3 TaY = eTeT o To 1Y =To g s o Yo [Y USRS 264
Table 5.15 Test and predicted failure loads of slab specimens reported by Author using

o] geToTo3=Te [ gy VoY =Y IR 265
Table 5.16 Comparison between test failure loads and predicted failure loads for eccentric

punching at internal COIUMN SEIIES .......uiiii et e e et e e e e eta e e e e eaaaeeeeas 266

Table 5.17 Test and predicted failure loads of slab specimens reported by Stamenkovic &

Chapman’ USiNg ProPOSE MOGE ........c.eueueeeeeeeeeeeeeeeeeeeeeee e eeeeeseseeee et seese s e eeeeeenesseeeens 266
Table 5.18 Test and predicted failure loads of slab specimens reported by Zaghlool® using
o] geToTo 3T g3 To Yo 1Y I RPN 267

Table 5.19 Test and predicted failure loads of slab specimens reported by Gardner & Shao**
(U3 TaY =T eT o To 1Y =To g s o Yo {1 N UPRN 268
Table 5.20 Test and predicted failure loads of slab specimens reported by Surdasana’ using
o] geToTo3=Te g Vo Yo LY ISP 269
Table 5.21 Test and predicted failure loads of slab specimens reported by Author using

o] geToToT=Te g3 To Yo LY ISP 270
Table 5.22 Comparison between test failure loads and predicted failure loads for edge

PUNCRING SEIIES «.uttiiiieeeeeeiiiitiee et e e e e e ccttee e e e e e e e sitreeeeeesees s ssbeaaeeaeesesassseaseeaasesaanssransaeaesssannrrnes 271



xii

Chapter 6

Table 6.1 Test and predicted failure loads of slab specimens reported by Moe*® as according
t0 EC2%2 and USING MOGEI EC2-IC ...ttt 322
Table 6.2 Test and predicted failure loads of slab specimens reported by Eltsner &
Hognestad® as according to EC2%2 and using Model EC2-1C ......ovvvevveeeeeeeeeeeeeeeeeesseseenen 323
Table 6.3 Test and predicted failure loads of slab specimens reported by Base’ as according
10 EC2%% and USING MOTEI EC2-IC ...ttt st en s seeenas 324
Table 6.4 Test and predicted failure loads of slab specimens reported by Yitzhaki® as
according to EC2%2 and using MOdel EC2-IC........oueueuiueeeeeeeeeeeeeeeeeseseeeeeeeseeses e seeseseseseeens 325
Table 6.5 Test and predicted failure loads of slab specimens reported by Tomaszewicz”” as
according to EC2%2 and using MOdel EC2-IC........vuiueueeeeeeeeeeeeeeeeeeeeesee e eeeseeses e e s eeseseseeens 326
Table 6.6 Test and predicted failure loads of slab specimens reported by Marzouk &
Hussein® as according to EC2%% and using Model EC2-IC ..........cccoevrvveeeeeeeeieeeeeeeessienennnns 327
Table 6.7 Comparison between test failure loads and predicted failure loads for concentric
punching at internal CoOIUMN SEIIES ...ocuiiiiiiciiie e e e s sraeeeeas 328

Table 6.8 Test and predicted failure loads of slab specimens reported by Author as according

t0 EC2%% and USING MOTEI EC2-IC ...ttt s s 328
Table 6.9 Test and predicted failure loads of slab specimens reported by Moe™ as according
10 EC2%% and USING MOTEI EC2-IE ...t ee e eeeves s eerens s e nneenas 329
Table 6.10 Test and predicted failure loads of slab specimens reported by Ghali et al.”**” as
according to EC2%2 and uSiNg MOdel EC2-IE ......v.vuvueueeeeeeeeeeeeeeeeeeesesee e eeeeeeses e eeeseneseseeeens 330
Table 6.11 Test and predicted failure loads of slab specimens reported by Elgabry & Ghali*®*°
as according to EC2%2 and USiNg MOAEI EC2-IE w....vveveeeeeeeeeeeeeeeeeeeesee e eeeeeses e eeeeeenesesenens 330
Table 6.12 Test and predicted failure loads of slab specimens reported by Kruger* as
according to EC2%% and using Model EC2-IE........c.oeuiuieeeeiieeeeeeeeeeeeeseeeeeeeeses s esessesesseenns 331

Table 6.13 Test and predicted failure loads of slab specimens reported by Marzouk et al.”**
as according to EC2%2 and using MOl EC2-1E .......c.ovvvevvieeeeeeeeeeeee e sens s 332
Table 6.14 Test and predicted failure loads of slab specimens reported by Hawkins et al.>> as
according to EC2%% and using Model EC2-IE........coouiuieeeeeeeeeeeeeeeeesseeeeeee s s eessesesseeens 333
Table 6.15 Comparison between test failure loads and predicted failure loads for eccentric
punching at internal CoOIUMN SEIIES .......uiiiiiciiieecceee e e e e e e e saaeeeeas 334
Table 6.16 Test and predicted failure loads of slab specimens reported by Author as

according to EC2%2 and USiNG MOTEl EC2-IE......v.vueueueeeeeeeeeeeeeeeeeeeeseeeeeeeseese s eeeeeseneeeseenens 335



xiii

Table 6.17 Test and predicted failure loads of slab specimens reported by Stamenkovic &
Chapman’? as according to EC2?? and using Model EC2-E ...........oveuveiueeeeeeeeeeeeseeeseneeseans 336
Table 6.18 Test and predicted failure loads of slab specimens reported by Zaghlool® as
according to EC222 and Using MOl EC2-E.........ocuvuiueeeeeeeeeeeeesieseeeeesseeseeeseseesseses s 337
Table 6.19 Test and predicted failure loads of slab specimens reported by Gardner & Shoa®*
as according to EC2%2 and using MOl EC2-E .....ouveviveeiieeeeeeeeeeeee et s e ens 337
Table 6.20 Test and predicted failure loads of slab specimens reported by Surdasana’ as
according to EC2%2 and uSiNg MOdel EC2-E........ovueueveeeeeeeeeeeeeeeeeeeseeeee e eses e seeeens 338
Table 6.21 Comparison between test failure loads and predicted failure loads for edge

[ 10T g Yol o 1T o =Y = oYU 338

Table 6.22 Test and predicted failure loads of slab specimens by Author as according to EC2*

Table 6.23 Test and predicted failure loads of slab specimens reported by Author using

MOAEIEC2-E....oeeeieeieeeee ettt ettt et sttt e st e e st e st e s ateesabeeesabeesabeesanteesabeeennnes 340



Xiv

List of Figures

Chapter 1

Figure 1.1 Flat Plate FIOOr SYStEM.. .ttt ettt ree e s e e s saree e s s e 5
Figure 1.2 PUNChINg ShEar FAIlUre .....c..ueiiiiiiiieciiieee ettt see e sree e e e e s saee e s 5
Figure 1.3 Waffle Slab System and its COMPONENtS ......ccceiuiiiiiiiiiieiriiee e 6
Chapter 2

Figure 2.1 Regan's Fracture Surface APProach® ..........ccceeeeeeveeeesseeseseseesessssessssessssens 70
Figure 2.2 Critical Perimeter of ACI 318-11 for Internal Punching Mechanism®..................... 71
Figure 2.3 Critical Perimeter of BS8110 for Internal Punching Mechanism™.............cc.cc....... 71
Figure 2.4 Critical Perimeter of EC2 for Internal Punching Mechanism?...........ococvevveeeuerun. 72
Figure 2.5 Mechanical Model (Kinnunen & Nylander®™) .........oooeeeeoeeceeeeeeeeeeeeeeee e 73
Figure 2.6 Plastic Model by Braestrup €t @l.™........c.c.oveeeeeeeeeeeeeeeeeeeeeeeeesee e eeeeeeeses e 74
Figure 2.7 Plastic Model-Punching Failure SUIace™ ..........oeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 74
Figure 2.8 Simplified Plastic Model by Salim & Sebastian”.........cveeeveeeeeeeeeereeeeeeeeeeeeene 74
Figure 2.9 Square slab subjected to concentrated load, plane view and cross section®’........ 75
Figure 2.10 Punching shear failure in inclined crack planes®” ..........cooveeeeeeeeeereeeeeeeeesenens 76
Figure 2.11 Cracking MEChaNiSM™ .........ocuiuieeieiieeeeeeeeee ettt ss s seseeenas 76
Figure 2.12 Assumed Shear Stress Distribution for Interior Column® ...........ccccevvvivierererrnnn. 77
Figure 2.13 Model proposed by IMOE™>...........coviuieiueiieeeeeceeeeeeeer et s s 78
Figure 2.14 Distribution of Shear stresses due to unbalanced moment by Regan® ............... 78

Figure 2.15 Shear Stresses due to Shear and Moment Transfer at an Interior Column (ACI') 79
Figure 2.16 Transfer of Biaxial Moment at an Interior Column (ACI-318-11") .....coovvveevevnnnee. 80

Figure 2.17 Shear distribution due to unbalanced moment at a slab-internal column

COMMECHION ..ottt sttt as st s s s s s s s e s e s et a st et s es st s s es st enaesassanansanens 80
Figure 2.18 Basic Concept of Beam Analogy (Hawkins & COrley®®) .....oovoveeerreeeeeeenenene 81
Figure 2.19 Possible failure modes of beam analogy (Hawkins & Corley?)) ......ooovveeeeunnnn. 81
Figure 2.20 Internal Actions based on Beam Analogy Model (Park & Islam®).........cccccoveun.... 82
Figure 2.21 Assumed Shear Stress Distribution Edge Column® ........c.ooeeeeeeeeeereeeeeeeeeeeene 82
Figure 2.22 Shear Fracture Surface for Punching Failure (REan®) ......ocveeveeeeeeerreeeeeeernene 83
Figure 2.23 Typical Punching at Edge Column (Cracking mode)® .........ccoeveeeeeereeeeeeeeeens 83
Figure 2.24 Shear fracture surfaces for various magnitudes V and M (Regan®) ..........ccc....... 84

Figure 2.25 Edge Connections (ACI 318-111) .....viuiviuieeeeeeeeeeeeeeeeee et es e 85



XV

Figure 2.26 Reduced basic control perimeter, UL*? ..........cccovvveurerreeeeresseeeessssessessesessssnes 85
Figure 2.27 Beam Analogy for Edge Column (Hawkins & Corley®®) ........coouvvieveeeureneennanns 86
Figure 2.28 Internal Punching Failure Mechanism for Internal Waffle Slabs®....................... 87
Figure 2.29 Design Model by Lau — Critical Shear Area®® .........ccovoieveeceeeeeeeeeeeeseeens 88
Figure 2.30 Design Models proposed by Al-Bayati -Critical Shear Area>” .........cococovveveeenenn. 89
Figure 2.31 Design Model by Lau — Critical Shear Area™ ™ ... 90
Figure 2.32 Effect of size on compressive strength by Gonnerman® ...........cccocevveveeeeeneen. 91
Figure 2.33 Comparison between PP6 and dV6h + h (Neville®)..........ccccovvevvvereeerrennnne. 92
Figure 2.34 Relative strength vs relative linear dimensions by Endersbee®...........ccoceeveunn... 92
Figure 2.35 Effect of size specimen on concrete tensile strength by Rossi® ........ccoveeveveuenn. 93

Figure 2.36 Relationship between concrete tensile strength and size of fracture area by
KQAIECEK 1 @l ..ottt ettt sttt ettt 93
Figure 2.37 Size Effect Law by Bazant & KimM®........c.c.euvveveieiuiieeiiiieeeeeseeeseeeeeee s 94

Figure 2.38 Measured load-deflection diagrams for slabs with different thickness by Bazant

BUCA0% ettt bbbttt bttt 95
Figure 2.39 Mattock type push off SPECimMEN™..........couevieirieeeeieee et 96
Figure 2.40 Shear stress vs displacement .......cccuiiiiiiiiiii i 96
Chapter 3

Figure 3.1 Specimen details in the Internal Column SEeries .......ccccceeciieeeeciieeeeceee e 111
Figure 3.2 Specimen details in the Edge Column Series .......cccccvuieeeeciiee et 111

Figure 3.3 Principle angle of moment transfer for waffle slab with 200x200mm solid section
and 100x100mMm columN (IWSB SEIES) ...uueieeeiiieeeiiiieeecitee e ettt eeree e e et e e ere e e e eeataee e e eaaeeas 112

Figure 3.4 Principle angle of moment transfer for waffle slab with 200x200mm solid section

and 100x100mMm columMn (EWSB SEIIES) ...ueieicuieeeeciiieeecitee e e cctieeeeetee e e et e e et e e e eeatae e e e eaaeeas 112
Figure 3.5 Detailing of steel mould components for Internal Column Series............c..cc....... 113
Figure 3.6 Mould Setup for Internal Column SEries ........cccvveeeeciiieicciiee e 114
Figure 3.7 Detailing of steel mould components for Edge Column Series ........cccccceeeuvveeenns 115
Figure 3.8 Mould setup for Edge Column SEIEs ......ccuvieiiciiieeieiieie et 116
Figure 3.9 Steel mould of 50 MM CUDES .......oeiiiiiiiiicee e 117
Figure 3.10 Steel L-Column StUD .......cuviiiiee et 117
Figure 3.11 lllustration of holding down bolts to prevent uplift ..........ccceevieeiiciiiiiciieeens 118
Figure 3.12 Aggregate sieve grading as according to JONSON™.........coeeeeeeeeeeeeeeeeean 118

Figure 3.13 Stress vs Strain curve of 3.4 mm bars.......ccceeeie i, 119



XVi

Figure 3.14 Fabricated reinforcement cage for Internal Column Series .......cc.cceevveeriiernnnee. 119
Figure 3.15 Fabricated reinforcement cage for Edge Column Series ........cocceevvcieeeircveeennnns 120
Figure 3.16 Schematic diagram of reinforcement for Internal Column Series.........cccovveeeneee 120
Figure 3.17 Schematic diagram of reinforcement for Edge Column Series.......cccccceveuveeennans 121
Figure 3.18 Placement of reinforcement cage right before concreting works...................... 121
T (U e T R B =T Y= AU o O PPPRPPTPNE 122
Figure 3.20 Test Setup for IWSB 9 (Internal Column SEries) .......cccceecvveeeecieeeeecieee e 122
Figure 3.21 Schematic diagram of test setup for IWSB 1,4 and 7.........cccccovveeevcieeeeccieeeennns 123
Figure 3.22 Schematic diagram of test setup for IWSB 2,5and 8..........ccccovveeeecieeeeccieeeeenns 123
Figure 3.23 Schematic diagram of test setup for IWSB 3,6 and 9...........cccoveeeecieeeecciieeeeenns 124
Figure 3.24 Test SEtUp fOr EWSB 3 .....ooiii ettt ettt e et e e et e e s s vae e e s snrae e e sanes 124
Figure 3.25 Schematic diagram of test setup for EWSB 1, 6 and 11........cccoveevvciiieeincneeennnns 125
Figure 3.26 Schematic diagram of test setup for EWSB 2, 7 and 12........cccocevvvciieeincieeennnns 125
Figure 3.27 Schematic diagram of test setup for EWSB 3, 8 and 12.........ccocevvvcieeeincieeennns 126
Figure 3.28 Schematic diagram of test setup for EWSB 4,9 and 13........cccocvveiviiieiiicieeeennns 126
Figure 3.29 Schematic diagram of test setup for EWSB 5, 10 and 15........cccceevvcieeeiicnveeennnns 127
Figure 3.30 Schematic diagram of test setup for EWSCE 1,2 and 3.......ccccovveeivcieeeencveeeenns 127
Figure 3.31 Locations of dial gauges in Internal Column Series ........c.cccceeeveeeeecieeeeecieeeeens 128
Figure 3.32 Locations of dial gauges in Edge Column Series .........cccccuveeeecieeeeecieeeeccieee e 128
Chapter 4

Figure 4.1 Section of internal punching failure surface.........cccccoveeeeciiee e 155
Figure 4.2 Loss of Potential Failure Surface in Waffle Section, IWS1 (during loading).......... 156

Figure 4.3 Loss of Potential Failure Surface in Waffle Section, IWS 1 (after punching failure)

............................................................................................................................................... 156
Figure 4.4 Concentric Punching of Waffle Slab, IWS1 ..........ccccooviiiiiiiiee e 157
Figure 4.5 Load vs Deflection fOr IWS 1 ........ooi ittt 158

Figure 4.6 Loss of Potential Failure Surface in Waffle Section for IWSB 2 (Front Face — heavily
[[oX-To [<To I g =T={To T o ) PPN 159
Figure 4.7 Loss of Potential Failure Surface in Waffle Section for IWSB 2 (Side Face).......... 159
Figure 4.8 Loss of Potential Failure Surface in Waffle Section for IWSB 2 (Back Face - lightly
[[oX=To [<To I g =T ={To T ) S UPN 160
Figure 4.9 Schematic diagram of the observed column eccentricities on internal punching

Y 1 T=E T 1 1= 2 = L 1] 1 TSR 161



XVii

Figure 4.10 Schematic sketch of the observed effect of principle angle of biaxial moment

transfer on internal punching shear mechanisM........cccoccveviiiiie e, 162
Figure 4.11 Eccentric Punching of Waffle Slab, IWSBL.........cccoocviiiiiiciiieieeee e 163
Figure 4.12 Eccentric Punching of Waffle Slab, IWSB2.........cccoecvviiiirciiiiieee e 164
Figure 4.13 Eccentric Punching of Waffle Slab, IWSB3.........cccoociiiiiecee e 165
Figure 4.14 Eccentric Punching of Waffle Slab, IWSB4...........coooiiiiiciieeeeeee e 166
Figure 4.15 Eccentric Punching of Waffle Slab, IWSB5.........ccccccoiiiieiiiee e 167
Figure 4.16 Eccentric Punching of Waffle Slab, IWSB6...........ccccoveiiiiiiieiceee e 168
Figure 4.17 Eccentric Punching of Waffle Slab, IWSB7 ..........ccoociiiiicee e 169
Figure 4.18 Eccentric Punching of Waffle Slab, IWSBS..........cccccoiiiieciei e 170
Figure 4.19 Eccentric Punching of Waffle Slabs, IWSBI ..........cccoviiiiiiiiiiceee e 171
Figure 4.20 Eccentric Punching of Flat Slab, IFSBL ........ccoociiiiiiiiieeecieee e 172
Figure 4.21 Eccentric Punching of Flat Slab, IFSB2 .........ccccviiiiiiiiiiiiiieee e 173
Figure 4.22 Eccentric Punching of Flat Slab, IFSB3 ........ccooiiiiiiiiiiieecieee e 174

Figure 4.23 Eccentric Punching of Waffle Slab with different column orientation, IWSBC1 175
Figure 4.24 Eccentric Punching of Waffle Slab with different column orientation, IWSBC2 176

Figure 4.25 Load vs Deflection Curve for IWSB L.......c..ccoiiiiieeiiiiiee e eeveee e 177
Figure 4.26 Load vs Deflection Curve for IWSB 2..........oooiciiiee ittt 177
Figure 4.27 Load vs Deflection Curve for IWSB 3..........ooiiiiiiiccieee ettt e 178
Figure 4.28 Load vs Deflection Curve for IWSB 4...........ooociiieieciieeecieee e eectree e e eiree e 178
Figure 4.29 Load vs Deflection Curve for IWSB 5..........coiiciiiiiiciiiee et et 179
Figure 4.30 Load vs Deflection Curve for IWSB B...........ccociiiieieiiieeecieee et et e evree e 179
Figure 4.31 Load vs Deflection Curve for IWSB 7.........ueieiiiiee ettt ettt 180
Figure 4.32 Load vs Deflection Curve for IWSB 8...........cooviiiiicciiieicieee e eevee e 180
Figure 4.33 Load vs Deflection fOr IWSB 9......cccuiiieiiiiiie ettt 181
Figure 4.34 Load vs Deflection fOr IFSB L.......ccocciiiiiiciiie ittt eite e e eavne e 181
Figure 4.35 Load vs Deflection fOr IFSB 2.......ccocuiiii ittt ettt e e evae e 182
Figure 4.36 Load vs Deflection fOr IFSB 3.......ccociiiiiicieie ittt evre e et e e 182
Figure 4.37 Load vs Deflection for IWSBC L........c.ooeiiiiiiieiiiiiee ettt e e sree e 183
Figure 4.38 Load vs Deflection for IWSBC 2..........oiiiiiiiieieieee ettt srne e 183
Figure 4.39 Effects of Principle Angle of Biaxial Moment on Punching Capacity .................. 184
Figure 4.40 Effects of Column Eccentricity on Punching Capacity......cccccoeceviiveeeeiiecccnninnennn. 184
Figure 4.41 Effects of Column Orientation on Punching Capacity........cccoeccvivieeeeeiecccnninnennn. 185

Figure 4.42 Effect of Solid Section on Punching Capacity.......ccccccvvviveeeiieieciiiieeeee e, 185



XViii

Figure 4.43 Comparisons between IFSB 2 and IWSB 5 .......c..coovviiiiiiviiiee e 186
Figure 4.44 Edge Punching MeChaniSm ........coeivciiiiiiiiiiieeicieeeseciieee s e e e e s svre e e s snraee e sanes 186
Figure 4.45 Loss of Potential Failure Surface in Waffle Section, EWSB 5 (during loading).... 187
Figure 4.46 Loss of Potential Failure Surface in Waffle Section, EWSB 5 (after punching

L= 11 LU (=) PRSP 187
Figure 4.47 Schematic sketches of the observed effects of column eccentricities (parallel to
slab edge) on edge punching shear mechanisM........ccccccvviieiiiie e 188

Figure 4.48 Schematic sketches of the observed effects of the principle angles of biaxial

moment transfer on edge punching shear mechanism...........cccocoveeiiiiiiie e, 189
Figure 4.49 Edge Punching of Waffle Slab, EWSB 1........ccccoiiiieiiiieicceee e 190
Figure 4.50 Edge Punching of Waffle Slab, EWSB 2.......ccoociiiiiiiiiiiiciiee e 191
Figure 4.51 Edge Punching of Waffle Slab, EWSB 3.......ccoociiiiiiiiiieicieee e 192
Figure 4.52 Edge Punching of Waffle Slab, EWSB 4........cccciiiiiiiiiiiciiee e 193
Figure 4.53 Edge Punching of Waffle Slab, EWSB 5.......ccoociiiiiiiiiie e 194
Figure 4.54 Edge Punching of Waffle Slab, EWSB 6........ccccvuiiiiiiiiiiicieee e 195
Figure 4.55 Edge Punching of Waffle Slab, EWSB 7.......ccovciiiiiiiiiieicieee e 196
Figure 4.56 Edge Punching of Waffle Slab, EWSB 8........ccccoiiiiiiiiiiiciiee e 197
Figure 4.57 Edge Punching of Waffle Slab, EWSB 9........cccciiiieiiieeceee e 198
Figure 4.58 Edge Punching of Waffle Slab, EWSB 10.........cccceeeeciiieeciiiee e 199
Figure 4.59 Edge Punching of Waffle Slab, EWSB 11 ........ccccceeieiiiiiicciiie e 200
Figure 4.60 Edge Punching of Waffle Slab, EWSB 12........cccceiieiiiieicciiee e 201
Figure 4.61 Edge Punching of Waffle Slab, EWSB 13........cccveiiiiiiieicieee e 202
Figure 4.62 Edge Punching of Waffle Slab, EWSB 14 .........c.cooooeiiiieicciiee e 203
Figure 4.63 Edge Punching of Flat Slab, EWSB L......ccccuviiiiiiiiiiciiee e 204
Figure 4.64 Edge Punching of Flat Slab, EWSB 2......cccuviiiiiiieicieee et 205
Figure 4.65 Edge Punching of Flat Slab, EWSB 3......cccuuiiiiiiiee et 206
Figure 4.66 Edge Punching of Flat Slab, EWSB 4........c..cciiiiiiieicieee e 207
Figure 4.67 Edge Punching of Flat Slab, EWSB 5......cccuviiiiiiiieicieee et eree e 208
Figure 4.68 Edge Punching of Waffle Slab with different location, EWSCE 1............c........... 209
Figure 4.69 Edge Punching of Waffle Slab with different location, EWSCE 2............cc..c....... 210
Figure 4.70 Edge Punching of Waffle Slab with different location, EWSCE 3....................... 211
Figure 4.71 Load vs Deflection fOr EWSB L.......ooveiiiiiiiiieeee ettt e eerreee e e e e e nneeee s 212
Figure 4.72 Load vs Deflection fOr EWSB 2.......ceiiii ittt eevreee e e e e e 212

Figure 4.73 Load vs Deflection fOr EWSB 3.......coiiiii ettt e e e 213



XiX

Figure 4.74 Load vs Deflection fOr EWSB 4 ..........uuiiiiciieieiiiiieeeeciieeeseiiee e ssieee e sveee e s snrne e 213
Figure 4.75 Load vs Deflection fOr EWSB 5.....couuiiiiiciiieiciie sttt sseee e e e snee e 214
Figure 4.76 Load vs Deflection fOr EWSB B........c.ueiiiiciiiieiiiiiee e ciieee e e sive e e s sneeee s 214
Figure 4.77 Load vs Deflection fOr EWSB 7 .....coccuviiiiiciieee it ceiieee e etiee e sivee e siee e e s snrae e 215
Figure 4.78 Load vs Deflection fOr EWSB 8...........coiiiciiiieiciiee ettt ette e e eaaee e 215
Figure 4.79 Load vs Deflection fOr EWSB O..........uviiiiiiiiecciieee ettt e e enreee e 216
Figure 4.80 Load vs Deflection for EWSB 10.........cccoiciiieiiciieeeciieeeectieeeeeveee e e eivee e e evreee e 216
Figure 4.81 Load vs Deflection for EWSB 11.........coooviiiieiiiiieeeciieee et e e etve e e evreee e 217
Figure 4.82 Load vs Deflection for EWSB 12.........coooiiiiieiciieee ettt e e evre e e e earaee e 217
Figure 4.83 Load vs Deflection for EWSB 13 .........oooiiiiiieieieee ettt evte e e e earne e e 218
Figure 4.84 Load vs Deflection fOr EWSB 14 .........cooiiciiieiiiieeecciieeeeciieeesstee e svie e e s snraee e 218
Figure 4.85 Load vs Deflection for EWSB 15.........coiiiiiiieiiiiieecciieeeeciieee e e ssvve e e e svreee s 219
Figure 4.86 Load vs Deflection fOr EFSB L.......ccccuiiiiiciiieiiiie ettt eevvee e sine e e s saree e 219
Figure 4.87 Load vs Deflection fOr EFSB 2.......coccuuiiiiicieie ittt ssvee e e e e sree e 220
Figure 4.88 Load vs Deflection fOr EFSB 3.......couiiiiiiciiee ettt eevtee et e e s sarae e 220
Figure 4.89 Load vs Deflection fOr EFSB 4.......cccuueiiiiciiiee ittt esvtee e sve e e s eatnee e 221
Figure 4.90 Load vs Deflection fOr EFSB 5.......cccciiiiicciiieeicieee ettt eeree e e e e s sree e 221
Figure 4.91 Load vs Deflection fOr EWSCE 1 .........coooiciiiieieiiieecciieee ettt e e etve e e e evraee e 222
Figure 4.92 Load vs Deflection fOr EWSCE 2.........ooiieciiiieieiieee ettt eettee e e etae e e e evraee e 222
Figure 4.93 Load vs Deflection for EWSCE 3.........ooiiiciiiieicieeeeetieee et e eettee e e etre e e e enrae e 223
Figure 4.94 Effects of Principle Angle of Biaxial Moment on Punching Capacity .................. 223
Figure 4.95 Effects of Column Eccentricity on Punching Capacity.........cccocoveeeeciieeeecieeeeenns 224
Figure 4.96 Effects of Column Location on Punching Capacity........cccceeeeciveeeeciieeeeciieeeens 224
Figure 4.97 Effects of Solid Section on Punching Capacity ........cccceeveciieeiicieee e 225
Chapter 5

Figure 5.1 Proposed concentric punching at internal column shear failure surface............. 272

Figure 5.2 Proposed concentric punching at internal column shear failure surface for waffle
SIS WIth 10SSES..c.uiiiiiiiiiie ettt be e s be e e st e e sbe e sbaeesabaesaes 273
Figure 5.3 Proposed concentric punching at internal column shear failure surface for waffle
SIADS WIth NO 1OSSES...cieiiiiiiiiiee ettt st e s be e e sabe e sbeesaeeesbeeenes 274
Figure 5.4 Proposed concentric punching at internal column shear failure surface for solid

Flat SIS WIth NO TOSSES ...t e e et e e e e e e e e bbb eeeaeeaaes 275



XX

Figure 5.5 Comparison between predicted loads and test failure loads for waffle slabs and
solid flat slabs using proposed concentric punching at internal column ..........cccccovvveeeeennnn. 276
Figure 5.6 Effect of eccentricity on punching shear failure surface .......ccccocceevveieeiincennnnns 276
Figure 5.7 Proposed eccentric punching at internal column shear failure surface when the
principle angle of MomMeNt transferis 0% .......ccviiieeriieceecre e st eveens 277
Figure 5.8 Proposed eccentric punching at internal column shear failure surface when the
principle angle of MomMeNnt transferis 22.5°% ......ooiiveriieeeeececeeete ettt 278
Figure 5.9 Proposed eccentric punching at internal column shear failure surface when the
principle angle of MOMENt traNSTEriS 45° ..ottt eneens 279
Figure 5.10 Distribution of steel strain at solid flat slab connections ...........cccecovveeeecieeeenns 280
Figure 5.11 Critical section perimeter when the principle angle of moment transfer is 0°..281
Figure 5.12 Shear stress distribution when the principle angle of moment transfer is 0°....281

Figure 5.13 Critical section perimeter when the principle angle of moment transfer is 22.5°

Figure 5.15 Critical section perimeter when the principle angle of moment transfer is 45° 283
Figure 5.16 Shear stress distribution when the principle angle of moment transfer is 45°..283
Figure 5.17 Schematic diagram of eccentric punching at internal column shear failure surface
when the principle angle of moment transferis 0%.......covivveviiiercie e 284
Figure 5.18 Schematic diagram of eccentric punching at internal column shear failure surface
when the principle angle of moment transferis 22.5%......covveviiievcviceee e 285
Figure 5.19 Schematic diagram of eccentric punching at internal column shear failure surface
when the principle angle of moment transfer is 45°%.........ovvvvveviiieveniceene et 286
Figure 5.20 Comparison between predicted loads and test failure loads for waffle slabs and

solid flat slabs using proposed eccentric punching at internal column model ..................... 287
Figure 5.21 Proposed edge punching shear failure surface .........ccccecvvveiicieeicciee e 288
Figure 5.22 Proposed edge punching shear failure surface for waffle slabs with losses ...... 289
Figure 5.23 Proposed edge punching shear failure surface for waffle slabs with no losses .290

Figure 5.24 Proposed edge punching shear failure surface for solid flat slabs with no losses

Figure 5.25 Proposed edge punching shear failure surface when the principle angle of

moment transfer is 0° from column axis (parallel to the slab edge) .......ccccevvvvevvviiciereinnnne 292



XXi

Figure 5.26 Proposed edge punching shear failure surface when the principle angle of
moment transfer is 22.5° from COIUMN @XIS ......ccvevrueiereriereieeeee e aees 293
Figure 5.27 Proposed edge punching shear failure surface when the principle angle of
moment transfer is 45° from COIUMN @XIS .......ccvrveirieieiiieeeeree et 294
Figure 5.28 Proposed edge punching shear failure surface when the principle angle of
moment transfer is 67.5° from COIUMN @XIS ....c.vvveirueiririeiieeree e 295
Figure 5.29 Proposed edge punching shear failure surface when the principle angle of
moment transfer is 90° from column axis (perpendicular to the slab edge) ........ccceveeueuee. 296
Figure 5.30 Critical section perimeter when the principle angle of moment transfer is 0°
(parallel to the SIab AZE) .....uuvii i e et raa e e 297
Figure 5.31 Shear stress distribution when the principle angle of moment transfer is 0°
(parallel to the SIab EAEE) ...cccvuieceieeee e et et 297

Figure 5.32 Critical section perimeter when the principle angle of moment transfer is 22.5°

Figure 5.34 Critical section perimeter when the principle angle of moment transfer is 45° 299
Figure 5.35 Shear stress distribution when the principle angle of moment transfer is 45°..299

Figure 5.36 Critical section perimeter when the principle angle of moment transfer is 67.5°

Figure 5.38 Critical section perimeter when the principle angle of moment transfer is 90°
(perpendicular to the s1ab €dEE) .....c.eieuiiieiie e e 301
Figure 5.39 Shear stress distribution when the principle angle of moment transfer is 90°
(perpendicular to the s1ab dEE) .....c.eieuieieiie e s 301
Figure 5.40 Schematic diagram of edge punching shear failure surface when the principle
angle of moment transfer is 0° (parallel to the slab edge) ......c.covevveviiveviiieeieciceceein, 302
Figure 5.41 Schematic diagram of edge punching shear failure surface when the principle
angle of MOMENT LrANSTEI IS 22.5% . ..iiviiiiiiceeereceeeee ettt et te e ete e eeeeteesesreereenresteeseens 303
Figure 5.42 Schematic diagram of edge punching shear failure surface when the principle
angle of MOMENT LrANSTEr IS 45 ..ottt sttt st et e st e st e sre et s sbeenbestesreens 304
Figure 5.43 Schematic diagram of edge punching shear failure surface when the principle

angle of MOMENT LrANSTEr IS 67.5° ...uiiuiiiiieiiti ettt ettt sttt st e st e st s sbeentesteereens 305



XXii

Figure 5.44 Schematic diagram of edge punching shear failure surface when the principle
angle of moment transfer is 90° (perpendicular to the slab edge) .......cccecvvvvviviiiiceriiinine 306

Figure 5.45 Comparison between predicted loads and test failure loads for waffle slabs and

solid flat slabs using proposed edge punching model........ccccoviiviiiiiiniiiiiiie e, 307
Chapter 6

Figure 6.1 Critical shear perimeter for internal column by EC2%.........ooevveveeeieeeseeeenns 342
Figure 6.2 Design model EC2-IC and EC2-IE — critical shear area .........ccccecvveeeecieeeeecieeeeenns 343
Figure 6.3 Moment transfer mechanism for internal column by EC2%.........oovveveevreennn. 344
Figure 6.4 Critical shear perimeter for edge column by EC2%% .......oovoeeeeeeeeeeeeeeseeenans 344
Figure 6.5 Design model EC2-E — critical shear area........cccoeeeeeciiieicciiee e 345

Figure 6.6 Moment transfer mechanism for edge column by EC2%% .........covveeieerreeeenns 346



Chapter 1 Introduction

1.1 Background

One of the many types of reinforced concrete slabs is the reinforced concrete flat plate floor
system. The floor system consists of a slab of uniform thickness supported directly on
columns without using intermediary beams as shown in Figure 1.1. The flat plate floor
system is well-favoured by many designers due to its simplicity in construction, functional

form and construction economy as compared to the conventional beam and slab system.

However, a major concern on this design system is the brittle punching failure that may
occur due to the transfer of shear forces and unbalanced moment between the slabs and
columns. Inclined shear cracks may develop within the slab thickness, which leads to brittle
punching shear failure at the slab-column connection. This concern is illustrated in Figure

1.2.

The biggest fear upon the flat plate floor system is that the diagonal shear cracks are not
visible on the slab surfaces. These unseen cracks will form across the slab thickness forming
a cone, at the supporting column, and leads to a sudden punch through the slab and a
sudden drop in the load-carrying capacity of the slab. Therefore, it is utmost important to be

able to predict the ultimate strength of slab-column connections.

Since the introduction of flat slab structure, an extensive amount of research has been made
to help understanding concentric punching, eccentric punching, and edge punching
behaviour of a solid flat slab. The primary and the oldest approach in concentric punching
mechanism is developed by Talbot’® in 1913 in which he introduced an empirical approach
to predict the punching failure loads of solid flat slabs. The model was later developed by

other researchers (Richart®; Hognestad®®; Whitney’®; Moe®®; Yitzhaki®’; Rankin & Long®’;
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Gardner®), and was finally adopted by most of the design codes such as ACI* and BS8110™.
An extensive amount of theoretical study has also been made to understand the punching
failure mechanism better, such as, the mechanical model introduced by Kinnunen &

Nylander® and the plastic model introduced by Braestrup et al.** and Jiang & Shen®.

For the eccentric punching mechanism, Di Stasio & Van Buren'” presented a working stress
method for the strength of slab-column connections in the presence of combined shear and
unbalanced moment. The model was then modified by Moe>?, the ACI-ASCE committee 326>
and Hanson & Hanson®. The first theoretical beam approach was initiated by Hawkins &
Corley®* based on modifications made upon Andersson’s® approach, which was done for
concentric loading only. Hawkins & Corley** developed an interaction diagram for interior
slab-column connections transferring shear and unbalanced moment followed by Islam &
Park®, who developed a simpler design procedure. For edge column punching mechanism,

an example is the beam analogy approach introduced by Hawkins & Corley**.

In today’s construction industry, waffle slabs are becoming widely popular as waffle slabs
provide a lighter and stronger slab (because it gives added strength in both directions) than
an equivalent flat slab, thus reducing the extend of foundations. Besides that, with the
advancement of today’s technology, formworks are invented to accommodate the ease of
waffles slab’s installation process, leading to construction time saved. Waffle slabs provide a

very good form in which dynamic loading may be present, such as laboratories and hospitals.

Waffle slabs are described in that they have a thin topping slab and narrow ribs spanning in
both directions between column heads. These column heads are built such that they are

constructed at the same depth as the ribs as illustrated in Figure 1.3.
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1.2 Problem Statement

Due to the increasing popularity of using waffle slabs in various buildings (e.g. commercial
and industrial buildings), it is important to ensure that these waffle slabs are designed to
behave satisfactorily under working load conditions as well as to achieve the required

strength according to the Ultimate Limit State design.

Many investigators'®®*®® have carried out experimental studies to determine the behaviour
of reinforced concrete flat slab structures under punching shear loading. However, these
data are mainly obtained from testing solid flat slab specimens. Very little effort has been

made to study the behaviour of waffle slab structures under punching shear loading.

Various design codes™**** have suggested different design methods to design waffle slabs
against punching shear failure. However, the majority of these codes, if not all, are derived

L1422 These design methods become questionable as there are obvious

from solid flat slabs
differences in terms of structural properties (e.g. punching shear failure mechanism and
punching shear capacity) between the solid flat slabs and the waffle slabs. Most previous

4374781 5n the waffle slabs and ribbed slabs have shown that the differences in

researches
cross section between both slabs lead to a different punching shear failure mechanism and

hence, different punching shear capacity.
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1.3 Objective and Scope

The main objective of this research is to investigate the punching shear mechanisms of
waffle slabs in the presence of unbalanced moment transfer through experimental tests and
analytical study. The experimental works carried out in this research involve destruction
testing of thirty-eight 1/10" scale slab specimens, which were cast using micro-concrete
mixed from scaled aggregates. The tests covered testing at the internal column and the edge

column situations.

The objectives of the research are listed in the followings:

1 To investigate the punching shear mechanisms of waffle slabs in the presence of biaxial
unbalanced moment transfer for interior, and edge slab-column connections.

2 To study the effects of the principle angle of biaxial moment, the size of the solid
section, the column’s eccentricity and the column’s orientation on the punching shear
capacity of waffle slabs at internal column connections.

3 To study the effects of the principle angle of biaxial moment, the size of the solid
section, the column’s eccentricity and the column’s location on the punching shear
capacity of waffle slabs at edge column connections.

4 To develop theoretical models, using an upper bound plastic approach and the observed
shear failure surface to predict the shear carrying capacities.

5 To develop simple design models for design purposes.
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Chapter 2 Literature Review

2.1 Introduction

Extensive amount of works*®®**®® have been carried out in the last century, which developed
all the current understanding in punching shear mechanism in reinforced concrete slabs.
However, despite the increasing popularity of waffle slabs, the current understanding with
regards to punching shear mechanism has been derived from tests carried out on flat slabs.
And, only very limited amount of works have been carried out on waffle slabs. Therefore,
previous researches on flat solid flat slabs and waffle slabs**”*#! have been reviewed to

form the basic understanding with regards to the punching shear mechanism of waffle slabs.

In this chapter, a literature review is made on both empirical and theoretical approaches
that have been introduced to predict the punching shear strength at internal column, and

edge column connections.

2.2 Concentric Punching Shear

In this section, a review upon past models that were proposed to predict the behaviour of
solid flat slabs in the absence of unbalanced moment transfer is proposed. In this chapter,
the literature on concentric punching shear, consists of the empirical approaches with the

building codes approaches, and the theoretical approaches, is presented.
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2.2.1 Empirical Approach

2.2.1.1 Control Surface Approach

The earliest study on the shear strength of slab was conducted on reinforced concrete
footings and published by Talbot”® in 1913. Talbot tested a total of 114 wall footings and 83
column footings where the column footings were 5 ft square, 1 ft thick and having a 1 ft
square column stub loaded at the center. From about 20 column footing specimens which
failed in shear, Talbot proposed that the nominal shear stress, v, of a footing without shear
reinforcement, corresponds to an assumed perimeter of critical section, u, at a distance
equal to the slab depth, d, from the column faces, ¢, and with its height equals to the

section’s lever arm, z, as indicated in the following equation:

Vyu

v. =
¢ u.z

(Eq.2.1)
Where:

V,, = the ultimate punching load

u = the perimeter of the critical section, u = 4(c + 2d)

¢ = the column width

d = the effect depth of a footing

Z = the section lever arm

Richart®® in 1948 reported the next major study on shear strength of slabs. Richart’s model

was distinct from Talbot’s model®

in that the effective depth of the column footing was
introduced as the major variable. Other variables such as the amount and strength of tensile

reinforcement and concrete strength were also being investigated and contributed to the
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140 column footings in which all were tested to failure. Richart concluded that the shearing
stresses at failure changed as accordance to the effective depth of the footing. The shear

stress was found to be lower for thick footings and higher for thin footings.

In 1953, Hognestad™® re-evaluated Richart’s findings® on the shear failures of footings. In
Hognestad’s analysis, under concentric load, the regions of high shear and flexural stresses
coincided. For the first time, Hognestad introduced a new ratio, ¢,, which represents the
ratio of ultimate shear capacity to yield line capacity of the section, as one of the parameters
in his statistical study of the test results. Hognestad found valid reasons to believe that the
best way to measure shearing strength is to calculate from a control shear surface, which
located at the faces of the loading column. Based on the above findings, an empirical

equation was proposed to compute the punching shear stress.

Vi 0.07 .
v =t = (0.035+ - ) o, + 130psi (Eq. 2.2)
Where:

V,, = the ultimate punching load

j =7/8 constant

u = 4c, perimeter of critical section

d = effective depth

¢ = the column width

o, = the cylinder concrete compressive strength

d, = the ratio of ultimate shear capacity to yield line capacity
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In 1956, Elstner & Hognestad® further explored into the punching shear behavior of solid
flat slabs and reported results of 39 square slab specimens being loaded centrally using
column stubs and most of the specimens were supported along all four edges. However,
only 34 of these slabs were failed in punching shear. The main test variables were: the
concrete compressive strength, the percentage of flexural reinforcement (for both tension
and compression) and shear reinforcement, the size of column, the concentration of tension
reinforcement over the column stub, the support conditions and the type of loadings upon
the slabs. Based on the experimental results, Elstner & Hognestad found that the punching
shear capacity is highly dependent on the concrete compressive strength and the flexural
reinforcement. Besides that, the concentration of tension reinforcement over the column
stub and the presence of compression reinforcement show no significant effect on the shear
strength of the slab specimens. Elstner & Hognestad agreed that the equation Hognestad™
proposed in 1953 was unsafe for flat solid slabs cast from high strength concrete. Therefore,
based on statistical analysis, Elstner & Hognestad proposed a new equation to compute

shear stress for slab specimens without shear reinforcement:

_ VW _ (0046 .
v, = Fud = (—% )ac + 333psi (Eqg. 2.3)
Where:

V,, = the ultimate punching load

j =7/8 constant

u = 4c, perimeter of critical section

¢ = the column width

d = effective depth

o, = the cylinder concrete compressive strength
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&, = the ratio of ultimate shear capacity to yield line capacity

Whitney’® in 1957 proposed a slightly different ultimate strength theory from those have

20,36,68,76

been presented by others . Whitney presented an ultimate strength theory for shear,

20,36

derived from the re-evaluation of the previous data®™ . Whitney reported that two types of

failure modes were noticed. One was the gradual failure after yield had been reached in the
flexural steel, while the other was for slabs reinforced with heavy reinforcement, a sudden
failure before yield was reached in the flexural bars at the vicinities of the column. From this
finding, Whitney further concluded that shear stress could not simply be expressed as a
function of cylinder strength for any types of solid flat slabs. Shear stress is principally a
function of reinforcement percentage for under-reinforced slabs and is principally a function
of concrete strength for over-reinforced slabs. The following equation was proposed to

predict the punching shear failure loads:

v, =2 = 0.75 (52) <\/§) + 100psi (Eq. 2.4)

Where:
V,, = the ultimate punching load
u = 4(c + d), perimeter of critical section
¢ = the column width
d = effective depth
M,, = the ultimate flexural moment of resistance

a = the distance from column face to load position
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Judging from Whitney’s equation78, it is believed that the shear strength of a slab is highly
dependent on the concentration of the flexural reinforcement that passed through the
failure zone. That is, the shear strength of the slab increases with the increase in flexural
reinforcement that passes through the failure zone. This coincided with the method used in
the 1956 ACI Building Code and the ideas proposed by Talbot’® and Richart®, but contradict

the experimental outcomes of Elstner & Hognestad™.

In 1961, Moe™® reported tests carried out on 43 nos. of 1.8m square solid flat slabs that were
very similar to those tested by Elstner & Hognestad®. In this study, the principal variables
considered were the effect of column size, the effect of openings column, the effect of
eccentricity of applied load, and the effect of concentration of tensile reinforcement within
the column. In addition, Moe reported a statistical study of 260 reinforced concrete slabs

and footings tested by others. Moe’s report concludes:

1. The critical section regulating the ultimate shear strength of slabs should be

measured along the perimeter of the loaded area.

2. The flexural strength of the slabs have some influence on the shear strength of the

slabs

3. The shear strength of the slabs increases as the column size decreases with respect

to the slab thickness.

4. The concentration of flexural reinforcement in the narrow band across the column
did not affect the shear strength of the slabs but it increased the flexural rigidity of
slabs, and indirectly increased the load at which yielding began in the flexural

reinforcement.
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5. The shear strength of slabs was found to be more accurate when square root is
being applied to the concrete compressive strength and when being related to the

relative size of the column, C/d' so as to allow for the effect of size and shape of

column. Thus, he introduced a new formula to predict the ultimate shear strength of

slabs:

v =2 = [o,(15(1-00755) - 5.25¢,) (Eq. 2.5)
Where:
V,, = the ultimate shear force
u = 4c, the periphery length of critical section inside of the column faces
¢ = the column width
d = effective depth
o, = the cylinder concrete compressive strength

&, = the ratio of ultimate shear capacity to flexural capacity

In 1966, Yitzhaki®® tested 14 nos. of circular slab-column specimens. Yitzhaki then proposed
an equation to predict the vertical punching strength located for the interior column, the
coupling critical shear perimeter area was located at distance, d, away from the column
face. Another highlight of Yitzhaki’'s work was that the shear strength has been mainly
derived from the reinforcement and the column size, while the effect of concrete strength is
the same for both flexural and shear strengths. The equation proposed to predict the

punching shear strength is as shown as below:
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v, = 2 = 0.164pf, + 149.3 psi (Eq. 2.6)

=—t=
Where:
I}, = the ultimate shear force
u = 4(c + 2d), the critical perimeter
¢ = the column width
d = effective depth
p = the ratio of flexural reinforcement

fy = yield strength of reinforcement

In 1968, ACI-ASCE Committee 326> modified Moe’s equation® into a simpler model. The
committee stated that in any normal design, the punching and flexural resistance to be
designed to overcome the same amount of load and therefore, the parameter proposed by
Moe, ¢, which is a ratio of ultimate shear capacity to flexural capacity is assumed to be

equal to unity. Therefore, Moe’s equation is simplified to:

Vi _ _ <
A= Joe (975 - 1.1255) (Eq. 2.7)

Ve

Where:

V,, = the ultimate shear force

u = 4c, the periphery length of critical section inside of the column faces

¢ = the column width

d = effective depth
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o, = the cylinder concrete compressive strength

In 1987, Rankin & Long® reported on concentric punching mechanism of solid flat slabs.
Rankin & Long tested a total of 27 isolated interior column slab specimens, in which, the
main variables were total depth of the slab and the presence of steel reinforcement. Besides
that, another variable being investigated was the concrete compressive strength. Two failure
modes were identified in Long’s*® previous work in 1975, which were flexural punching
failure and shear punching failure leading to the extension of Long’s work to predict the
punching strength capacity. The flexural punching mode of slabs can be initiated in three
different conditions: flexural failure after the full yielding of steel reinforcement, flexural
failure with the partial yielding of flexural steel reinforcement, and concrete crushing failure

at the periphery of column.

The shear punching initiated via formation of diagonal tension cracks prior to any yielding in
the flexural steel reinforcement or via concrete crushing failure at the periphery of the
column. The shear punching mode, however, contradicts the flexural punching mode.
Therefore, Rankin & Long® proclaimed that the shear punching mechanism is a function of
the concrete tensile strength, \/?C. The critical control surface is assumed to be located
at 0.5d, from the column faces. Rankin & Long further added that the shear stress to be
carried by the concrete in compression only, thus introducing x, to represents the depth of

the neutral axis.

v,
v, = ﬁ = 17,/ 0¢ (Eq. 2.8)

Where:

V,, = the ultimate shear force
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u = 4(c + d), the critical perimeter
¢ = the column width
d = effective depth
x = 0.35d*,/100p
1y = column shape factor proposed by Regan in 1981

o, = the cylinder concrete compressive strength

In 1990, Gardner® reported studies on the variation of punching shear capacity with the
concrete compressive strength. A total of thirty slabs were cast and tested to aid the
investigation. Two main variables were investigated by Gardner, the concrete compressive
strength and the slab thickness. From this investigation, Gardner reported that the punching
shear strength of concrete slab to be proportional to the cube root of concrete strength and
flexural steel reinforcement ratio. But, to be inversely proportional to the fourth root of
slab’s effective depth. The control surface perimeter was reported to be rectangular in
shape and located at a distance 1.5 times the effective slab depth from the column faces.
From this study, Gardner proposed a new equation to predict the punching shear capacity of

solid flat slabs:

—_ Vu _ 3 4 ﬂ
Ve = 4(c+3d)d 0'99( Vv pac) <1’ d > (Eq. 2.9)

Where:
I, = the ultimate shear force

¢ = the column width
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d = effective depth
p = the ratio of flexural reinforcement

o, = the cylinder concrete compressive strength

2.2.1.2 Regan’s Approach

In 1981, Regan® proposed an alternative control failure surface approach to predict the
behavior of solid flat slabs during punching shear loading. Regan proposed that the curved
area of an assumed conical failure surface should be used instead of the product of slab

depth and the critical surface area.

In a simplified model, Regan portrayed a shear failure surface in a three-dimensional manner
as shown in Figure 2.1 where the punching shear surface is a truncated cone inclined at a
slope of cotf = 2.5 to the plane of the slab from the column faces and this assumed

punching shear surface is expressed as:

A, = dV1 + cot?6 (Zc + nd cot 0) (Eq. 2.10)
Where:
d = effective depth
¢ = the column width
6 =inclination of the failure surface relative to the plane of slab, 6=22°

Regan® reported a series of studies to understand the influence of the concrete

compressive strength, the type of concrete used, the reinforcement ratio, the thickness of
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the slab, and the column shape and size on the punching shear strength. Regan’s findings

were as follows:

1. The punching shear strength was found to increase with the specimen’s concrete

compressive strength.

2. The type of concrete has a pronounced effect on the punching shear strength. Regan
found that a slab cast from normal concrete would give a 20 % increase in punching

capacity that a slab cast from lightweight concrete.

3. The punching shear strength was increased when the amount of steel reinforcement

increased.

4. The shape of the column has a significant effect on the punching shear strength. A
circular column with an identical perimeter length to a square one would give 10 -

15% increase in punching shear strength.

5. The punching shear strength was increased with the column size.

With these findings, Regan®” concluded that the ultimate punching capacity of a flat slab in

the absence of moment transfer to be calculated from the following equation:

V, = K,Kv. A, (Eq. 2.11)

Where:

K, = Concrete type factor, 0.13 for normal concrete and 0.105 for

lightweight concrete

4mxcolumn area

K. = Column shape factor, 1.15\/

(column perimeter)?

v, = Normal concrete shear strength, (f/pfcu)(4 @)
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The advantage of applying Regan’s approach®” over the control surface approach’ is that in
Regan’s approach, the actual failure surface is being taken into account during the
calculation of punching shear resistance. This would ease the adoption to any modifications

in the situation of non-solid slabs, such as waffle slabs.

2.2.2 Building Code Approach

1,14,22

The current building codes of practice adopted the control surface approach to design

against concentric punching shear. However, the design procedure of each code differs in
terms of the location of the critical section and the derivations of concrete shear strength. In
this section, the American Code ACI 318-11', the British Standard BS8110™ and the

European Code EC2? are reviewed.
2.2.2.1 AClI 318-11

ACI 318-11" defines the location of the critical perimeter to be at a distance, 0.5d, from the
column faces, as shown in Figure 2.2. The height of the critical section to be the effective
depth of the slab, d. The shear strength of a non-shear reinforced concrete slab is a function

of concrete compressive strength and the ratio of the column’s sides.

v, = (2 + %)\/Z (Eq. 2.12)

Where:
B. = the ratio of long side to short side of the column
o, = the concrete cylinder compressive strength
The ultimate punching capacity of a slab is defined as the product of the shear strength and

the critical area, as shown in the following equation.
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v, = —
€7 4(c+d)d

(Eq. 2.13)

Where:
I}, = the ultimate shear force
¢ = the column width

d = effective depth

2.2.2.2 BS8110

BS8110™ defines the location of the critical perimeter to be at a distance, 1.5d, from the
column faces, as shown in Figure 2.3. The height of the critical section to be the effective
depth of the slab, d. The shear strength of a non-shear reinforced concrete slab is a function
of the concrete compressive strength, the steel reinforcement ratio, and the effective depth

of the slab.

ve =22 (Vofa) <i/4dE> (Eq. 2.14)

Where:
¥m = the material safety factor
p = the ratio of flexural reinforcement
fcu = the concrete cube compressive strength
d = effective depth

The ultimate punching capacity of a slab is defined as the product of the shear strength and

the critical area, as shown in the following equation.
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Vu

U, = m (Eq. 2.15)
Where:
I}, = the ultimate shear force
¢ = the column width
d = effective depth
2.2.2.3 Eurocode 2

Eurocode 2% defines the location of the critical perimeter to be at a distance, 2d, from the
column faces, as shown in Figure 2.4 for both the square and the circular column stub. The
height of the critical section to be the effective depth of the slab, d. The shear strength of a
non-shear reinforced concrete slab is a function of the concrete compressive strength, the

steel reinforcement ratio and the effective depth of a slab.

_ 018

. k(100pa,)'/3 (Eq. 2.16)

Ve

Where:

¥m = the material safety factor

k = the size effect factor, where k = 1 + /Zdﬂ

p = the steel reinforcement ratio
o, = the concrete cylindrical compressive strength

The ultimate punching capacity of a slab is defined as the product of the shear strength and

the critical area, as shown in the following equation.
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Vu

= m (Eq. 2.17)

Where:

I}, = the ultimate shear force

¢ = the column width

d = effective depth

2.2.3 Theoretical Approach

2.2.3.1 Mechanical Model

The first mechanical model was introduced by Kinnunen & Nylander® in 1960. This
mechanical model explains the punching shear phenomenon and predicts the failure load of

slab-column connection.

This model, as shown in Figure 2.5(a), is based on the equilibrium of forces acting upon
circular slab supported on a circular column, and loaded at the free edges. This mechanical
model consists of a central truncated cone confined by the shear cracks and the slab is
separated into rigid segments by radial cracks. The separated segments are assumed to be
carried on an imaginary conical shell, between the column and the root of the shear crack,
as shown in Figure 2.5(b). Each segment is acted on by the resultant forces as shown in
Figure 2.5(c). The internal forces comprises of functions of the angle of rotation, U, and the
mechanical properties of concrete and steel. In technical terms, failure is assumed to occur
when the tangential strains at the bottom of the slab under the root of the shear crack reach
a characteristic value, €., which is dependent on B/d, at the same time as the stress in the

imaginary conical shell is at the concrete’s characteristic value.
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At failure, U = 5ct(1 + B/(Zx)). The yield stress fy is reached in the reinforcement within a

slab area of radius, 75:
Es

r,=¢Y(d-—x)= (Eq. 2.18)
fy

Where:
1 = angle of rotation of the rigid segments
d = the effective depth
x = the neutral axis depth
E; = Young’'s Modulus of reinforcement
fy = yield stress of reinforcement

By using this method, it is able to predict the ultimate load irrespective of whether the
failure is a flexural failure or a punching failure. If the ratio of reinforcement, p, is low, then
g > C/z at failure. This means if f,, has been fully mobilized in all the reinforcement, the
failure is categorized as a flexural failure. However, if the ratio of reinforcement, p, is high,
then 1y < C/Z at failure. This means if f,, has been fully mobilized in all the reinforcement,
thus the failure is categorized as a punching failure. This method gives a continuous
transition between these two types of failure. Besides that, it predicts the deformations of

the slab at failure.
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2.2.3.2 Plastic Model
2.2.3.2.1 Braestrup et al. Model

A plastic solution for the punching shear strength of solid flat slabs was first introduced by

12
I

Braestrup et al.” in 1976. It is based on the failure mechanism as shown in Figure 2.6. The

deformations are assumed to be concentrated in a rotationally symmetric failure surface

being punched out perpendicularly from the slab, while the rest of the slab remained rigid.

The relative displacement vector is considered to be perpendicular to the slab, leaving that
the flexural reinforcement does not contribute to the punching strength and that the
punching strength mainly rely on the geometric factor and the concrete compressive
strength. However, certain amount of reinforcement is necessary to prevent the surface

outside of the critical section to fail or deform before the slab fails in punching.

From these works, Braestrup et al.’” introduced a upper bound equation to replicate the
failure mechanism as shown in Figure 2.6. The internal work dissipated, w;, per unit length is

defined as below:

w; = 0.56f (I — msina) (Eq. 2.19)

Where:
0 = total downward displacement
fc = plastic concrete compressive strength, f. = v.o,
v, = effectiveness factor
o, = concrete cylinder compressive strength
l=1-(k—-1f/f

m=1-(k+1)f/f
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_ 1+sing
~ 1-—sing

@ = angle of friction in concrete, 37°

a = inclination of discontinuity lines with respect to the direction of

displacement

Therefore, the punching shear failure load is derived by equating the external work done by
the applied load to the internal work dissipated, w;.The dissipation is found by integration

over the failure surface, thus allowing the work equation to yield as:

Pé = foh 0.56f (1—msina)2nr dx

cosa

(Eg. 2.20)
Where:

r = radius of failure surface, r = r(x)

h = depth of slab

The lowest upper bound is obtained by reducing the functional on the right hand side with
respect to r(x), subject to v’ > tan ¢, imposed by the normality condition. Such variational

calculus can be solved by proposing a catenary curve and a straight line inclined at angle ¢

joined at the depth of x = h,

r(x) = rp+xtang for0 <x < hyg (Eq. 2.21)

r(x) = acosh (x_ho) + b sinh (x_ho) forhg <x <h (Eq. 2.22)

c c

The corresponding upper bound, P = P; + P,, where the contributions, P;and P,, from the

straight line and catenary parts are respectively found to be:

P, =057 f, hy (dy + hptan¢) (Hﬂ) (Eqg. 2.23)

cos @

Chapter 2



26

Py =057 f. (I.(h—ho)) + U(ryrZ—cZ—ab) —m(r?>—a?)  (Eq.2.24)
The constants a, b, c and h, are determined by the equations:
2= g2 — b2

a=ry+hytang

b—t
- =tang

h—hy . h —hg
rlzacosh( p )+b51nh( p )

Therefore, this solution requires an assumed value of the opening diameter, d; and the

lowest upper bound is found by minimization with respect to this parameter.

The punching force is a function of the diameter, d, and the slab depth, h. This load may be
represented by the parameter, t/0., where T = P/h(d, + 2h) as shown in Figure 2.7. The
solution is very dependent of the value of the concrete tensile strength but independent of
the punch diameter, d,. Besides that, plastic analysis showed that the punching failure
surface is dependent on the assumed contribution from the effective tensile strength, f;.
When f; = 0, the failure surface will extend to the support, and this does not replicate the
actual punching shear mechanism. Therefore, it is necessary to use an effective tensile
strength, f; = f./400, in the predictions. When the effective tensile strength is used, the
corresponding effectiveness factor, v, is found to be a function of the concrete strength as

shown in the following equation:

(Eq. 2.25)
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The plastic solution only covers the upper bound. In order to establish the plastic model as a
complete solution, it would be necessary to indicate a stress distribution in the entire slab

which:

-satisfied the equilibrium equations and the statical boundary conditions

-corresponded to a yield line along the optimal failure generatrix

-did not violate the yield condition at any point.

2.2.3.2.2 Jiang & Shen model

In 1986, Jiang & Shen®® proposed a simpler method as compared to Braestrup et al." to
represent the punching strength of a concrete slab. Jiang & Shen presented a second-degree
parabola used for a Coulomb-Mohr yield envelope as the failure criterion for the concrete.
The main highlight of their proposal was the description of failure as compared to Nielsen’s

I”. Nielsen®” pointed out that punching shear of slab is mainly governed by the

proposa
tensile strength of concrete whereas Jiang & Shen rebutted that the failure is rather a three-
dimensional one. The failure happens mostly in the region of tension-compression-

compression or compression-compression-compression, which proves that compression is

more vital in this finding. The solution proposed by Jiang & Shen is as follows:

d 2—d2 hZ
1 2K ) (Eq. 2.26)

P = no (
t 4 Ind;-Ind

Where:
o, = effective tensile strength of concrete

d = diameter of loaded area
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d, = diameter at base of failure cone
h = thickness of concrete slab

K = parameter depending upon the ratio between the effective compressive

strength to the effective tensile strength of concrete.

Jiang & Shen™® also incited that punching shear failure of concrete slab is possible to happen

with a smaller angle but requires a higher ultimate strength.

2.2.3.2.3 Salim & Sebastian model

In 2002, Salim & Sebastian’! proposed another simplified upper-bound plasticity model to
that of Braestrup et al."’, In that the punching shear failure surface is represented by a
straight line surface (see Figure 2.8) instead of an integration of a catenary curve and a

straight line surface (see Figure 2.6). Therefore, the equation of the generatrix simplifies to:
do
r== + xtana (Eq. 2.27)

In addition, Salim & Sebastian found that the effectiveness factor, when taken as a function
of slab thickness, concrete strength and tensile reinforcement ratio, has significant effect on

the shear strength estimations.

1.47 0.48
ve="Z (1+ ﬁ) (1+0.125p) (Eq. 2.28)
Where:

0. = cylindrical compressive strength

h = height of slab

p = reinforcement ratio
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Using previous researches’ test results, Braestrup’s complex method** was compared with
the simplified method using both Braestrup’s effectiveness factor'? (see Eq. 2.25) and the
proposed effectiveness factor (see Eq. 2.28), Salim & Sebastian found that the proposed
simplified method along with the proposed effectiveness factor achieved very good
agreement, with only slightly more scatter than that of Braestrup’s complex method** with

Braestrup’s effectiveness factor™.

2.2.3.2.3 Crack Sliding Theory model

In 2011, Nielsen®” presented the crack sliding theory to predict the punching shear capacity
of flat slab. This idea was adopted from the crack sliding theory developed for beams

without shear reinforcement.

This model simulates the punching mechanism of a square slab loaded by a rigid square
loading plate, as shown in Figure 2.9. The slab is assumed to be isotropically reinforced and
the reinforcement ratio is assumed to be sufficiently large to withstand flexural failure. The
punching failure load is estimated by equating the external work done by the applied load,

W, to the internal work dissipated on the failure surface, W,.

Upon punching shear failure, a system of four inclined cracks is developed as shown in
Figure 2.10 and these cracks are assumed to be plane, causing a downward displacement of

the pyramidal concrete block. The total dissipation for all four cracks is found to be:

W, =85 (b +x)hs (Eq. 2.29)
h

Where:

7. = Concrete shear strength
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b = the column size
x = the inclination of the cracks
h = thickness of the slab
6 = total downward displacement

The external work done is simply W = P, § and by equating both equations together, when
punching shear failure occurs in the four cracks considered, the punching capacity is

represented by:

B, =8%(b+x)h (Eq. 2.30)
h

Nielsen®” found that by minimizing the result of Eq. 2.30 with respect to x will always end up
with x = a corresponding to the smallest possible inclination of the cracks and this does not
tally with experimental observations. Instead, Nielsen proposed to assume x as a value that
the load required to develop the cracks, P.., equals the load required to cause shear failure

in them.

The cracking mechanism is described as, the central pyramidal block moves downward by &

and the other four parts of the slab rotate an angle 8 = §/a around lines coinciding with the
sides of loading plate resulting in opening of the vertical cracks by the angle v/28. As shown

in Figure 2.11, the rotation also results in a horizontal shift of the reaction forces.

The cracking load, P.,, is found from integrating the effective concrete tensile strength, ftef,

of the assumed cracking mechanism.

_ 4ftef[§x3+§x2+h2(§+a)]

a

P (Eq. 2.31)

Where:
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2
fter = the effective concrete tensile strength, fi.r = 0.156/.3s(h)

h 0.3
s(h) = the size effect factor, s(h) = (ﬁ)

a = the shear span = distance from edge of the loading plate to the nearest

support

Lastly, according to the crack sliding theory, the inclination of the critical cracks as well as
the load-carrying capacity are found by solving the equation P, (x) = P.,(x). Therefore, by
equating both Eq. 2.30 and Eq. 2.31, the following equation is obtained and to be solved

with respect to x/h:
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2.3 Eccentric Punching Shear

In this section, a review upon past models that were proposed to predict the behaviour of
solid flat slabs subjected to applied unbalanced moment is proposed. Shear strength of a
slab-column connection is undeniably greatly affected by the presence of the unbalanced
moment acting upon the connection. In this chapter, eccentric punching shear will only be

discussed in the building code approach and theoretical approach, ie. the plastic model.

The author has decided to derive a new design model equation from the existing building
code approach and a new theoretical model from the existing plastic model. Therefore, an

in-depth literature review on these two approaches is reported.

2.3.1 Elastic model

2.3.1.1 Linear Distribution of Shear Stress on Control Surface Approach

In 1960, Di Stasio & Van Buren® introduced a working stress method to predict the punching
shear strength of slab-column connections in the presence of combined shear and
unbalanced moment. The sum of all vertical shear stresses acting upon the critical section
determines the punching shear capacity of solid flat slabs as shown in Figure 2.12(b). In the
same Figure 2.12(a), the control surface that was proposed was shown to be located at a

distanced equal to the slab overall height from the column faces.

Di Stasio & Van Buren proposed the following equation to estimate the shear stresses at the

critical section:

_ 8n [1 n (M_mAB_mCD)C1]

= aln - (Eq. 2.33)

Where:

V = Punching shear resistance due to vertical load
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M = Unbalanced moment transferred from the vertical load

myg , Mcp = Flexural moments on sides AB and CD of the critical section

respectively
h = Overall thickness of the slab
d = The effective depth
A =The area of the critical section
Jc = The polar moment of inertia of the critical section about its centroid

C4 = The distance from centroid to the end of the critical section

In Eq. 2.33, the factor gwas used to comply the American design practice for the calculation
of shear stress by%, as proposed by Hognestad® earlier, assuming j = %‘ This method

proposed by Di Stasio & Van Buren'’” were adopted in the ACI 318 for the design of solid flat
slabs at the internal column against the punching shear failure in the presence of moment

transfer mainly due to its simplicity.

In 1961, Moe>® introduced another method to analyse the strength of slab-column
connections under the presence of combined shear and unbalanced moment. This is
different from the Di Stasio’s & Van Buren’s model” because the critical section was
assumed to be directly adjacent to the column face. In Moe’s model, the slabs were simply
supported so as to prevent negative reactions at the supports and allow the corners to lift
freely. Load was applied at different eccentricities (varied from 0 to 24 inches) over a square

column stub located centrally.
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Figure 2.13(a) shows a model proposed by Moe® in that a square column stub is loaded with
a vertical shear, P, and a moment, M, in one of the planes symmetrical to the faces of the
column. As shown in the Figure 2.13(a), the external moment, M is being countered by 3
internal moments: the torsional moments, M; which are acting on the sides BC and AD, the
resultant flexural moments, Mg generated from sections AB and CD, and lastly the vertical
shear acting with the presence of eccentricity, Pe. Therefore, by assuming a value for the
proportion of the moment provided by uneven shear and then determines the resulting
shear stresses with an assumption that these shear stresses vary linearly around the control

perimeter, Moe suggested:

P KMc
v=—

Eq. 2.34
L (Eq )

Where:

v = the maximum vertical shear stress

P = the vertical load acting with an eccentricity

A, = u * d = area of the critical section

Jc = [ x? dA over the entire area of the critical section = the moment of

inertial for the critical section

¢ = the distance from the column center to the most remote part of the

critical section

KM = the part of the external unbalanced moment being resisted by uneven

shear and torsional moments

Through further investigation by Moe®, two assumptions were reported. Firstly, the nominal

vertical shear stresses are uniformly distributed across the effective depth, d of the slab and
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secondly, when the slabs were loaded concentrically, it was found that the shear stress at

failure is similar to the maximum vertical shear stress during eccentric loading. For the

empirical value of K, Moe suggested a value of 1/3 to find the ultimate shear strength.

In 1962, the ACI-ASCE committee 326> reviewed Moe’s work® and proposed that a limiting

shear stress to be estimated using:
1
v, = 4 (2 + 1) (0.) /2 (Eq. 2.35)

Where:
¢ = the column width
d = the effective depth
o, = the cylindrical strength of concrete

In this equation, the critical section was said to be as according to the periphery of the
column. Besides reviewing Moe’s work>?, the committee recommended similar procedure to
Di Stasio’s & Van Buren’s work'” to calculate the moment and shear transfer with an

addition of two new modifications. Firstly, the critical section has to be taken at a distance of
d/z from the column faces and the effective depth is used instead of the height of the slab

during the calculation of A, and J.. Therefore, the committee recommended the following

equation for interior column:

P KMc
vV=—++
Ac Jc

< 40,72 (Eq. 2.36

Judging from the work of Moe’s>® and Hanson’s & Hanson’s®, the committee agreed on the

empirical value, K = 0.2 instead of 1/3.
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In 1968, Hanson & Hanson® reported an experimental study which involves the findings of
solid flat slabs being vertically loaded at the edges to simulate a single direction load transfer
while the column stubs were in a fixed position. Hanson & Hanson further concluded that
the ultimate design method recommended by the ACI-ASCE Committee 326 is valid in
predicting the punching strength of slabs only if the moment reduction factor, K is taken as

0.4.

2.3.1.2 Regan’s Approach

In 1981, Regan® further researched upon the punching shear mechanism under eccentric
loading. When moment transfer is acting on the solid flat slabs, Regan assumed that the
transferred moment, aM is being resisted mainly by the flexural strength at both front and
back of the column faces, along with unbalanced shear stresses on the assumed failure
surface. The distribution of shear corresponding to the pure moment loading is shown in
Figure 2.14. It can be seen that the lever arm between the forces and the column faces is
described as, (c; + 2d). Regan proposed the following equation to calculate the maximum

vertical stress on the inclined surface as:

aM
V. =
max dVi1+cot2 0(ci+2d)[c,+0.5md cot0+c4 (3¢, +6d)]

(Eq. 2.37)

Where:

aM = the magnitude of the unbalanced moment

d = the effective depth

¢q, €5 =sizes of a column, which are parallel and perpendicular to the

directions of the transferred moment, respectively
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6 = the ratio of side of the failure surface perpendicular to applied moment /

side of the failure surface parallel to the applied moment

Combining the shear stresses resulting from the unbalanced moment transferred and the

shear stresses resulting from concentric shear, V;,, and with eccentricity, e:

v,
Vie = — 1% (Eq. 2.38)
1+'B[(c1+2d)]
Where:
V,e = the ultimate shear capacity for eccentric load
V.0 = the ultimate shear capacity for concentric load
¢, = size of column which is parallel to the direction of the transferred
moment
d = the effective depth
M , .
e = — = column’s eccentricity
Vuo
|[ 2, mtd cot 6 41 ]|
B = 2a cq 2¢q
N 2, 7d cot 6 1
cy 2¢;

|

3[1+(%]J

2.3.1.3 Building Code Approach

The current building codes of practice™**?

adopted the control surface approach to design
against eccentric punching shear. However, the design procedure of each code differs in

terms of the location of the critical section, the derivations of concrete shear strength and
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the effect of moment transfer. In this section, the American Code ACI 318-11", the British

Standard BS8110" and the European Code EC2** are reviewed.
2.3.1.3.1 ACI 318-11

The ACI 318-11' propose a model to calculate the ultimate shear stresses under the
presence of shear force and unbalanced moment. This model states that shear stresses
acting upon the slab are originated from part of the unbalanced moment transferred and
the direct shear force acting on the slab. These distributions of forces are illustrated in

Figure 2.15.

Punching shear failure occurs when total of shear stresses exceeds the shear strength

calculated using the equation below.

Vy YvMucap
vV=—+— Eq. 2.39
bod Te (Eq )

Where:
V,, = applied shear force
M,, = applied unbalanced moment
by = perimeter of the critical section
d = the effective depth
cyp = distance from face AB to the most remote part of the critical section

Jc =the polar moment of inertia of the critical section:

b,®d byd® by’b,d
6 6 2

Jc=

¥, = part of unbalanced moment transferred by shear:
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Yw=1—-vf

Yr = part of unbalanced moment transferred by flexure:

1
Yr
1+(3) [5=

by, by, = ¢y, ¢y +d = sides of critical section parallel and perpendicular to

the direction of the unbalanced moment,

respectively

Cx, Cy = sides of column parallel and perpendicular to the unbalanced

moment, respectively

In cases where biaxial moment is being transferred, the maximum shear stresses acting on

the critical section can be calculated by summing the effects coming from these biaxial

moments as shown in Figure 2.16.
This can be explained using the equation below:

Vy + Yv1iMy1CAB + Yv2Mu2CBD
bod Jc1 Jcz2

Where:

(Eq. 2.40)

Cap,Cpp = the distances from center of the critical section to face AB and BD

of the critical section, respectively

Subscripts 1,2 = the perpendicular directions in which the unbalanced

moment are transferred.
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On a side note, for unbalanced moment transfer at interior column connections, ACI allows
the fraction of the unbalanced moment transferred by shear to be reduced to 0.25 in cases

where the applied shear force, 1}, does not exceed 0.4 V..

2.3.1.3.2 BS8110

In BS8110™, a plasticity approach is used in computing the effective shear stresses. The
critical section is remained unchanged from that of the concentric punching shear. The
transferred moment is assumed to be transmitted by the vertical shear stresses and is added
along with those stresses from the vertical load. BS8110 introduced a moment transfer
factor to represent the reduction in shear resistance caused by the presence of moment

transfer.

vy 1.5My,
ve= E (1 + e ) (Eq. 2.41)

Where:
V,, = applied shear force
M,, = applied unbalanced moment

u = 2¢y + 2¢y + 4md =the perimeter of rectangular column critical

section

b, = c, + 3d = side of critical section parallel to the direction of the

unbalanced moment
¢, = side of column parallel to the unbalanced moment

Another method proposed by BS8110 is that the nominal shear force can be increased by

15% in cases where unbalanced moments are being transferred at an interior column.
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2.3.1.3.3 Eurocode 2

In EC2%, the transferred moment is taken to be transmitted by a series of unbalanced shear

stresses which are distributed at the critical section as shown in Figure 2.17. According to

EC2, a moment transfer factor, § is required to be added into the calculation of punching

shear capacity due to the effect of eccentric loading as shown below:

Vu

vf: ud

Where:

(Eq. 2.42)

V,, = applied shear force
M,, = applied unbalanced moment

u = 2c¢y + 2cy + 4md = the perimeter of rectangular column critical

section
d = the effective depth

K = coefficient dependent on ratio between column dimensions, ¢, and ¢,

(can be obtained from EC2 Table 6.1)
W, = corresponds to distribution of shear stress
Where for rectangular column,
2
W, = % + cxCy + 4cyd + 16d? + 2mdc,

Cx, Cy = sides of column parallel and perpendicular to the unbalanced

moment, respectively
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2.3.2 Plastic Model

2.3.2.1 Beam Analogy Model

The first theoretical beam approach was introduced by Andersson® who made three tests in
which Andersson reported that the criterion of failure in interior columns is the attainment
of a limiting tangential compressive stress on the bottom surface of the concrete. However,
this model is only done for concentric loading. Further considerations using beam analogy

method have been proposed by a number of authors including Hawkins & Corley*”.

Hawkins & Corley* proposed in the beam analogy method to assume the area of the slab-
column junction as four beams framing into the column faces as shown in Figure 2.18. Each
section is assumed to have the combined effects of bending, shear and torsion and the
resistance towards those combined effects can be calculated using standard method. In any
cases where the applied shear or moment is greater than the ultimate capacity of one of the
beams, some portion of the applied shear or moment is believed to be supported by the
adjacent beam. A failure can only be considered when at least three of the four beams
failed. Two possible modes of failure were recognized from the different possible
combinations of bending, shear and torsional moments formed at failure: moment-torsion

and shear-torsion as shown in Figure 2.19.

In 1976, Islam & Park®® introduced a modified beam analogy method in which it became
simpler and easier to be applied upon interior column slab connections. As shown in Figure
2.20 the internal actions were being redistributed from Hawkins’ & Corley’s model** in terms
of bending, shear and torsion. The strength of the connection is obtained by summing the

flexural, shear and torsional capacity of all acting beams.

Chapter 2



43

2.4 Punching at Edge Column

2.4.1 Elastic Model

2.4.1.1 Linear Distribution of Stress

Di Stasio and Van Buren"’ applied the similar method as the method used to find the effect
of eccentric loading as described in Section 2.3.1.1, to investigate the punching shear
strength of exterior slab-column connections subjected to moment transfer perpendicular to
the free edge of the slab. Most of the experimental variables such as position and size of the
critical section remained the same as the eccentric punching shear model except that the
critical section was now three-sided instead of four-sided to simulate the situation of edge

connections, as shown in Figure 2.21.

A similar set of equation is used to estimate the shear stresses at the critical section for edge

punching mechanism:

_8h [1 + (M_mAB_mCD)CA]
"~ 7d LA Jc

(Eq. 2.43)
Where:
V = punching shear resistance due to vertical load

M = unbalanced moment transferred from the vertical load

myg , Mcp = flexural moments on sides AB and CD of the critical section

respectively
h = overall thickness of the slab
d = the effective depth

A, =the area of the critical section
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Jc = the polar moment of inertia of the critical section about its centroid

C4 = the distance from centroid to the end of the critical section

2.4.1.2 Regan’s Approach

Along with Regan’s eccentric punching model, Regan® proposed an elastic model to identify
the local strengths of connections with edge columns with moments perpendicular to the

slab edge.

As shown in Figure 2.22, Regan proposed an extreme case of an edge column-slab
connection as a condition in which the slab contacts only the inner face of the column. A
moment about the center of the column is produced by the presence of shear at the face,
except that the distribution of shear is unaffected by the transferred moment. Based on the

similar fracture surface in Figure 2.22, Regan presented the limiting shear force as:

V, = dV1 + cot? 0 (c, + 0.57d cot 8) o,y (Eq. 2.44)
Where:
d = the effective depth
¢, = side of the inner face of the column

310045

Opu = 0.1385 “bd

* fo, = the concrete compressive strength

At the failure stage, the ultimate moment, M,, about the centre of the column is presented
as the total of the flexural moment, My resisted from the flexural reinforcement passing

through the column face and anchored on both sides of the faces, and a moment produced

from the shear force, V times the lever arm, 61/2, as shown in following equation:
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M, = My + V% (Eq. 2.45)

For edge punching shear mechanism, the slab is usually connected with three column faces,
the maximum moment produced from flexural reinforcement, My is generated from the
reinforcement bars crossing the inner face of the columns and the two local yield lines

passing from the inner corners to the edge of the slab, as illustrated in Figure 2.23:

From this model, Regan®’ was able to classify the punching shear mechanism of an edge

slab-column connection into three different cases:

Case 1: In scenario where the ultimate moment, M,, is greater than the total of the flexural
moment, My and the moment produced from the shear force, V times the lever arm, 61/2,

two vyield lines will be formed shaping a triangular zones and there will be no shear acting
within these triangular zones and the cracking pattern is in the torsional direction as shown

in Figure 2.24(a).

Case 2: In scenario where the ultimate moment, M,, is equal or smaller than the total of the

flexural moment, My and the moment produced from the shear force, V times the lever
arm, 61/2, shear is distributed in a more uniformly manner, but it will only happen if

diagonal yield lines are not formed. This condition is being visualized in Figure 2.24(b).

Case 3: In scenario where the ultimate moment, M,, is smaller than the total of the flexural
moment, My, the connection behave largely as a pair of beams framing into the side of
column faces and mainly subjected to bending shear and torsion. This condition is being

visualized in Figure 2.24(c).

Regan® added that the approach above seems to give good prediction of ultimate resistance

but is rather complex to be of general use. Regan then proposed a simplified equation to
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predict the edge punching shear under the effect of moment transfer perpendicular to the

slab edge as:

V < 0.80V, (Eq. 2.46)

M< Mf1+M02VK2 (Eq. 2.47)
Where:

Mg = the flexural moment of flexural reinforcement from Case 1
V, =the shear capacity from Case 2
M, =the shear moment acting on the inner face from Case 2

The two general equations above has an advantage of being applicable for all column shapes
and is very compatible for estimating the punching shear capacity for corner slab-column

connection which will be discussed in the following section.

2.4.1.3 Building Codes

The current building codes of practice™**?

adopted the control surface approach to design
against edge punching shear. However, the design procedure of each code differs in terms of
the location of the critical section, the derivations of concrete shear strength and the effect

of moment transfer. In this section, the American Code ACI 318-11%, the British Standard

BS8110™ and the European Code EC2%* are reviewed.
2.4.1.3.1 ACI 308-11

For calculation, ACI 318" proposed two different methods for two different scenarios. Firstly,

for an unbalanced moment transferred about an axis parallel to the edge of the slab, the
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distribution of shear stresses is assumed as shown in Figure 2.25. Figure 2.25 shows the
unbalanced moment acting at the center of the critical section, M;is calculated as
(M, — V,g) in which g is representing the distance from the center of the column to the
center of the critical section. Therefore, the maximum shear stress in the slab may occur
either at face AB or free edge CD (located totally opposite of each other) can be calculated

using the equation:

v My, -V,

Vg = AT Yv(My—Vyug)cap (Eq. 2.48)
bod Jc
V My, -V,

Vep = Yu Yv(My—Vyg)ccp (Eq. 2‘49)

bod Jc

For the other scenario, in cases where an unbalanced moment transferred about an axis
perpendicular to the edge of the slab, the calculation for ultimate shear stresses are

calculated as in the case of an interior connection.

On a side note, for unbalanced moment transfer about an axis parallel to the slab free edge
at exterior support, ACl Code allows the fraction of unbalanced moment transferred by
shear to be reduced to zero in cases where the 1}, applied does not exceed 0.75V. This

means the unbalanced moment can be considered to produce no shear stresses.

2.4.1.3.2 BS8110

In cases for edge slab-column connections with unbalanced moment about an axis

perpendicular to the free edge, BS8110™ proposed the following equation.

v =V, (125 + 1'5tff

= ) (Eq. 2.50)

Where:
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V; = design shear force

M; = design moment

x = the perimeter length of the critical section (parallel to axis of bending)

On the other hand, for edge slab-column connections with unbalanced moment about an
axis parallel to the free edge and for corner slab-column connections, BS8110 proposed a

simple expression independent to the eccentricity of the applied load:

v, = 1.25V, (Eq. 2.51)

2.4.1.3.3 Eurocode 2

EC2? reported that in edge slab-column connections, when the unbalanced moment is
about an axis parallel to the slab edge, the punching force is considered to be uniformly

distributed along the critical section, u,, as shown in Figure 2.26.

Therefore, the equation used to calculate the punching shear stress is proposed as follows:

Vy

o (Eq. 2.52)

vf=

Where:

u Kk u
=—+k—e
B Uy, W, par

u = the basic control perimeter

U4, = the reduced basic control perimeter

k = coefficient dependent on ratio between column dimensions, ¢; /2¢;

(can be obtained from EC2 Table 6.1)
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epqr= eccentricity parallel to free slab edge due to moment about an axis

perpendicular.
W, = corresponds to distribution of shear stress

Where for rectangular column,
2
Wy =2+ cicp + deyd + 8d? + mde,

However, if the unbalanced moment is about an axis perpendicular to the slab edge, use

Myu
Wi

2.4.2 Plastic Model

2.4.2.1 Beam Analogy

In 1971, Hawkins & Corley®* explained further on beam analogy to estimate the punching
shear capacity for edge column connection under the presence of unbalanced moment. In
this analogy, the critical section is said to be positioned at d/2 from the column faces and is
formed as a junction of three imaginary beams as shown in Figure 2.27. Any loads applied
and moments transferred are assumed to be resisted by the components of these imaginary
beams and in any cases where the applied loads are greater than the resistance of these
imaginary beams, the excess loads would be redistributed onto the adjacent imaginary
beams. Hawkins & Corley stated that two modes of failure exist within the edge column

connections which are:

Moment torsion failure: the failure occurs when the flexural strength on the inner face of
the critical section (BC) and the torsion strength on the side faces (AB and CD) are reached

simultaneously
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Shear torsion failure: the failure occurs when the shear strength on the inner face of the
critical section (BC) and the torsion strength on the side faces (AB and CD) are reached

simultaneously

Therefore, the modes of failure mainly depend on the type of failure that occurs on the
inner face of the critical section (BC), deciding whether it is flexural failure or punching shear

failure.

2.5 Punching of Waffle Slabs and Ribbed Slabs

2.5.1 Concentric Punching Shear

In 1993, Xiang® reported his investigation on 14 waffle slab specimens in the absence of any
unbalanced moment transfer subjected to concentric punching shear. The main variables

tested were the size of the solid section, the top slab thickness and the reinforcement ratio.

The results of the punching shear failure were divided into two types, obtained from the
findings of the size of the solid section. The first observation was that specimens with a small
solid section (2.1h to 2.4h) had their punching failure surface formed outside the solid
region area, while specimens with a large solid area (4h to 4.6h) had their punching failure

surface formed within the solid region area, as shown in Figure 2.28.

Xiang compared the test results to the predictions obtained using the BS8110 approach™
and concluded that the BS8110 provide a good agreement to the test results with some
minor changes being applied. These modifications involved the location and the section area
of the control surface area. For waffle slabs with small solid section, the control surface is
located at 1.5d from the edge of the solid area, and the cross sectional area of the control

perimeter is taken into account in the punching shear calculations. For waffle slabs with
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large solid section, in which the failures take place within the solid area, the control surface
area is same as that in BS8110, which is located at 1.5d from the column faces, with a
reduction factor of 0.9 used in calculating the punching shear strength. Xiang proposed

equations of the models as shown below.

For slab with small solid section,

: Z_:: (Eq. 2.54)
Where:
V,, = the ultimate shear force
V.= the shear strength, to be determined from Eq. 2.14
A, =the section area of waffle slab
For slab with large solid section,
v, = W’#{Dd (Eq. 2.55)

Where:
V,, = the ultimate shear force
V.= the shear strength, to be determined from Eq. 2.14
¢ = the column size
d = the effective depth

Both Eq. 2.54 and Eq. 2.55 have achieved good agreement with the test results®’. The mean

ratios of test to estimated strength of Eq. 2.54 and Eq. 2.55 were 0.99 and 0.97, respectively.
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Xiang reported that the punching shear failure surface of a waffle slab is an inclined surface
instead of the vertical surface adopted in the control surface approach. Therefore, when the
solid section is not large enough, the failure surface would occur into the waffle section,
leading to some shear area of the failure surface would be lost. Based on these findings,
Xiang applied a factor of 0.9 to the waffle slabs with a large solid section and changing the
solid slab section area to the actual waffle slab section area for waffle slabs with small solid

section.

In 2004, Lau*®*” reported experimental testing that had been carried out on 12 1/10" ribbed
slab specimens subjected to the internal punching mechanism of ribbed slabs in the absence
of any unbalanced moment transfer. The main variables in this experiment were the

concrete strength, the top slab thickness, the column shape, and the column size.

Lau explained that when punching occurred, the column was pushed into the slab leading to
the internal cracks propagated from the column faces through the slab thickness at about 22
degrees and intersected with the slab top surface at a distance of 2.5h. However,
observations showed that when the width of the wide beam is less than 5h, an incomplete
revolution was formed with lower punching capacity and the reason for that was due to the

loss of shear failure surface.

Lau then proposed a design model to predict the concentric punching shear strength of
ribbed slab. This model is based on modifications made towards BS8110™. The location of
the critical perimeter remains unchanged at 1.5d from the column faces, but the critical
shear areas are reduced depending on the width of the wide beam and top slab thickness of

the ribbed slab. Thus, an effective shear area factor, y, is introduced.

V,=v.aud (Eq. 2.56)
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Where:
I}, = the ultimate shear force
V.= the shear strength, to be determined from Eq. 2.14

a = the shear retention factor, 0.7 for micro-concrete and 1.0 for normal

concrete
Uu = the perimeter of the critical section,
u = 2(cy + 3dy,) + 2(cy, + 3dyy)

Cx, €y =Sizes of column

Yoo Yy = the effective shear area factor,

Ax2d3

— 1 X272
Vx ayd
ay2d;

=1 —-=x2=
Vy ayd

a,, a, =the shear spaninxandy directions, respectively, and is < 2.6d

Ayz, Ay, d; =asdefined in Figure 2.29

d = the effective depth

46,47

Eg. 2.56 has achieved good agreement with the test results™"’. The mean ratio of test to

estimated strength was 0.99.

In 2013, Al-Bayati** reported experimental testing that had been carried out on 15 1/10"

scale waffle slab specimens regarding to the internal punching mechanism of waffle slabs in
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the absence of any unbalanced moment transfer. The main variables in this experiment
were the size of the solid section, the column shape and size, and the concrete compressive

strength.

Al-Bayati described the failure as shear cracks propagated from the column faces through
the slab thickness at about 22 degrees and intersected with the slab top surface at a
distance of 2.5h. However, differing from solid flat slab, an incomplete surface of revolution
was observed when entering the waffle section. Al-Bayati also reported that the punching
capacities increase with the area of solid section and the column sizes, with circular columns

being stronger than square columns.

Al-Bayati then proposed a design model to predict the concentric punching shear strength of
waffle slab. This model is based on modifications made towards EC2*". The location of the
critical perimeter remains unchanged at 2d from the column faces, but the critical shear
areas are reduced depending on the size of the solid section and top slab thickness of the

waffle slab. Thus, a depth retention factor, ¢, is introduced.
Py = V& Uyarfie(conc) d (Eq. 2.57)
Where:
P, = the ultimate shear force
V.= the shear strength, to be determined from Eq. 2.16

a = the shear retention factor, 0.7 for micro-concrete and 1.0 for normal

concrete

Uwaffle(con) = the perimeter of the critical section
Uwaffie(con) = (Cx(Px + ¢y, + 47T(Pavg)

Chapter 2



55

Cx, Cy = sizes of a column

Prr Py = the depth retention factor

1-|E2EY)

1- |y

Ay, Ay =the shearspanin xandy directions, respectively, and is < 2.6d
Ayz, Qyz,d, =asdefined in Figure 2.30

B,, B, = the side of the solid section in x and y directions, respectively
w = the size of waffle perpendicular to the solid section

d = the effective depth

_ xt?y
(pavg - 2

Eq. 2.57 has achieved good agreement with the test results**. The mean ratio of test to

estimated strength was 1.00.

2.5.2 Eccentric Punching Shear

Al-Bayati® in 2013 reported experimental testing that had been carried out on 6 1/10" scale
waffle slab specimens regarding the internal punching mechanism of waffle slabs in the
presence of unbalanced moment transfer. The main variables in the experiment were the

size of the solid section and the column eccentricity.
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It is observed that the punching failure surface is dependent on the ratio of column
eccentricity, e to the column size, c,. The punching shear capacity of waffle slabs is reported
to be inversely dependent on the column’s eccentricity and that it increases as the size of

the solid section increases.

Al-Bayati proposed a design model to predict the eccentric punching shear strength of waffle
slab. This model is done quite similarly to concentric model. The location of the critical
perimeter remains unchanged at 2d from the column faces along with the concrete shear
strength. As introduced in the concentric model earlier, the depth retention factor, ¢, is
again used to represent the lost shear area of the incomplete failure surface of the waffle

slab onto the shear surface of the critical section.

P =va Uwaffle(eccen) d (Eq. 2.58)

Where:

B, = the ultimate shear force

V.= the shear strength, to be determined from Eq. 2.16

a = the shear retention factor, 0.7 for micro-concrete and 1.0 for normal

concrete

Uwaffie(eccen) = the perimeter of the critical section, as obtained from

uwafﬂe(con) in Eq. 2.57

d = the effective deptH

Eq. 2.58 has achieved good agreement with the test results®. The mean ratio of test to

estimated strength was 1.04
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2.5.3 Edge Punching Shear

In 1994, Hussein®” reported test results of 18 waffle slab specimens regarding the edge
punching mechanism of waffle slabs in the presence of moment transfer perpendicular to
the slab. The main variables in the experiment were the ribs width at free edge, the

column’s eccentricity and the reinforcement ratio.

The test results showed that there is an increase in the ultimate capacity with an increase in
the rib width, while the ultimate capacity decreases as the load eccentricity increases. The
failure mechanism was shown by all specimens in that inclined shear cracks propagated
from the faces of the solid section towards the support. From the experimental results,
Hussein reported that the critical section is located at a distance of 1.5d from the faces of
the solid section, and the cross sectional area of the control perimeter is taken into account
in the punching shear calculations. The proposed model has shear strength similar to as
proposed by BS8110™. The proposed equation to compute the punching shear strength of
waffle slab at the edge column in the present of moment transfer perpendicular to the slab

free edge is shown below.

V, = A,v.a (Eq.  2.59)

Where:
V,, = the ultimate shear force
V.= the shear strength, to be determined from Eq. 2.14

A,,=the section area of waffle slab

: 1
a =the moment reduction factor, &« = ——=~
)
S+3d

. . M
e = the moment eccentricity, e = 7
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S = the width of solid section

d = the effective depth

Eq. 2.59 has achieved good agreement with the test results®’. The proposed method

achieved a mean test to prediction ratio of 0.997.

In 2004, Lau™*’ reported experimental testing that had been carried out on 6 1/10™ ribbed
slab specimens subjected to the edge punching mechanism of ribbed slabs in the presence
of moment transfer perpendicular to the slab. The main variables in this experiment were

the size of the column and the location of the column from the slab free edge.

Lau explained that when punching occurred, the internal shear cracks propagated from the
column faces inner-corner regions through the slab thickness at about 22 degrees and
intersected with the slab top surface at a distance of 2.5h. However, observations showed
that when the width of the wide beam is small, an incomplete revolution was formed with
lower punching capacity and the reason for that was due to the loss of shear failure surface.
Lau also reported that the punching capacities increases with the column size and decreases

with an increase in the column eccentricity.

Lau then proposed a design model to predict the edge punching shear strength of ribbed
slab in the presence of moment transfer. This model is based on modifications made
towards BS8110™. The critical shear area within the column width is not altered. The model

is as shown below:

1
V, = e leau d (Eq. 2.60)
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Where:

I}, = the ultimate shear force

V.= the shear strength, to be determined from Eq. 2.14

the shear retention factor, 0.7 for micro-concrete and 1.0 for normal

3
1l

concrete

Uu = the perimeter of the critical section,
u = (cy + 3dyy) + 2(cy + 1.5dyy + a,4)

Cx, €y =Sizes of a column

Yoo Yy = the effective shear area factor,

Ax2d3

— 1 X272
Vx ayd
ay2d;

=1 —-=x2=
Vy ayd

ay4 =the edge beam width as defined in Figure 2.31

d = the effective depth

47 \which is

as expected. The mean ratio of test to estimated strength was 1.48.

In 2013, Al-Bayati* reported experimental testing that had been carried out on 11 1/10™

scale waffle slab specimens regarding to the edge punching mechanism of waffle slabs in the

presence of moment transfer. Al-Bayati further divided into two series which were, 6 waffle
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slabs were tested in a perpendicular manner to the slab edge, while the remaining 5 waffle
slabs were tested in a parallel manner to the slab edge. The main variables in this

experiment were the size of the solid section and the column’s eccentricity.

Al-Bayati also reported that the punching shear capacities increase with the area of solid
section and that the punching shear capacities are inversely related to the column’s
eccentricity. Al-Bayati then proposed a design model to predict the edge punching shear
strength of waffle slab in the presence of moment transfer perpendicular or parallel to the
free edge. This model is based on modifications made towards EC2?°. The location of the
critical perimeter remains unchanged at 2d from the column faces and the concrete shear
strength are retained. As introduced in the concentric and eccentric models earlier, the
depth retention factor, ¢, is again used to represent the lost shear area of the incomplete

failure surface of the waffle slab onto the shear surface of the critical section.

For the punching shear capacity of waffle slab in the presence of moment transfer

perpendicular to the slab free edge,
Py = V@ Upqffieedge) 4 (Eq. 2.61)
Where:
B, = the ultimate shear force
V.= the shear strength, to be determined from Eq. 2.16

a = the shear retention factor, 0.7 for micro-concrete and 1.0 for normal

concrete

Uwaffle(edge) = the perimeter of the critical section
Uwaffle(edge) = (Cxq’y + 60, + zn(pavg)
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d = the effective depth

For the punching shear capacity of waffle slab in the presence of moment transfer parallel to

the slab free edge,

1

Puu:ﬁ

Ve@ Uyaffie(edge) d (Eq. 2.62)

Where:

B, = the ultimate shear force

V.= the shear strength, to be determined from Eq. 2.16

p = the moment transfer factor, to be determined from Eq. 2.42

a = the shear retention factor, 0.7 for micro-concrete and 1.0 for normal

concrete

Uwaffle(edge) = the perimeter of the critical section

d = the effective depth

Eq. 2.61 and Eq. 2.62 has achieved good agreement with the test results®. The proposed

method achieved a mean test to prediction ratio of 0.95.
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2.6 Size Effects

The size effect has always been a problem of scaling for every physical theory. This issue is
indifferent in concrete structures as well, for which there is a large gap between the scales
of large structures (e.g. dams, bridges) and of laboratory scaled-down tests. This gap
involves in such structures about one order of magnitude and even when a full-scale test is

carried out, it is impossible to obtain a sufficient statistical basis on the full scale.

Since the tests carried out in this study are one order of magnitude lower (1/10th scale
micro-concrete specimen), it is important to understand the size effect on the concrete

strength in terms of compression, tension and shear.

2.6.1 Size effect in compressive strength tests

In 1925, Gonnerman®® experimentally showed that the ratio of the compressive failure stress
to the concrete compressive strength decreases as the specimen size increase. Gonnerman
conducted an investigation into the compressive strength of different size cylinders, while
varying other variables such as curing age, cement-aggregate ratio, relative consistency and

the aggregate fineness in the tests, as shown in Figure 2.32.

Gonnerman’s research prompted many other researchers to study the size effect in

compressive strength tests, in which some of the worthy mentions are listed as follows.

In 1963, Harris et al.>> experimented on a series of model cylinder test to investigate the
effect of size on the compressive strength at different curing ages. Harris et al. reported that
smaller specimens have higher compressive strength mainly due to the differential curing

rates, differential drying and differences in quality of material. Smaller specimens have a
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larger surface area to volume ratio, which allow them to have a shorter moisture migration
path, therefore prompting better curing and drying rates. The quality of material differs in
that smaller specimens are generally better compacted, hence, having a higher density and

higher compressive strength, as pointed out by Popovics®.

Neville® in 1966 conducted a statistical study for the size effects in concrete compressive
strength using results from previous researchers. Neville’s main concerns on the effect of
size were the type of concretes, curing method and the age of the specimen during testing.
Neville found that the size effect to be a function of the volume of the specimen, the
maximum lateral dimension and the height to lateral dimension ratio. Hence, a relationship

was developed using regression analysis:

P =056 +0.697 (Eq. 2.63)

Ps (6h)+h

Where:
P = predicted concrete cube strength of the specimen
Pg = concrete cube strength of a 6-inch cube
d = maximum lateral dimension of the specimen
V = volume of the specimen
h = height of the specimen

Neville® also highlighted that factors such as the modulus of elasticity of the aggregate,
Poisson’s ratio, aggregate-cement ratio were ignored due to limitation of data, but the
relationship still managed to achieve good agreement with the test results, as shown in

Figure 2.33.
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In 1967, Endersbee? commented that the behaviour of concrete in compression is similar to
any other quasi-brittle materials, in which the compressive strength of concrete is inversely
related to the specimen size. Thus, in a discussion on the paper of William and Mario’,
Endersbee®! suggested that the relationship between the relative strength and the relative
linear dimensions of the specimens is as shown in Figure 2.34. From this suggestion,
Endersbee proposed that the concrete strength is a function of the size specimens, as

indicated in the equation below:

Concrete strength = (Specimen size) %106 (Eq. 2.64)

In 1964, Pahl & Soosaar® reported that both concrete and mortar are fairly brittle materials,
which explained that failure at a few points will contribute to an overall collapse in the
specimen and agreed by Sabnis’®. Pahl & Soosaar found that smaller specimen has fewer
points as compared to larger specimen, where failure can initiate, therefore, the strength of
the smaller specimens on the average re higher than that of the larger specimens. Pahl &
Soosaar® suggested that the size effect can be represented by the following equation, in the

function of the volume of specimen.

f=a+bV~ ¢ (Eq. 2.65)

Where:

f = compressive strength of concrete

V = volume of concrete specimen

a, b, c = positive constants depending on concrete mix
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2.6.2 Size effects on concrete tensile strength

The concrete tensile strength is another fundamental property which carries great influence
in the characteristics of reinforced concrete specimens. As observed by many

58,69,80

researchers , the specimen size has a prominent effect on the concrete tensile strength,

as illustrated in Figure 2.35.

As reported by Kadlecek et al.** in 2002, a mathematical statistical methods on 1600 results
from previous researchers was conducted by finding the relationship between concrete
tensile strength and the size of the corresponding fracture area or the size of the highly
stressed volume in the loaded cross-section. From the analysis of 1600 test results, Kadlecek
et al. reported that the tensile strength of concrete is dependent on the specimen size, in
which, the mutual correlation between both quantities can be represented by an

exponential function, as follows: (see Figure 2.36)

fe=aV=b (Eq. 2.66)

Where:

f¢= tensile strength of concrete

V = volume of concrete specimen

a, b= constants for best fit data

2.6.3 Size effects on concrete shear strength

In 1966 and 1967, Kani* first confirmed the effect of size specimen on the shear strength of
RC beam upon the shear failure of RC members at a warehouse located on Wilkins Air Force

Depot in Ohio, USA in 1955. Kani investigated on three main variables, which are the depth
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of the beam, longitudinal steel ratio and shear span-to-depth ratio, in which test results
showed an increase in the depth of the beam by 400% decreases the concrete shear
strength by 40%. Kani also found that there is transition point, when the shear span-to-

depth ratio of about 2.5, at which the RC beams become vulnerable to shear failures.

Bazant & Kim’ in 1984 proposed a shear strength equation based on non-linear fracture
mechanics (see Figure 2.37), where the equation accounts the size effect phenomenon with

the longitudinal steel ratio and incorporates the effect of aggregate size, which is as follows:

3
10*/— JTe + 3000

J1+d/25d, (Eq. 2.67)

Where:

v = concrete shear strength

p = longitudinal steel ratio

d = depth of specimen

d, = aggregate size

0. = cylindrical compressive strength

a = shear span

Bazant & Kim’s equation gained confidence over 295 previous test results and added that
the size effect was mainly due to the strain energy released from the beam being dispersed

into the cracking zone as the cracking zone increases.
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In 1987, Bazant & Cao® investigated the effect of size specimen on the punching shear
capacity of reinforced concrete slab. Bazant & Cao found that the nominal shear stress at
failure is not constant, as assumed by design codes, but instead it decreases as the slab size
increases. The application of size effect law in the improved design formula proved the
presence of size effect in punching shear strength. The use of size effect law is further
validated by the measurements on deflection diagrams, in which agrees that the post-peak

load declines much faster as the slab size increases, as illustrated in Figure 2.38.

2.6.4 Aggregate size effects on concrete shear strength

In 1981, Boswell & Wong'" conducted shear tests on Mattock®® type push-off specimen (see

Figure 2.39) in order to investigate the effects of aggregate size on concrete shear strength.

From the test results, it was obvious that the peak shear stress is independent of the
aggregates size but the residual shear stress is dependent of the aggregate size. That is,
when the shear displacement increases, the shear resistance of concrete cast with 2 mm
aggregates reduces to a mean residual value of about 70% of its peak, while the shear
resistance of concrete cast with 20 mm and 10 mm aggregates remained at their peak, as
illustrated in Figure 2.40. Boswell & Wong explained that this may be due to the less surface
roughness provided by the 2 mm aggregates in comparison with the 20 mm and 10 mm

aggregates.

2.7 Behaviour of micro-concrete in punching shear failure

The use of scaled specimens have become increasing popular owing to their economic

benefits and ease of handling specimens, in the exploration of punching behaviour of ribbed
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slabs and waffle slabs. However, attention should be provided to maintain the section

similitude using small size reinforcements and micro-concrete cast with scaled aggregates.

Swamy & Falih” investigated the behaviour of micro-concrete slab specimens in punching. A
total of nineteen slab specimens was tested, which consisted of a full scale flat slab, six 1/3
scale flat slabs, six % scale flat slabs and six 1/6 scale flat slabs. All scale specimens were
reinforced with 3.25 mm diameter steel bars, crimpled and plain. Two specimens from each
scale were cast from micro-concrete, with a maximum aggregate size of 2.36 mm and
concrete using scaled aggregates, with a maximum of 6.7 mm and 2.36 mm, were used to

cast one slab specimen of each of the aforementioned scales.

Swamy & Falih found that shear cracks were dominant on the tension side of the slab
specimens and no crack was observed on the compression side of the slabs. Furthermore,
the cracks were observed to be finer and increasing in numbers as the scale of the slabs
increases. This is believed to be due to the lack of scaling the reinforcement bars. When they
compared their test results with CP110", the comparisons revealed that CP110
overestimated the test results of specimens cast from micro-concrete by about 30% to 60%,

despite taking into account the size effect in shear.

Similar behaviour of micro-concrete slab specimen in punching was observed®****>447,

45,46,47
Lau™™

conducted a laboratory testing on twenty-six ribbed slabs and during the
comparison of test results with BS8110™, Lau revealed that the ratio of test results to

prediction from BS8110 is close to unity when a factor of 0.7 is applied during the prediction

of ribbed slabs cast from micro-concrete.

In 2015, Al-Bayati** reported the behaviour of micro-concrete waffle slab specimens under

concentric and eccentric loading. During the comparison of test results with ACI', Al-Bayati
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too agreed with Lau that a factor of 0.7 to be applied during the prediction of micro-
concrete waffle slab specimens. This application of factor was found to be consistent

regardless the slab specimens were loaded concentrically or eccentrically.

2.8 Summary

The current understanding about punching shear mechanisms has been focused on solid flat
slabs and only a small amount of study has been carried out on waffle slabs. Based on the
literature review gathered, these studies were limited to investigate the concentric punching
shear mechanism, the eccentric punching shear mechanism, and the edge punching shear
mechanism in the presence of perpendicular and parallel moment transfer to the slab free
edge. Very few, or none studies were conducted to investigate the concentric punching
shear mechanism in the presence of biaxial moment transfer and the edge punching
mechanism in the presence of biaxial moment transfer. As a result, the design procedures
for design against the punching shear mechanism for waffle slabs have not been covered as
a whole in the present design codes. Therefore, it is considered that there is an importance
in experimental investigation and theoretical study to enhance the current design

requirements.

Based on the literature review conducted, the author has decided to use the fundamentals
of plasticity approach to introduce a new theoretical model which can illustrate the
punching failure mechanisms in waffle slabs at internal, and edge column connections, along

with to develop the relevant design model based on EC2%%.
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(b) Section View

Figure 2.1 Regan's Fracture Surface Approach®’
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Figure 2.2 Critical Perimeter of ACI 318-11 for Internal Punching Mechanism®
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Figure 2.3 Critical Perimeter of BS8110 for Internal Punching Mechanism*

Chapter 2



72

2d

2d

Figure 2.4 Critical Perimeter of EC2 for Internal Punching Mechanism?®
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(c) Internal Forces at Segment

43)

Figure 2.5 Mechanical Model (Kinnunen & Nylander
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Figure 2.6 Plastic Model by Braestrup et al."
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Figure 2.7 Plastic Model-Punching Failure Surface™

Figure 2.8 Simplified Plastic Model by Salim & Sebastian’*
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Figure 2.9 Square slab subjected to concentrated load, plane view and cross section’
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Figure 2.10 Punching shear failure in inclined crack planes®’
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Figure 2.11 Cracking mechanism®’
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(b) Distribution of Vertical Shear Stress

Figure 2.12 Assumed Shear Stress Distribution for Interior Column®’
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(b) Distribution of Shear Stresses

Figure 2.13 Model proposed by Moe*

Figure 2.14 Distribution of Shear stresses due to unbalanced moment by Regan®
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(a) Shear Stresses Distribution

(b) Shear due to Unbalanced Moment
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(c) Total Shear Stresses

Figure 2.15 Shear Stresses due to Shear and Moment Transfer at an Interior Column (ACI")
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Figure 2.16 Transfer of Biaxial Moment at an Interior Column (ACI-318-11%)

,“,uu%ﬁ\m

Iﬂ a’/’}.

Figure 2.17 Shear distribution due to unbalanced moment at a slab-internal column
connection®
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Figure 2.18 Basic Concept of Beam Analogy (Hawkins & Corley
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Figure 2.19 Possible failure modes of beam analogy (Hawkins & Corley
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Figure 2.20 Internal Actions based on Beam Analogy Model (Park & Islam®)

(b) Distribution of Vertical Shear Stress

Figure 2.21 Assumed Shear Stress Distribution Edge Column®’
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Figure 2.28 Internal Punching Failure Mechanism for Internal Waffle Slabs®
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Figure 2.30 Design Models proposed by Al-Bayati -Critical Shear Area®*
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Chapter 3 Methodology

3.1 Introduction

As mentioned in Chapter 2, the current understanding about the punching shear mechanism
has been mainly focusing on both the concentric loads and the uniaxial eccentric loads, none
on the biaxial eccentric loads. Therefore, experimental investigation is required to study the

effect of principle angle of moment transfer on the punching shear failure mechanism.

A total of thirty-eight waffle slab and solid flat slab specimens were cast and tested to
investigate the punching shear mechanism at both the internal and edge column
connections. Since no work has been done to investigate the effect of biaxial moment
transfer on waffle slabs and solid flat slabs, only small-scale specimens (1/10”‘) were cast to
explore the punching shear mechanism due to the economic benefits, and the ease of
handling. The maximum size of the aggregates used in the micro-concrete is 2.36 mm, and

the diameter of the reinforcement bars used is 3.4 mm.

The slab specimens in this research were categorized into two main series: Internal Column
and Edge Column. All slab specimens were cast without a column, and all the columns were
simulated using a steel L-column stub bolted onto the slab specimens. The arrangements of

the column are explained in detailed in Section 3.4.2.

The effects of biaxial moment transfer were simulated through the rotation of the column
stub along with the load eccentricities. Other variables considered were the size of solid

section and the column location.

In this chapter, a detailed explanation on the specimens, fabrication and preparation of

specimens, test set-up and test procedure used in this experimental study are presented.
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3.2 Slab Specimens for Internal Column Series

The Internal Column series consisted of fifteen scaled specimens that were cast and tested
to simulate the punching shear failure mechanism at the internal column slab connection in
the presence of biaxial moment transfer. As shown in Figure 3.1, the specimens cast in this
series were 560 mm x 560 mm. During the tests, all specimens were centrally loaded, and
supported at the four edges. All specimens were cast with an overall depth of 70 mm and

top slab thickness of 20 mm.

The variables considered were: column eccentricity, principle angle of moment transfer, size
of the solid section and column orientation. The reinforcement bars were kept consistent for
all slab specimens; all waffle ribs were doubly reinforced to ensure for sufficient bending

capacities, and 5 mm covers to reinforcement bars were provided.

The Internal Column Series was subdivided into 4 sub-series: IWS, IWSB, IFSB and IWSBC to

achieve the objectives separately.

3.2.1 Series IWS

In Series IWS, only one scaled specimen was cast and tested to simulate the punching shear
failure mechanism at the internal column slab connection in the absence of biaxial moment

transfer and eccentricity. Table 3.1 lists the test set up and slab details.

This series served as the control specimen for Series IWSB.

3.2.2 Series IWSB

In the IWSB series, a total of nine specimens were cast and tested to simulate the punching
shear mechanism at the internal column in the presence of biaxial moment transfer and load

eccentricity. Table 3.2 lists the test set up and slab details.
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The aim here is to identify the effect of biaxial moment transfer (see Figure 3.3) and load
eccentricities on the punching shear failure mechanism at the internal column slab

connection.

3.2.3 Series IFSB

In the IFSB series, a total of three specimens were cast and tested to simulate the punching
shear mechanism at the internal column in the presence of biaxial moment transfer. Table

3.3 lists the test set up and slab details.

The aim here is to identify the effect of size of solid section on the punching shear failure

mechanism at the internal column slab connection.

3.2.4 Series IWSBC

In the IWSBC series, a total of two specimens were cast and tested to simulate the punching
shear mechanism at the internal column with the column orientation rotated in accordance

to the direction of load eccentricity. Table 3.4 lists the test set up and slab details.

The aim here is to identify any potential effects that may arise from the orientation of the

column with respect to the punching capacity.
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3.3 Slab Specimens for Edge Column Series

The Edge Column series consisted of twenty-four scaled specimens that were cast and
tested to simulate the punching shear failure mechanism at the edge column slab
connection in the presence of biaxial moment transfer. As shown in Figure 3.2, the
specimens cast in this series are 560 mm x 380 mm. During the tests, all specimens were
loaded at the centre of the slab free edge, and supported at three edges. (except Series
EWSCE (see Figure 3.29)) All specimens were cast with an overall depth of 70 mm and top

slab thickness of 20 mm.

The variables considered were: column eccentricity, principle angle of moment transfer, size
of the solid section and column’s location. The reinforcement bars were kept constant
among all slab specimens; all waffle ribs were doubly reinforced to ensure for sufficient

bending capacities, and 5 mm covers to reinforcement bars were provided.

The Edge Column Series was further sub-divided into 3 series: EWSB, EFSB and EWSCE to

achieve the objectives separately.

3.3.1 Series EWSB

In the EWSB series, a total of fifteen specimens were cast and tested to simulate the
punching shear mechanism at the edge column in the presence of biaxial moment transfer

and load eccentricities. Table 3.5 lists the test set up and slab details.

The aim here is to identify the effect of biaxial moment transfer (see Figure 3.4) and the load

eccentricities on the punching shear failure mechanism at the edge column slab connection.
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3.3.2 Series EFSB

In the EFSB series, a total of five specimens were cast and tested to simulate the punching
shear mechanism at the edge column in the presence of biaxial moment transfer. Table 3.6

lists the test set up and slab details.

The aim here is to identify the effect of size of solid section on the punching shear failure

mechanism at the edge column slab connection.

3.3.3 Series EWSCE

In the EWSCE series, a total of three specimens were cast and tested to simulate the
punching shear mechanism at the edge column in the presence of biaxial moment transfer.

Table 3.7 lists the test set up and slab details.

The aim here is to identify the effect of the column’s location on the punching shear failure

mechanism at the edge column slab connection.

3.4 Fabrication of Specimens

3.4.1 Mould

In the Internal Column Series, all slab specimens were cast using one size steel mould. This
mould consisted of a square steel plate, thirty-two aluminium blocks, four angle sections and
a plywood board. The steel plate was predrilled with holes to receive the aluminium blocks
and the angle sections, and was used to form the base of the mould. The aluminium blocks
were used to form the waffle sections and the angle sections were used to hole the slab in
position during casting. However, for Series EFSB, an additional plywood board was used to

cover the predrilled holes in order to cast solid flat slabs. The detailing of these components
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used to construct all slab specimens in the Internal Column Series are presented in Figure

3.5, and the complete setup is shown in Figure 3.6.

In the Edge Column series, all slab specimens were cast using one size steel mould as well.
This mould consisted of a rectangular steel plate, twenty aluminium blocks, four angle
sections and a plywood board. The above described mould worked similarly to the mould in
this series. The detailing of these components used to construct all slab specimens in the
Edge Column Series are presented in Figure 3.7, and the complete setup is shown in Figure

3.8.

In every cast, nine 50 mm cubes were cast together with the slab specimen. These cubes

were cast in steel mould readily available in the laboratory, as shown in Figure 3.9.

3.4.2 Column

To simulate for load eccentricities, a steel column stub with overhang (see Figure 3.10) was
fabricated to allow for the required positioning. To simulate the principle angle of moment
transfer, a base disc with pre-set rotation was attached to the column stub which further
allowed for rotation of the column plate. Such freedoms have allowed for facilitation of the

required principle angle of moment transfer and the column rotations.

Furthermore, two holding down bolts were installed through the slab thickness to prevent

uplift at the rear of the column when eccentric loads were applied (see Figure 3.11).

3.4.3 Concrete

The concrete used in this research was micro-concrete. The mix was intended to give
compressive cube strength of 38 to 42 N/mm? at 14 days from a 50 mm cube, and, can be

compacted readily under light vibration. In order to obtain the desired compressive
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strength, several trial mixes were carried out and the mix, as described in the following

paragraph, was found to be suitable.

All slab specimens were cast using micro-concrete which constituted of ordinary Portland
cement and scaled aggregate with a maximum size of 2.36 mm. The water/cement ratio was
proposed to be 0.53 and the aggregate/cement ratio to be 1.6. All aggregates were sieved
and re-mixed to the required grading distribution as proposed by Johnson® and its sieve
distribution is shown in Table 3.9 and Figure 3.12. This was done to ensure that a uniform

compaction and a small concrete cover can be achieved.

The concrete compressive strength for 1/10™ scale specimen should, however, be obtained
from 150 / 10 = 15 mm cubes to accommodate size effects. Hence, the measured 50 mm
cube compressive strengths have been modified to represent the intended 15 mm cube

compressive strengths as accordance to Endersbee’s equation®:

15 —-0.106
) (Eq. 3.1)

feurs = feuso (5

3.4.4 Reinforcement

The flexural reinforcement was designed to prevent flexural failure. These steel
reinforcements were made of plain steel bars with diameter of 3.4 mm. All steel bars have
an ultimate tensile strength of 550 N/mm? and vyield strength of 460 N/mm?. A typical

stress-strain curve of these steel bars is shown in Figure 3.13.

These bars were spaced at 11 mm within the tension region of the slab while the ribs of the
waffle sections were doubly reinforced to enhance bending capacities. The bars in the
tension region were bent down with a 90° hook at both ends while the bars in the ribs of the

waffle section were bent up with a 180° hook at both ends.
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All the reinforcement was fabricated manually from plain steel bars. The fabricated
reinforcement cage (see Figure 3.14 and Figure 3.15) was placed into the steel mould before
pouring the concrete. The reinforcement arrangements in the slab specimens are shown in

Figure 3.16 and Figure 3.17, for Internal Column Series and Edge Column Series, respectively.

3.4.5 Casting and Curing

All slab specimens were cast in an upright position to simulate the casting position of the
prototype structures. Nine 50 mm cubes were cast together with every slab specimen. Prior

to casting, the mould for slabs and cubes were cleaned and oiled with releasing agent.

The prefabricated reinforcement cage was placed within the mould right before the pouring
of concrete (see Figure 3.18). Plastic spacers were used during casting to allow for the

required reinforcement cover.

The specimen and cubes were cast from a single batch of concrete mix. After the micro-
concrete was mixed using a mechanical mixer, the micro-concrete was poured into the
mould in three equal layers interval with compaction on a vibrating table. After the
completion of the three layers, a steel trowel was used to level and finish the top surface of

the slab specimen and cubes.

The slab specimen and cubes were left to cure for 24 hours before striking. Both slab
specimen and cubes were stripped on the following day and left to cure together until the

desired compressive strength have been achieved.
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3.5 Test Set-up

All the slab specimens were tested in an inverse manner, in which the topping slab was
faced downwards during the test. The load was applied using a 30 tonnes hand operated

hydraulic jack.

Steel rollers were used to support the slab specimens. These rollers were then supported by

a square ring beam as shown in Figure 3.19.

3.5.1 Internal Column Series

The slab specimens were supported on steel rollers at four edges, and they were loaded
with a 30 tonnes hand operated hydraulic jack onto steel L-column stub mounted centrally
on the slab specimens as shown in Figure 3.20. This moment transferring column was
replicated using a steel L-column stub and steel plates bolted onto the compression face and
tension face of the slab specimens. The direction(s) of the column stub was positioned
according to the principle angle(s) of moment transferred, which were 0°, 22.5° and 45°, as

shown in Figure 3.21, Figure 3.22 and Figure 3.23, respectively.

3.5.2 Edge Column Series

The edge slab specimens were tested in a manner similar to the Internal Column Series.
However, these specimens were only supported on three edges and loaded at the centre of
the free edge with a 30 tonnes hand operated hydraulic jack onto steel L-column stub as
shown in Figure 3.24. The direction(s) of the column stub was positioned as according to the
principle angle(s) of moment transferred, which were 0°, 22.5° 45° 67.5° and 90°, as shown

in Figure 3.25, Figure 3.26, Figure 3.27, Figure 3.28 and Figure 3.29, respectively.

In Series EWSCE, the column location was re-positioned from the free-edge of the slab to the

centre of the edge solid region, as shown in Figure 3.30.
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3.6 Deflection

Mechanical dial gauges were used to measure the deflection of the test specimen during
loading, with an accuracy of up to 0.01mm. The dial gauges were positioned at the vicinity of
the column stub as shown in Figure 3.31 and Figure 3.32, for the Internal Column Series and

Edge Column Series, respectively.

For the Internal Column Series, two mechanical dial gauges were used and placed at the
front face of the column and the back face of the column, and positioned along the principle
axis of the moment transfer. However, for the Edge Column Series, three mechanical dial
gauges were used, the position of these dial gauges were fixed and not varied with respect
to the principle axis of the moment transfer. The test results are plotted and discussed in

Chapter 4.

3.7 Test Procedure

The steel column stub with overhang and the mechanical dial gauges were installed in the
designated positions along with the recording of initial readings from the dial gauges and the
load cells prior to testing. For both series, the loads were applied onto the column stub by

means of hand operated hydraulic jack in increments of 4.21 kN until failure occurred.

The loads were positioned with different column eccentricities and different principle angle
of moment transfer in accordance with Table 3.1 to Table 3.8 with respect to the Internal
Column Series and the Edge Column Series. In all cases, the loads and deflections were

recorded after every load increment and the cracks were marked on the slab upon failure.

Immediately after the completion of each test, the compressive strength of the slab

specimen was obtained from compression tests on the 50 mm cubes. The average from six
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50 mm cubes was taken as the concrete compressive strength of the slab specimens. The

average cube strength for all slab specimens are presented in Chapter 4.

Following the tests, some of the slabs were sawn to examine the internal shear cracks.

Details of the observed internal shear cracks are presented in Chapter 4.

3.8 Summary

A total of thirty-eight slab specimens were tested to investigate the internal and edge
punching shear failure mechanisms of both waffle slabs and solid flat slabs, with the internal
punching mechanism divided into concentric loading and eccentric loading. All slab
specimens were cast from micro-concrete with a maximum aggregate size of 2.36 mm and

the reinforcements were fabricated from plain steel bars of 3.4 mm diameter.

The experimental results and test observations are presented in the following chapter.
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Table 3.1 Specimen Details for Series IWS

Slab Size of Height of | Effective | Column | Column Column Principle
Specimen Solid Slab, Depth of Size, Shape | Eccentricity | Angle of
Section h Slab, Cy e Biaxial
(mm) (mm) d (mm) (mm) Moment
(mm) Transfer,
A4
()
IWS1 200x200 70 62 100 Square 0 0
Table 3.2 Specimen Details for Series IWSB
Slab Size of Height of | Effective | Column | Column Column Principle
Specimen Solid Slab, Depth of Size, Shape | Eccentricity, Angle of
Section h Slab, Cy e Biaxial
(mm) (mm) d (mm) (mm) Moment
(mm) Transfer,
A4
(°)
IWSB1 200x200 70 62 100 Square 50 0
IWSB2 200x200 70 62 100 Square 50 22,5
IWSB3 200x200 70 62 100 Square 50 45
IWSB4 200x200 70 62 100 Square 100 0
IWSB5 200x200 70 62 100 Square 100 225
IWSB6 200x200 70 62 100 Square 100 45
IWSB7 200x200 70 62 100 Square 150 0
IWSB8 200x200 70 62 100 Square 150 22.5
IWSB9 200x200 70 62 100 Square 150 45
Table 3.3 Specimen Details for Series IFSB
Slab Size of Height of | Effective | Column | Column Column Principle
Specimen Solid Slab, Depth of Size, Shape | Eccentricity, Angle of
Section h Slab, C, e Biaxial
(mm) (mm) d (mm) (mm) Moment
(mm) Transfer,
\4
(°)
IFSB1 360x360 70 62 100 Square 100 0
IFSB2 360x360 70 62 100 Square 100 22.5
IFSB3 360x360 70 62 100 Square 100 45
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Table 3.4 Specimen Details for Series IWSBC

Slab Size of Height of | Effective | Column | Column Column Column
Specimen Solid Slab, Depth of Size, Shape | Eccentricity, Location,
Section h Slab, C, e Rotation
(mm) | (mm) d (mm) (mm) ©)
(mm)
IWSBC1 200x200 70 62 100 Square 100 22.5
IWSBC2 200x200 70 62 100 Square 100 45
Table 3.5 Specimen Details for Series EWSB
Slab Size of Height of | Effective | Column | Column Column Principle
Specimen Solid Slab, Depth of Size, Shape | Eccentricity, Angle of
Section h Slab, C, e Biaxial
(mm) (mm) d (mm) (mm) Moment
(mm) Transfer,
\4
(°)
EWSB1 200x200 70 62 100 Square 50 0
EWSB2 200x200 70 62 100 Square 50 22.5
EWSB3 200x200 70 62 100 Square 50 45
EWSB4 200x200 70 62 100 Square 50 67.5
EWSB5 200x200 70 62 100 Square 50 90
EWSB6 200x200 70 62 100 Square 100 0
EWSB7 200x200 70 62 100 Square 100 22.5
EWSBS8 200x200 70 62 100 Square 100 45
EWSB9 200x200 70 62 100 Square 100 67.5
EWSB10 200x200 70 62 100 Square 100 90
EWSB11 200x200 70 62 100 Square 150 0
EWSB12 200x200 70 62 100 Square 150 22.5
EWSB13 200x200 70 62 100 Square 150 45
EWSB14 200x200 70 62 100 Square 150 67.5
EWSB15 200x200 70 62 100 Square 150 90
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Slab Size of Height of | Effective | Column | Column Column Principle
Specimen Solid Slab, Depth of Size, Shape | Eccentricity, Angle of
Section h Slab, Cy e Biaxial
(mm) (mm) d (mm) (mm) Moment
(mm) Transfer,
\4
(°)
EFSB1 360x280 70 62 100 Square 100 0
EFSB2 360x280 70 62 100 Square 100 22.5
EFSB3 360x280 70 62 100 Square 100 45
EFSB4 360x280 70 62 100 Square 100 67.5
EFSB5 360x280 70 62 100 Square 100 90
Table 3.7 Specimen Details for Series EWSCE
Slab Size of Height of | Effective | Column | Column Column Column
Specimen Solid Slab, Depth of Size, Shape | Eccentricity, Location,
Section h Slab, C, e Rotation
(mm) (mm) d (mm) (mm) (°)
(mm)
EWSCE1 | 200x200 70 62 100 Square 50 0
EWSCE2 | 200x200 70 62 100 Square 100 0
EWSCE3 | 200x200 70 62 100 Square 150 0
Table 3.8 Sieve Analysis by Johnson*°
Sieve Size (mm) | Mass Retained (kg) | %Retained %Passing
2.36 0.00 0.00 100.00
1.18 38.48 42.23 57.77
0.60 10.47 11.49 46.29
0.30 3.95 4.33 41.95
0.15 30.36 33.32 8.64
<0.15 7.87 8.64 0.00
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Figure 3.3 Principle angle of moment transfer for waffle slab with 200x200mm solid
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Figure 3.4 Principle angle of moment transfer for waffle slab with 200x200mm solid
section and 100x100mm column (EWSB series)
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Figure 3.9 Steel mould of 50 mm cubes
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Figure 3.13 Stress vs Strain curve of 3.4 mm bars
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Figure 3.19 Test Setup

Figure 3.20 Test Setup for IWSB 9 (Internal Column Series)
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Chapter 4 Failure Mechanisms and

Test Results

4.1 Introduction

The experimental details for all types of slabs tested in this research are described in
Chapter 3. For the internal column series, the variables tested were principle angle of biaxial
moment transfer, column’s eccentricity, column’s orientation, and size of solid section. For
the edge column series, the variables tested were principle angle of biaxial moment transfer,

column’s eccentricity, column’s location, and size of solid section.

A total of thirty-eight slab specimens were tested and studied: fifteen slabs in the internal
column series; and twenty-three slabs in the edge column series. All slab specimens were
observed to fail in a sudden rupture punching failure and with a sudden drop of shear
resistance from the peak. The internal shear cracks were found to propagate from the
vicinity of the column to the support, otherwise 21 degree inclination (or a distance of 2.6
times the slab depth from the column face) was observed. A solid revolution was formed,

which separated from the main slab vertically.

This chapter presents the overall behaviour of the slabs under loading, the failure
mechanisms, the punching capacity and the deflections of the slab specimens described in

Chapter 3.
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4.2 Internal Column Series

4.2.1 Concentric Loading

4.2.1.1 Series IWS

In this series, only one waffle slabs was tested. The internal punching mechanism
investigated in this series was waffle slabs with a solid section of 200 mm x 200 mm, loaded

to failure, without the presence of moment transfer. (see Table 4.1)

4.2.1.2 Behaviour of Slab during Punching Shear Failure

The internal punching failure mechanism investigated in this series was in the absence of
unbalanced moment transfer from the column to the slab. One waffle slab was tested and
the result was found to agree with the previous findings>*. However, the result has been
used to form the benchmark for further comparison with Internal Column Series loaded with

eccentric moments.

The slab specimen was observed to exhibit a punching failure mechanism similar to that at
an internal flat slab-column connection®, where the specimen failed in a sudden rupture
punching failure with a sudden drop of shear resistance from its peak. The observed
punching failure surface was characterized by internal cracks propagated from the vicinity of
column through the slab thickness at about 28 degree inclination and intersecting the top
surface of the slab at a distance of about 1.9 times the slab depth from the column face to
the root of the supports (see Figure 4.1). In plan, a complete solid revolution of concrete was
formed, with the column at its center, which separated from the main slab vertically leaving

the rest of the slab remaining rigid.
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However, the distinct difference between the punching failure mechanisms observed from
in waffle slabs and the flat slabs is the reduced solid section at the column vicinity to form a
complete solid of revolution, as such; some of the potential failure surface was lost when it
entered the waffle section, as shown in Figure 4.2 and 4.3. The consequence of having less
shear failure surface existed within the waffle slab to absorb the applied energy resulted in a

lower ultimate punching capacity.

The loss of punching capacity depends on the geometry of the solid section and the column.
If the width of the solid section was sufficient such that the complete solid revolution of
concrete was formed within the region, there would be no difference between the waffle
slabs and the flat slabs. However, if the width of the solid section was smaller than the
complete solid revolution of concrete, the punching mechanism differs in having smaller

shear failure surface, thus reducing the punching capacities of waffle slabs.

The formation of cracks was first observed on the tension side of the slab, directly above the
column stub. The observed cracking load was found to be 52% of the ultimate capacity of
the slabs. Upon further loading, more cracks appeared on the tension side of the slabs as
well as the waffle sections on the compression side of the slabs. These cracks were induced
by the negative moment on the column face. At failure, all specimens were observed to
punch in a sudden rupture manner and the width of the shear cracks at the vicinities of the

column of the solid section increased.

Figure 4.4 shows the plan views of the punched specimen and its cracks patterns. The cracks

were marked with marker pens to highlight the cracks patterns.
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4.2.1.3 Punching Capacity of Slab

The applied load was increased and recorded at every 4.21 kN interval for the slab specimen.
The punching capacity was taken prior to its punching shear failure. The result of the

punched slab specimen is presented in Table 4.1.

4.2.1.4 Deflections

The deflections of the slab specimen were measured using dial gauges at the vicinity of the
column stub. The readings were taken and recorded after every increment of the applied

load. A curve of load-deflection of the slab specimen is presented in Figure 4.5.

In general, the load-deflection curve was found to agree with the previous researchers’

**7 The load-deflection curve is initiated with a linear elastic behavior and later, a

findings
sudden spike in deflection, followed by a second linear elastic behavior until failure

occurred. As reported by Marzouk & Hussein®, the first slope represents the stiffness of an

un-cracked section, while the second slope represents the stiffness of a cracked section.

The comparison between the observed cracking load and the actual cracking load inferred
from the load-deflection curve is presented in Table 4.2. The observed cracking load was
found to be about 17% of the failure load higher than the actual cracking load obtained from
the load-deflection curve. This phenomenon is believed to happen due to the formation of

micro-cracks formed within the slab specimen and could not be seen by the naked eye.
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4.2.2 Eccentric Loading

4.2.2.1 Components of the Series

4.2.2.1.1 Series IWSB

In this series, a total of nine waffle slabs were tested. The internal punching mechanism
investigated in this series was carried out on waffle slabs with a solid section of 200 mm x
200 mm, in the presence of biaxial moment transfer with varying load eccentricities and

principle angles. (see Table 4.3 and Section 3.2.2)

4.2.2.1.2 Series IFSB

In this series, a total of three flat slabs were tested. The internal punching mechanism
investigated in this series was carried out on solid slabs with a solid section of 360 mm x
360mm, being loaded to failure, in the presence of biaxial moment transfer with uniform

eccentricity but varying principle angles. (see Table 4.3 and Section 3.2.3)

4.2.2.1.3 Series IWSBC

In this series, a total of two waffle slabs were tested. The internal punching mechanism
investigated in this series was carried out on waffle slabs with a solid section of 200 mm x
200 mm, in the presence of biaxial moment transfer with uniform eccentricity but varying

column orientation. (see Table 4.3 and Section 3.2.4)

4.2.2.2 Behaviour of Slabs during Punching Shear Failure

The observed punching shear failure mechanisms were found to be similar amongst the
tested series mentioned in Section 4.2.2.1. It is similar to the punching failure mechanism
observed from an internal flat slab-column connection that is the specimens failed in an

abrupt manner at the last load increment with a sudden drop of shear resistance from its
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peak. The observed punching failure shear surface was characterized by internal cracks
propagated from the vicinity of column through the slab thickness at about 28 degree
inclination and intersecting the top surface of the slab at the roots of the supports, which is
located at a distance of about 1.9 times the slab depth from the column face, as shown in

Figure 4.1.

However, the distinct difference between the punching failure mechanisms observed from
waffle slabs and the flat slabs is the reduced solid section at the column vicinity to form a
complete solid of revolution, as such; some of the potential failure surface was lost when it
entered the waffle section, as shown in Figure 4.6 to Figure 4.8. The consequence of having
less shear failure surface existed within the waffle slab to absorb the applied energy resulted

in a lower ultimate punching capacity.

In eccentric loading, the shear surface were observed to be dependent on the ratio of the

column eccentricity, e, to the column size, C,. When the ratio, ci’ was 0.5, the punching

X

failure surface was found to propagate from the corners of the lightly loaded region of the

column to the heavily loaded region of the column. When the ratio, Ci, was = 1, the
X

punching failure surface was found to propagate from the side regions of the column to the
heavily loaded region of the column. A schematic diagram summarizing these eccentric

effects is shown in Figure 4.9.

In the presence of biaxial moment transfer, the failure shear surface was observed to be
different among all three principle angles (0°, 22.5°, and 45° from the orthogonal axis)
investigated in this research. A schematic diagram showing the test observations is shown in

Figure 4.10.

In general, when the principle angle was set to 0°, the punching failure surface was observed

’

to be the largest (denoted as ‘1’ in Figure 4.10), followed by those having their principle
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angle set to 45° (denoted as ‘3’ in Figure 4.10), and those having their principle angle set to
22.5° were observed to be the least (denoted as ‘2’ in Figure 4.10). In addition, when the
principle angle of biaxial moment transfer was set to 22.5°% it was observed that the
punching failure surface was unsymmetrical that is the far side of the failure surface did not
propagate to the side regions of the column as observed from those having their principle
angles set to 0° and 45°. The loss of potential shear area derived from this unsymmetrical

failure surface resulted with a lower punching capacity being mobilized.

The formation of cracks was first observed on the tension side of the slab specimens,
directly above the column stub. The observed tensile cracking loads, in general, about 52%
of the ultimate punching failure capacity of the slabs (see Table 4.4). Upon further loading,
more cracks appeared on the tension side of the slabs as well as the shear cracks on the
waffle sections in the compression region of the slabs. Torsion cracks® were formed at a

distance of 0.5d away from the column side faces.

Figure 4.11 to Figure 4.24 show the punched specimens and their cracks patterns. The cracks

were marked with marker pens to enhance the cracks patterns.

4.2.2.3 Punching Capacity

The applied load was increased and recorded at every 4.21 kN interval for all slab specimens.
The punching capacities were taken prior to punching shear failure. The results of the

punched slab specimens are presented in Table 4.3.

In general, the results showed that an increase in the size of solid section, or a reduction in
the column’s eccentricity, or an increase in the concrete compressive strength increases the
load carrying capacity. On the other hand, the effects from principle angles of biaxial

moment transfer appear to be inconsistent when the principle angle is increased from 0° to
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22.5° and 45°. Details of these effects on the slab specimens’ punching capacity are further

explained in Section 4.2.2.5.

4.2.2.4 Deflection

The deflections of the slab specimens were measured using two digital gauges positioned
adjacent to the heavily loaded side of the column stub (front face of the column) and the
least loaded side of the column stub (back face of the column). The deflections were taken
and recorded after every increment of applied load. For every specimen, two curves of load

versus deflection are presented; see Figure 4.25 to Figure 4.38.

From all these figures, it can be observed that the deflections at the front face of the column
are always higher than that at the back face of the column. This phenomenon can be
attributed to the eccentric loading, which transformed into rotation as the loads transferred

from the column to the slab.

However, these load-deflection curves are found to be similar in nature to those carrying
concentric loading (as compared to Figure 4.5). In general, the load-deflection curves are
initiated with a linear elastic behavior, and later, a sudden spike in deflection, followed by a
second linear elastic behavior until failure occurred. As reported by Marzouk & Hussein®,
the first slope represents the stiffness of an un-cracked section, while the second slope

represents the stiffness of a cracked section.

The observed cracking loads and the actual cracking loads inferred from the load-deflection
curves are compared in Table 4.4. In average, the observed cracking loads were found to be
about 14% higher than the actual inferred cracking loads obtained from the load-deflection
curves. This phenomenon is believed to happen due to the formation of micro-cracks

formed within the slab specimen and could not be seen by the naked eye.
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4.2.2.5 Effects of test variables

4.2.2.5.1 Principle angle of biaxial moment transfer

The effects of principle angle of biaxial moment transfer on punching resistance observed in
this research are summarized and presented in Figure 4.39. The test results exhibit that
punching resistance of waffle slabs, in the presence of biaxial moment transfer, is at its peak
when the principle angle is zero. Further analysis into these test results reveal that punching
resistance of slab specimens loaded with principle angle of 22.5° exhibited the lowest
punching resistance amongst three principle angles investigated. That is, the sequential
order of moment principle angles with respect to punching shear capacities were 0°,

followed by 45°, and lastly, 22.5°, as demonstrated in Figure 4.39.

Such sequential order was also observed with regards to column eccentricities. That is, at 50
mm column eccentricity, comparisons between IWSB 1, having loaded with a principle angle
of biaxial moment transfer of 0°, with IWSB 2 and IWSB 3, having loaded with a principle
angle of biaxial moment transfer of 22.5° and 45°, portrayed a reduction in ultimate capacity

of 23% and 15%, respectively.

At 100 mm column eccentricity, comparisons between IWSB 4, having loaded with a
principle angle of biaxial moment transfer of 0°, with IWSB 5 and IWSB 6, having loaded with
a principle angle of biaxial moment transfer of 22.5° and 45° portrayed a reduction in

ultimate capacity of 23% and 18%, respectively.

At 150 mm column eccentricity, comparisons between IWSB 7, having loaded with a
principle angle of biaxial moment transfer of 0°, with IWSB 8 and IWSB 9, having loaded with
a principle angle of biaxial moment transfer of 22.5° and 45° portrayed a reduction in

ultimate capacity of 22% and 11%, respectively.
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By taking an average for all three series, a reduction of 23% is anticipated when the principle
angle of biaxial moment transfer is changed from 0° to 22.5° and a reduction of 15% is

anticipated when the principle angle of biaxial moment transfer is changed from 0° to 45°.

In general, it is observed that the reduction of punching capacities from 0° to 22.5° and 45°
are due to the decrease in shear surface area that is being mobilized. That is, when the
principle angle of biaxial moment transfer was set at 0°, the associating shear surface area
being mobilized was observed to be the greatest, followed by a smaller shear surface area
when the principle angle set at 45°, and lastly, at 22.5°. Such phenomenon is mainly due to
the fact that far side of the failure surface did not propagate to the side regions of the

column (see Figure 4.10 and Section 4.2.2.2).

4.2.2.5.2 Column eccentricity

The punching shear capacities were observed to reduce when the column eccentricity
increases, as shown in Figure 4.40. These findings were found agreeable in the presence of

all three principle angles.

When the principle angle of biaxial moment transfer is set to 0°, comparisons between IWSB
1, having a column eccentricity of 50 mm, with IWSB 4 and IWSB 7, having column
eccentricities of 100 mm and 150 mm, indicated a reduction in punching capacity of 15% and

31%, respectively.

When the principle angle of biaxial moment transfer is set to 22.5°, comparisons between
IWSB 2, having a column eccentricity of 50 mm, with IWSB 5 and IWSB 8, having column
eccentricities of 100 mm and 150 mm, indicated a reduction in punching capacity of 15% and

30%, respectively.

When the principle angle of biaxial moment transfer is set to 45°, comparisons between

IWSB 3, having a column eccentricity of 50 mm, with IWSB 6 and IWSB 9, having column
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eccentricities of 100 mm and 150 mm, indicated a reduction in punching capacity of 18% and

27%, respectively.

It is believed that the reductions in punching capacity as column eccentricity increases are
due to the increasing unbalanced moment being transferred from the column to the slab.
This unbalanced moment then transformed into non-uniformly distributed shear stresses
around the vicinity of the column, and hence, torsion stresses at the sides of the column. As
a result, led to non-simultaneous formation of shear cracks hence shear failure surface to be

mobilized, thus, leading to a lower punching shear capacity.

4.2.2.5.3 Column Orientation

The punching shear capacities were found to be slightly affected when the column
orientation is rotated according to the principle angle of biaxial moment transfer. As
mentioned in Section 4.2.2.5.1, the punching shear capacities were found to be the higher
when the principle angle of biaxial moment transfer is at 45° than that at 22.5°. However,
when the column orientation is rotated in accordance to the principle angle of biaxial
moment transfer, the punching capacity of specimens having their principle angle at 22.5°

were found to have higher punching resistance than those set at 45°,

In comparison with IWSB 5, with the column not rotated, IWSCC1 exhibited an increase in
punching strength of 15% as the column orientation rotated in accordance to the principle
angle (22.5°) of biaxial moment transfer. Conversely, in comparison with IWSB6, with the
column not rotated, IWSCC2 exhibited no increase in punching strength as the column
orientation rotated in accordance to the principle angle (45°) of biaxial moment transfer, as

shown in Figure 4.41.

This increment is due to shear surface area being mobilized within the waffle slab. When the

principle angle of biaxial moment transfer is set to 22.5° it was observed that one face of
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the column is limiting the extension of the shear surface area when the column orientation
is not rotated in accordance to the principle angle, but the otherwise, when the column
orientation rotated in accordance to the principle angle. On the other hand, when the
principle angle of biaxial moment transfer is set to 45° it was observed that the shear

surface areas, being mobilized by both column orientations, were indifferent.

4.2.2.5.4 Size of Solid Section

The punching capacities were observed to increase with the size of solid section, as shown in
Figure 4.42. By comparing IFSB 1, with a solid section of 360 mm, with IWSB4, with a solid
section of 200 mm, the shear capacity was observed to increase by 35% when the principle
angle of biaxial moment transfer is set to 0°. The second comparison is done by comparing
IFSB2, with a solid section of 360 mm, with IWSB 5, with a solid section of 200 mm, the shear
capacity was observed to increase by 47% when the principle angle of biaxial moment
transfer is set to 22.5°. Lastly, by comparing IFSB 3, with a solid section of 360 mm, with
IWSB 6, with a solid section of 200 mm, the shear capacity was observed to increase by 40%

when the principle angle of biaxial moment transfer is set to 45°.

By taking an average for all three principle angles of biaxial moment transfer, an increase of

41% can be anticipated when the size of solid section increases from 200 mm to 360 mm.

In addition, it was found that specimens IFSB 1, IFSB 2 and IFSB 3 punched in a steeper angle
as compared to specimens IWSB 4, IWSB 5 and IWSB 6, respectively (see Figure 4.43). It was
also noticed that specimens with larger solid section does not punch towards the support at

28° but rather a steeper angle of 35°.

The increase in punching shear capacities was expected due to the increase in the size of
solid section, which in turn, requires more work to be done to separate the solid section

from the main slab vertically.
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4.3 Edge Column Series

4.3.1 Components of the Series

4.3.1.1 Series EWSB

In this series, a total of fifteen edge waffle slabs were tested. The edge punching mechanism
investigated in this series was carried out on waffle slabs with a solid section of 200 mm x
200 mm, in the presence of biaxial moment transfer with varying principle angle and

eccentricities (see Table 4.5 and Section 3.3.1)

4.3.1.2 Series EFSB

In this series, a total of five flat slabs were tested. The edge punching mechanism
investigated in this series was waffle slabs with a solid section of 360 mm x 280mm, in the
presence of biaxial moment transfer with their eccentricity set at 100 mm from the column

centroid and varying principle angle (see Table 4.5 and Section 3.3.2)

4.3.1.4 Series EWSCE

In this series, a total of three waffle slabs were tested. The edge punching mechanism
investigated in this series was waffle slabs with a solid section of 200 mm x 200 mm, in the
presence of moment transfer (parallel to the slab edge) with varying column and column

position (see Table 4.5 and Section 3.3.3)

4.3.2 Behaviour of Slabs during Punching Shear Failure

Regardless of the direction of the principle angle of biaxial moment transfer, all specimens
were observed to fail in an abrupt manner with a sudden drop of shear resistance from its

peak similar to the punching mechanism observed in flat slabs. The observed punching
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failure shear surface was characterized by internal cracks propagated inner face and the
adjacent faces of column through the slab thickness at about 21 degrees (inner face) to 28
degrees (adjacent faces) inclination and intersecting the top surface of the slab at a distance
of about 1.9 times to 2.6 times the slab depth from the column face (due to support

constraints), as shown in Figure 4.44.

However, unlike flat slabs, the edge punching mechanism in waffle slabs differs in that the
reduced solid section at the column vicinity to form a complete half solid of revolution due
to some of the potential failure surface was lost when it entered the waffle section, as
shown in Figure 4.45 and Figure 4.46. Thus, waffle slabs have lesser shear failure surface to

absorb the applied energy, hence would result in a lower ultimate punching capacity.

The shear surface of specimens, loaded with moment parallel to slab edge (EWSCE series),

was observed to be dependent on the ratio of the column eccentricity, e, to the column size,
C,. When the ratio, ci' was 0.5, the punching failure surface was found to be extended
P

further away from the heaviest loaded face of the column as compared to specimens having

ratio, Ci, = 1. Figure 4.47 illustrates the observed effect of the ratio, Ci to the punching
X X

mechanism.

With respect to the effects of principle angle of biaxial moment transfer to the punching
failure shear surface, five principle angles were tested; it was observed that the area of
punching failure surface increased as the punching angles increase (see Figure 4.48). That is,
when the principle angle was set to 0°, where the moment transfer was parallel to the slab
edge, the punching failure surface was found to be the smallest, followed by the specimens

loaded with principle angle of 45°, 67.5°, 22.5° and 90°, respectively.

Similar to those of eccentric punching at internal column, cracks were first observed on the

tension surface of the slabs, directly above the column stub. These cracks were first
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observed at an average 52% (see Table 4.6) of the ultimate failure loads, which are similar to
those failed in eccentric punching at internal column mechanism. However, as the load
increased, cracks noted on the compression surface (within the waffle sections), while, more

cracks also noted on the tension surface.

Figure 4.49 to Figure 4.70 show the punched specimens and their crack patterns. The cracks

were marked with marker pens to enhance the readability.

4.3.3 Punching Capacity

The applied load was increased and recorded at every 4.21 kN interval for all slab specimens.
The punching capacities were taken prior to punching shear failure. The results of the

punched slab specimens are presented in Table 4.5.

In general, the results show that an increase in the size of solid section, or a reduction in the
column’s eccentricity, an increase in the principle angles of biaxial moment transfer (from
loading parallel to the slab edge (0°) to loading perpendicular to the slab edge (90°)) or an
increase in the concrete compressive strength increases the punching capacity. These effects

on the slab specimens’ punching capacity are further explained in Section 4.3.5.

4.3.4 Deflection

Three digital gauges were used to measure the deflections of the slab specimens. Unlike the
eccentric punching at internal column series, due to space constraints, the arrangement of
the digital gauges were different. Instead of placing at the heavily loaded side, the least
loaded side and one adjacent side of the column stub, these three digital gauges were

placed at fixed positions throughout the edge punching series, as shown in Figure 3.31. The
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deflections were taken and recorded after every increment of applied load. For every

specimen, a curve of load versus deflection is presented, in Figure 4.71 to Figure 4.93.

Throughout the edge loading series, the deflections were observed to be higher at the front
region of the column compared to the back region of the column. This is regarded to the

eccentric loading, which transform into rotation from the column to the slab.

The load-deflection curves of the slab specimens are again found to be similar to those in
the concentric and eccentric loading at internal column series. An initial linear elastic
behaviour was first observed, followed by an increase in the rate of deflection until failure.
As explained earlier, the first slope represents the stiffness of the un-cracked section, while

the second slope represents the stiffness of the cracked section®.

The observed cracking loads and the actual inferred cracking loads from the load-deflection
curves are summarized and compared in Table 4.6. It can be concluded that the observed
cracking loads are about 16% higher than the actual inferred cracking loads obtained from
the load-deflection curves. This is due to the fact that the formation of micro-cracks within

the slab specimen and could not be noticed by the naked eye.

4.3.5 Effects of Test Variables

4.3.5.1 Principle angle of biaxial moment transfer

In the edge punching series, two principle angles (67.5° and 90°) of biaxial moment transfer
were added into the existing angles (0°, 22.5°, and 45°) for the internal punching series. The
tested principle angles of biaxial moment transfer are therefore: 0° 22.5°, 45°, 67.5° and

lastly, 90°. A consensus was formed that the punching shear capacity of the waffle slab
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specimens were found to be the highest when the principle angle of biaxial moment transfer

is set to 90°, followed by 22.5°, 67.5°, 45° and lastly 0°, as shown in Figure 4.94.

At 50 mm column eccentricity, comparisons between EWSB 5, having loaded with a principle
angle of biaxial moment transfer of 90°, with EWSB 1, EWSB 2, EWSB 3 and EWSB 4, having
loaded with a principle angle of 0°, 22.5°% 45° and 67.5°, portrayed a reduction in ultimate

capacity of 40%, 16%, 24% and 20%, respectively.

At 100 mm column eccentricity, comparisons between EWSB 10, having loaded with a
principle angle of biaxial moment transfer of 90°, with EWSB 6, EWSB 7, EWSB 8 and EWSB
9, having loaded with a principle angle of 0°, 22.5°, 45° and 67.5°, portrayed a reduction in

ultimate capacity of 33%, 29%, 38% and 33%, respectively.

At 150 mm column eccentricity, comparisons between EWSB 15, having loaded with a
principle angle of biaxial moment transfer of 90°, with EWSB 11, EWSB 12, EWSB 13 and
EWSB 14, having loaded with a principle angle of 0°, 22.5°, 45° and 67.5°, portrayed a

reduction in ultimate capacity of 32%, 32%, 37% and 37%, respectively.

Based on the experimental observations, an average reduction of 35% is anticipated when
the principle angle of biaxial moment transfer is changed from 90° to 0°, an average
reduction of 26% is anticipated when the principle angle of biaxial moment transfer is
changed from 90° to 22.5° an average reduction of 33% is anticipated when the principle
angle of biaxial moment transfer is changed from 90° to 45°, and lastly, an average reduction
of 30% is anticipated when the principle angle of biaxial moment transfer is changed from

90° to 67.5°.

Therefore, by rearranging the principle angles of biaxial moment transfer, the punching

capacities were found to be the highest when set to 90°, followed by 22.5° 67.5° 45° and
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lastly 0°. These reductions are due to the decrease in shear surface mobilized as observed

from the experimental results.

4.3.5.2 Column Eccentricity

Similar to the internal punching series, the punching shear capacities of edge series were
observed to reduce when the column eccentricity increases, as shown in Figure 4.95. These
findings are consistent throughout the principle angles of biaxial moment transfer studied in

this research.

When the principle angle of biaxial moment transfer is set to 0°, comparisons between
EWSB 1, having a column eccentricity of 50 mm, with EWSB 6 and EWSB 11, having column
eccentricities of 100 mm and 150 mm, indicated a reduction in punching capacity of 7% and

13%, respectively.

When the principle angle of biaxial moment transfer is set to 22.5°, comparisons between
EWSB 2, having a column eccentricity of 50 mm, with EWSB 7 and EWSB 12, having column
eccentricities of 100 mm and 150 mm, indicated a reduction in punching capacity of 29% and

38%, respectively.

When the principle angle of biaxial moment transfer is set to 45°, comparisons between
EWSB 3, having a column eccentricity of 50 mm, with EWSB 8 and EWSB 13, having column
eccentricities of 100 mm and 150 mm, indicated a reduction in punching capacity of 32% and

37%, respectively.

When the principle angle of biaxial moment transfer is set to 67.5°, comparisons between
EWSB 4, having a column eccentricity of 50 mm, with EWSB 9 and EWSB 14, having column
eccentricities of 100 mm and 150 mm, indicated a reduction in punching capacity of 30% and

40%, respectively.
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When the principle angle of biaxial moment transfer is set to 90°, comparisons between
EWSB 5, having a column eccentricity of 50 mm, with EWSB 10 and EWSB 15, having column
eccentricities of 100 mm and 150 mm, indicated a reduction in punching capacity of 16% and

30%, respectively.

The punching capacities reduce as column eccentricities increased are believed to be due to
the amount of unbalanced moment being transferred from the column to the slab. These
unbalanced moments were then transformed to non-uniformly distributed shear stresses
around the vicinity of the column and torsion stresses at the side of the columns. Thus,

leading to a lower punching shear capacity.

4.3.5.3 Column Location

Two column locations (free-edge and center-edge) (see Figure 3.31) were tested to
investigate the column location variable. However, the difference from the internal
punching series in that the column were not rotated with respect to the principle angle of
biaxial moment transfer, but, was repositioned to a new location. Comparisons between
edge punching at the free-edge column and edge punching at the center-edge column are

illustrated in Figure 4.96.

Experimental results indicate that higher punching capacities are observed when the column

location set to center-edge throughout three different column eccentricities.

When the column eccentricity was set to 50 mm, comparison between EWSCE 1, having the
column location at center-edge, with EWSB 1, having the column location at free-edge,

indicated a reduction in punching capacity of 23%.

When the column eccentricity was set to 100 mm, comparison between EWSCE 2, having
the column location at center-edge, with EWSB 2, having the column location at free-edge,

indicated a reduction in punching capacity of 20%.
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When the column eccentricity was set to 150 mm, comparison between EWSCE 3, having
the column location at center-edge, with EWSB 3, having the column location at free-edge,

indicated a reduction in punching capacity of 13%.

Based on shear failure surface observations, both column locations portrayed similar failure
surface area. The increases in punching capacities noted from specimens having their
column positioned at center-edge was mainly due to a steeper angle of inclination of shear
surface, which exhibited higher shear resistance. The steeper angle of inclination portrayed
when the column positioned at center-edge was mainly due to the support boundary

condition being shorter than the other.

4.3.5.4 Size of Solid Section

The effect of size of solid section on the edge punching series was found to be identical to
the internal punching series. The punching capacities were observed to increase with the

size of solid section, as shown in Figure 4.97.

By comparing EFSB1, with a solid section of 360 mm, with EWSB 6, with a solid section of
200 mm, the punching capacity was found to be 33% higher when the principle angle of
biaxial moment transfer is set to 0°. Furthermore, comparisons between specimens loaded
with principle angle of biaxial moment transfer set to 22.5° 45° 67.5° and 90° exhibited
similar outcomes, in which, the specimens cast with larger solid section were found to have
higher punching capacity than those cast with smaller solid section, by 29%, 41%, 39% and
16%, respectively. In general, an average increase of 32% can be anticipated when the size

of solid section increases from 200 mm to 360 mm.

Similar observations were made from the eccentric punching series, where slabs cast with
larger solid section were found to punch in a steeper angle as compared to those cast with

smaller solid section. The increase in punching shear capacities was expected due to the
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increase in the size of solid section, in which, more work is required to remove the

revolution apart from the slab specimen.

4.4 Summary

All slab specimens were observed to fail in punching mechanism similar to that at an internal
flat slab-column connection, where the specimens failed in a sudden rupture failure
mechanism with a sudden drop of shear resistance from its peak. In general, the observed
punching failure surface was characterised by internal cracks propagated from the vicinity of
column through the slab thickness at about 21 degree inclination or steeper (depending on
the boundary conditions) and intersecting the top surface of the slab at a distance of about
2.6 times the slab depth or lesser (depending on the boundary conditions) from the column
face. In plan, a solid revolution of concrete was formed, with the column at its centre, which
separated from the main slab vertically leaving the rest of the slab remaining rigid. The
punching capacities of the slab specimens were found to be highly dependent on the size of

solid revolution of concrete formed within the slab.

The distinct difference between the punching mechanism in waffle slabs and the flat slab-
column connection is the reduced solid section at the column vicinity to form a complete
solid of revolution due to some of the potential failure surface was lost when it entered the
waffle section, as shown in Figure 4.2 and Figure 4.3. The consequence of having less shear
failure surface existed within the waffle slab to absorb the applied energy resulted in a lower

ultimate punching capacity.

A general observation among all the series is that the punching shear mechanism can be
characterized according to the three-dimensional failure surface, leading to the proposal of

three theoretical models; concentric punching at internal column theoretical model,
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eccentric punching at internal column theoretical model, and edge punching theoretical
model; based upon the plastic approach, which have been developed and proposed in

Chapter 5.
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Table 4.1 Test result of concentric punching at internal column waffle slabs series

Specimen Size of Column | Column | Height | Effective Concrete Failure
No Solid Size, Shape | ofSlab, Depth Compressive Load,
Section C, h of Slab, Strength, P
(mm) (mm) (mm) d fruso (kN)
(mm) (N/mm?)
IWS 1 200 x 200 100 Square 70 62 41.077 65.26

Table 4.2 Cracking Loads of concentric punching at internal column waffle slabs series

Specimen Observed Cracking Load Inferred Cracking Load Failure Load
No Pcrack (Observed) Pcrack (Inferred) P
(kN) (kN) (kN)
IWS 1 33.68 (52%) 23.16 (35%) 65.26

Table 4.3 Test results of eccentric punching at internal column waffle slabs series

Specimen Size of Principle Load Column Concrete Failure Ultimate
No Solid Angle of | Eccentricity, | Orientation | Compressive | Moment, Failure
Section Moment e (°) Strength, My Load,
(mm) Transfer (mm) feuso (kNm) Piost
() (N/mm?) (kN)
IWSB 1 200 x 200 0 50 0 40.244 2.7365 54.73
IWSB 2 200 x 200 22.5 50 0 40.283 2.105 42.10
IWSB 3 200 x 200 45 50 0 39.291 2.3155 46.31
IWSB4 | 200 x 200 0 100 0 41.486 4.631 46.31
IWSB 5 200 x 200 22.5 100 0 40.598 3.579 35.79
IWSB 6 200 x 200 45 100 0 39.633 3.789 37.89
IWSB 7 200 x 200 0 150 0 40.3 5.6835 37.89
IWSB 8 200 x 200 22.5 150 0 40.719 4.4205 29.47
IWSB 9 200 x 200 45 150 0 42.532 5.052 33.68
IFSB 1 360 x 360 0 100 41.238 7.157 71.57
IFSB 2 360 x 360 22.5 100 40.336 6.736 67.36
IFSB 3 360 x 360 45 100 0 40.896 6.315 63.15
IWSBC1 | 200 x 200 22.5 100 22.5 42.298 4.21 42.10
IWSBC2 | 200 x 200 45 100 45 43.652 3.789 37.89

Note: Column Size, C,, = 100 mm (Square)

Height of Slab, h = 70 mm
Effective Depth of Slab, d =62 mm
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Table 4.4 Cracking loads of eccentric punching at internal column waffle slabs series

Specimen Observed Cracking Load, Inferred Cracking Load, Ultimate
No Pcrack(observed) Pcrack(inferred) Failure Load,

(kN) (kN) Prest
(kN)
IWSB 1 29.47 (54%) 18.95 (35%) 54.73
IWSB 2 21.05 (50%) 14.74 (35%) 42.10
IWSB 3 25.26 (55%) 18.95 (41%) 46.31
IWSB 4 25.26 (47%) 14.74 (32%) 46.31
IWSB 5 16.84 (56%) 14.74 (41%) 35.79
IWSB 6 21.05 (56%) 14.74 (39%) 37.89
IWSB 7 21.05 (56%) 14.74 (39%) 37.89
IWSB 8 16.84 (57%) 10.53 (35%) 29.47
IWSB 9 16.84 (50%) 14.74 (44%) 33.68
IFSB 1 37.89 (53%) 27.37 (38%) 71.57
IFSB 2 33.68 (50%) 25.26 (38%) 67.36
IFSB 3 29.47 (47%) 23.16 (37%) 63.15
IWSCC 1 21.05 (50%) 14.74 (35%) 42.10
IWSCC 2 16.84 (44%) 14.74 (39%) 37.89
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Table 4.5 Test results of edge punching waffle slabs series

Specimen Size of Principle Load Column Concrete Failure | Ultimate
No Solid Angle of | Eccentricity, | Location* | Compressive | Moment, | Failure
Section Moment e Strength, My Load,
(mm) Transfer (mm) feuso (kNm) Piost
() (N/mm?) (kN)
EWSB 1 200 x 200 0 50 Free 41.873 1.579 31.58
EWSB 2 200 x 200 225 50 Free 45.295 2.211 44.21
EWSB 3 200 x 200 45 50 Free 41.536 2.000 40.00
EWSB 4 200 x 200 67.5 50 Free 40.563 2.105 42.10
EWSB 5 200 x 200 90 50 Free 41.477 2.630 52.60
EWSB 6 200 x 200 0 100 Free 40.831 2.947 29.47
EWSB7 | 200 x 200 225 100 Free 42.577 3.158 31.58
EWSB 8 200 x 200 45 100 Free 40.307 2.737 27.37
EWSB 9 200 x 200 67.5 100 Free 39.779 2.947 29.47
EWSB 10 | 200 x 200 90 100 Free 48.037 4.421 44.21
EWSB 11 | 200 x 200 0 150 Free 36.688 4.106 27.37
EWSB 12 | 200 x 200 225 150 Free 45.107 4.106 27.37
EWSB 13 | 200 x 200 45 150 Free 40.988 3.789 25.26
EWSB14 | 200 x 200 67.5 150 Free 40.746 3.789 25.26
EWSB15 | 200 x 200 90 150 Free 41.032 6.000 40.00
EFSB 1 360 x 280 0 100 Free 52.946 4.421 44.21
EFSB 2 360 x 280 22.5 100 Free 48.190 4.421 44.21
EFSB 3 360 x 280 45 100 Free 46.085 4.631 46.31
EFSB 4 360 x 280 67.5 100 Free 48.533 4.842 48.42
EFSB 5 360 x 280 90 100 Free 36.168 5.263 52.63
EWSCE1 | 200 x 200 0 50 Centre 40.593 2.053 41.05
EWSCE 2 | 200 x 200 0 100 Centre 40.510 3.684 36.84
EWSCE 3 | 200 x 200 0 150 Centre 42.385 4.737 31.58

Note: Column Size, C, = 100 mm (Square)

Height of Slab, h = 70 mm
Effective Depth of Slab, d =62 mm
*see Figure 3.24 and Figure 3.29
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Specimen Observed Cracking Load Inferred Cracking Load Failure Load
No Pcrack (Observed) Perack (inferred) P

(kN) (kN) (kN)
EWSB 1 18.95 (60%) 12.63 (40%) 31.58
EWSB 2 23.16 (52%) 14.74 (33%) 44.21
EWSB 3 18.95 (47%) 14.74 (37%) 40.00
EWSB 4 21.05 (50%) 14.74 (35%) 42.10
EWSB 5 27.37 (52%) 18.95 (36%) 52.60
EWSB 6 14.74 (50%) 10.53 (36%) 29.47
EWSB 7 16.84 (53%) 12.63 (40%) 31.58
EWSB 8 14.74 (54%) 10.53 (38%) 27.37
EWSB 9 14.74 (50%) 10.53 (36%) 29.47
EWSB 10 23.16 (52%) 16.84 (38%) 44.21
EWSB 11 14.74 (54%) 10.53 (38%) 27.37
EWSB 12 14.74 (54%) 10.53 (38%) 27.37
EWSB 13 12.63 (50%) 8.42 (33%) 25.26
EWSB14 12.63 (50%) 8.42 (33%) 25.26
EWSB15 18.95 (47%) 14.74 (37%) 40.00
EFSB 1 23.16 (52%) 16.84 (38%) 44.21
EFSB 2 25.26 (57%) 16.84 (38%) 44.21
EFSB 3 25.26 (55%) 16.84 (36%) 46.31
EFSB 4 25.26 (52%) 16.84 (35%) 48.42
EFSB 5 25.26 (48%) 18.95 (36%) 52.63
EWSCE 1 23.16 (56%) 12.63 (31%) 41.05
EWSCE 2 16.84 (46%) 10.53 (29%) 36.84
EWSCE 3 16.84 (53%) 10.53 (33%) 31.58
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Figure 4.1 Section of internal punching failure surface
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Figure 4.2 Loss of Potential Failure Surface in Waffle Section, IWS1 (during loading)

Figure 4.3 Loss of Potential Failure Surface in Waffle Section, IWS 1 (after punching failure)
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(b) Bottom View

Figure 4.4 Concentric Punching of Waffle Slab, IWS1
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Figure 4.5 Load vs Deflection for IWS 1
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Figure 4.6 Loss of Potential Failure Surface in Waffle Section for IWSB 2 (Front Face —
heavily loaded region)

Figure 4.7 Loss of Potential Failure Surface in Waffle Section for IWSB 2 (Side Face)
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Figure 4.8 Loss of Potential Failure Surface in Waffle Section for IWSB 2 (Back Face - lightly
loaded region)
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(a) Plan View, where 1, 2 and 3 represent the failure surface when £=0.5, £&=10and£=1.5,
respectively
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Figure 4.9 Schematic diagram of the observed column eccentricities on internal punching
shear mechanism
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"

(a) PlanView, where 1, 2 and 3 represent the failure surface when the principle angle of
biaxial moment transfer is setto 0°, 22.5° 45° respectively
(with column eccentricity set to 100 mm)

i
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|

(b) Section AA (c) SectionB-B

Figure 4.10 Schematic sketch of the observed effect of principle angle of biaxial moment

transfer on internal punching shear mechanism
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(b) Bottom View

Figure 4.11 Eccentric Punching of Waffle Slab, IWSB1
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(a) Top View

(b) Bottom View

Figure 4.12 Eccentric Punching of Waffle Slab, IWSB2
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(b) Bottom View

Figure 4.13 Eccentric Punching of Waffle Slab, IWSB3
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(b) Bottom View

Figure 4.14 Eccentric Punching of Waffle Slab, IWSB4

Chapter 4



167

‘ L )
A =l
4 5 i\ \
. \ _
“ ;,3__‘,-
I T
U { & 0.1
12 o !

(b) Bottom View

Figure 4.15 Eccentric Punching of Waffle Slab, IWSB5

Chapter 4



168

(a) Top View

(b) Bottom View

Figure 4.16 Eccentric Punching of Waffle Slab, IWSB6
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(a) Top View

(b) Bottom View

Figure 4.17 Eccentric Punching of Waffle Slab, IWSB7
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(a) Top View

(b) Bottom View

Figure 4.18 Eccentric Punching of Waffle Slab, IWSB8
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(a) Top View
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(b) Bottom View

Figure 4.19 Eccentric Punching of Waffle Slabs, IWSB9
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(b) Bottom View

Figure 4.20 Eccentric Punching of Flat Slab, IFSB1
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(b) Bottom View

Figure 4.21 Eccentric Punching of Flat Slab, IFSB2
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(b) Bottom View

Figure 4.22 Eccentric Punching of Flat Slab, IFSB3

Chapter 4



175

e e i i o e P N e e M e ar e

(a) Top View

(b) Bottom View

Figure 4.23 Eccentric Punching of Waffle Slab with different column orientation, IWSBC1
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(a) Top View

(b) Bottom View

Figure 4.24 Eccentric Punching of Waffle Slab with different column orientation, IWSBC2
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Figure 4.25 Load vs Deflection Curve for IWSB 1
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Load vs Deflection for IWSB 3
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Load vs Deflection for IWSB 5
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Figure 4.29 Load vs Deflection Curve for IWSB 5
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Figure 4.30 Load vs Deflection Curve for IWSB 6
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Load vs Deflection for IWSB 9
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Figure 4.34 Load vs Deflection for IFSB 1

Chapter 4



182

Load vs Deflection for IFSB 2
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Figure 4.36 Load vs Deflection for IFSB 3
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Load vs Deflection for IWSBC 1
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Figure 4.37 Load vs Deflection for IWSBC 1
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Figure 4.38 Load vs Deflection for IWSBC 2
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Figure 4.43 Comparisons between IFSB 2 and IWSB 5

Figure 4.44 Edge Punching Mechanism
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Figure 4.45 Loss of Potential Failure Surface in Waffle Section, EWSB 5 (during loading)

Figure 4.46 Loss of Potential Failure Surface in Waffle Section, EWSB 5 (after punching
failure)
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(a) Plan View, where 1, 2 and 3 represent the failure surface when £=0.5, Z=1.0and Z= 15,
respectively

(b) SectionA-A (c) SectionB-B

Figure 4.47 Schematic sketches of the observed effects of column eccentricities (parallel to
slab edge) on edge punching shear mechanism
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(@) Plan View, where 1, 2,3, 4 and 5 represent the failure surface when the principle angle of
moment transfer is set to 0°, 22.5°, 45°, 67.5°, and 90° respectively
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Figure 4.48 Schematic sketches of the observed effects of the principle angles of biaxial
moment transfer on edge punching shear mechanism
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(c) Side View

Figure 4.49 Edge Punching of Waffle Slab, EWSB 1
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(c) Side View

Figure 4.50 Edge Punching of Waffle Slab, EWSB 2
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(f) Side View

Figure 4.51 Edge Punching of Waffle Slab, EWSB 3
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(c) Side View

Figure 4.52 Edge Punching of Waffle Slab, EWSB 4
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(a) Top View

(c) Side View

Figure 4.53 Edge Punching of Waffle Slab, EWSB 5
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(c) Side View

Figure 4.54 Edge Punching of Waffle Slab, EWSB 6
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2.4°

(a) Top View

(c) Side View

Figure 4.55 Edge Punching of Waffle Slab, EWSB 7
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(c) Side View

Figure 4.56 Edge Punching of Waffle Slab, EWSB 8
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(c) Side View

Figure 4.57 Edge Punching of Waffle Slab, EWSB 9
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(c) Side View

Figure 4.58 Edge Punching of Waffle Slab, EWSB 10
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(c) Side View

Figure 4.59 Edge Punching of Waffle Slab, EWSB 11
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(c) Side View

Figure 4.60 Edge Punching of Waffle Slab, EWSB 12
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(a) Top View

(c) Side View

Figure 4.61 Edge Punching of Waffle Slab, EWSB 13
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(c) Side View

Figure 4.62 Edge Punching of Waffle Slab, EWSB 14
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(b) Bottom View

(c) Side View

Figure 4.63 Edge Punching of Flat Slab, EWSB 1
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(a) Top View

(c) Side View

Figure 4.64 Edge Punching of Flat Slab, EWSB 2
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(a) Top View

(b) Bottom View
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(c) Side View

Figure 4.65 Edge Punching of Flat Slab, EWSB 3
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(a) Top View

(c) Side View

Figure 4.66 Edge Punching of Flat Slab, EWSB 4
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(a) Top View

(c) Side View

Figure 4.67 Edge Punching of Flat Slab, EWSB 5
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(a) Top View

(c) Side View

Figure 4.68 Edge Punching of Waffle Slab with different location, EWSCE 1
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(c) Side View

Figure 4.69 Edge Punching of Waffle Slab with different location, EWSCE 2
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(c) Side View

Figure 4.70 Edge Punching of Waffle Slab with different location, EWSCE 3
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Figure 4.72 Load vs Deflection for EWSB 2
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Figure 4.74 Load vs Deflection for EWSB 4
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Figure 4.76 Load vs Deflection for EWSB 6
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Figure 4.78 Load vs Deflection for EWSB 8
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Figure 4.80 Load vs Deflection for EWSB 10
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Load vs Deflection for EWSB 11
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Figure 4.82 Load vs Deflection for EWSB 12
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Figure 4.84 Load vs Deflection for EWSB 14

Chapter 4




219

Load vs Deflection for EWSB 15
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Figure 4.86 Load vs Deflection for EFSB 1
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Figure 4.88 Load vs Deflection for EFSB 3
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Chapter 5 Theoretical Models

5.1 Introduction

In chapter 4, observations made on the tested specimens and failure mechanisms were
reported. In this chapter, three theoretical models are proposed to predict the punching
capacities of observed; the concentric punching at internal column mechanism; the eccentric

punching at internal column mechanism; and the edge punching mechanism.

The main focus in this research is to study the behaviour of waffle slabs in the presence of

biaxial moment transfer with the solid of revolution extends into the waffle section causing:

(i) a reduction in the shear failure surface as well as the punching capacity; and

(ii) no reduction in the shear failure surface and the punching capacity.

The proposed theoretical models are extended from the upper bound plasticity approach for
internal and edge punching shear mechanisms of flat solid slabs. This derivation is supported
by the fact that plastic theory is based on the amount of shear strength per unit area, and
hence it is able to take account of any sectional geometry changes, such as waffle sections,
on the slab specimens. Therefore, these theoretical models calculate the total plastic work
dissipated on the actual shear area of different failure mechanisms before equating to the
external work done. The effectiveness factor, proposed by Al-Bayati**, forms the basis of

these models.

Both the internal and edge punching theoretical models are developed to account for any
changes in the section details of the slabs (the waffle width and the top slab thickness)

allowing these theoretical models applicable for both the flat slabs and the waffle slabs.
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For the concentric punching at internal column mechanism, it is assumed that a complete
solid revolution of concrete is formed within the slab at failure. For the eccentric punching at
internal column mechanism, the size of the solid revolution of concrete formed within the
slab ranges from a quarter to a complete revolution depending on the principle angle of
biaxial moment transfer and the column eccentricity. Lastly, for the edge column punching
mechanism, the solid revolution of concrete also varies in size similarly to that in the
eccentric punching at internal column mechanism. In general, the shear failure surface is
considered to be an inclined surface separating the solid of revolution from the remaining

part of the slab.

As introduced by Boswell & Wong11 in 1981, a shear retention factor ‘e<’, has to be included
on specimens cast with micro-aggregate size (2 mm). This is further validated by Fong in
2015 that the shear resistance of micro-concrete specimens reduced from its peak to a
residual value of about 70% of the peak value for specimens cast with 2 mm aggregates.
Thus, this factor is adopted in these theoretical models as a shear retention factor of 0.70 for
concrete specimens cast with 2 mm aggregates and 1.0 for concrete specimens cast with

normal size aggregates.

5.2 Theoretical Model for Concentric Punching at Internal Column

5.2.1 Punching Failure Surface

This model is developed to predict the concentric punching capacity of flat slabs and waffle
slabs in the absence of moment transfer at internal column. From experimental observation,
the model predicts that, upon failure, a complete solid revolution of concrete is formed
within the slab surrounding the column. The solid revolution of concrete is separated by

inclined shear cracks at 21° from the faces of the column, and intercepting the tension
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surface of the slab at a distance 2.6 times the height of the slab, as shown in Figure 5.1. By
modifying Regan’s approach® to predict the shear failure surface, the punching shear failure

is defined as according to the plasticity approach as:

Arc = /1 + (cot 0)2(2C, + 2C,, + mh cot §) (Eq. 5.1)
Where:
h = height of slab
6 = inclination angle of shear cracks
C = column size

In Regan’s approach®’, the effective depth was used to calculate the punching shear failure

." argued that the height of the slab is a better indication to

surface whereas Braestrup et a
justify the shear failure surface in plasticity approach. Therefore, such changes were made to

the original prediction.

The model allows accurate predictions for waffle slabs as the model considers any changes
in the slab thickness that extend into the assumed solid of revolution which cause a
reduction in the shear failure surface, and subsequently reduce the punching capacity of the
slab. (see Figure 5.2). The reduction in punching capacity of the slab depends on the reduced
shear surface area, which, in turn, depends on the size of waffle sections and top slabs’

thickness. Therefore, two distinct outcomes were proposed based on the following

geometries:
a. Reduction is applied to the shear failure surface when:
- the solid of revolution extends into the waffle section and resulting
losses in the shear failure surface (see Figure 5.2)
b. Reduction is not applied to the shear failure surface when:
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- the solid of revolution extends into the waffle section but resulting
no losses in the shear failure surface (see Figure 5.3)
- the size of solid section is wider than the solid of revolution (see

Figure 5.4)

Having categorised the slab, the shear failure surface of the slab, 4,., can be computed and
subsequently the punching capacity can be determined. The predicted punching capacity,
Vic, is computed as follows:
Vic =x wjAjc (Eg. 5.2)
Where:
« = shear retention factor, 0.7 for micro-concrete; and 1.0 for normal-
concrete
w; = sum of internal plastic work dissipated (see Eq. 2.19)

Ajc = the shear area, derived from Equation 5.1 or Appendix A.

5.2.2 Effectiveness Factor

The effective compressive strength f. of concrete, used in the plasticity approach, can be
obtained by modifying the cylindrical compressive strength, o, obtained from experimental
results, with an effectiveness factor, v, as shown below:

fe = vo, (Eq. 5.3)

By introducing the effectiveness factor, this allows to account the limited ductility of
concrete and to accommodate any shortcomings of applying the plasticity theory to predict
the concrete compressive strength. In the early days, Braestrup et al.’* proposed that the
effectiveness factor is a function of only concrete compressive strength, but was further

proven by Salim & Sebastian’ and Sigurdsson’?, to be better when the effectiveness factor is
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a function of concrete compressive strength, total height and the reinforcement ratio of the

slab.

In 2015, Al-Bayati** then proposed to modify the Sigurdsson’s effectiveness factor’® by
comparing with 93 flat slabs from previous researchers®. Based on Al-Bayati’s findings,
Sigurdsson’s factors were found to be overestimating the punching strength when using Al-
Bayati’s proposed models. These discrepancies were believed to occur due to the difference
in the inclination angles of the shear cracks used. In Salim & Sebastian’s models, an angle
ranging from 31 to 38° were used, while in Ahmed’s models, an angle of 21° was used. This
resulted in that higher shear strength would be required to couple with smaller failure
surface in order to achieve good agreement with test results. Furthermore, Al-Bayati’s
modification on Sigurdsson’s effectiveness factor also found to have better agreement (see
section 5.2.3) with author’s test results. The modified effectiveness factor from Al-Bayati’s

works is shown as:

0.9 0.5
= \/0_0(0.7 + ﬁ) (1 + 0.14p) (Eq. 5.4)
Where:

o, = cylindrical compressive strength
h = height of slab

p = reinforcement ratio

5.2.3 Comparisons with Results

The comparisons between the model’s predictions and the historical tests results for flat
slabs and the author’s waffle slab tests are presented in Table 5.1 to Table 5.7. Summarising

7,20,49,53,77,82

these comparisons (with 88 tests ) which comprising of solid slabs with normal

strength concrete, solid slabs with high strength concrete, and waffle slabs, a mean ratio of
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test failure loads to predicted failure loads of 1.00, and a standard deviation of 0.15, has

been achieved. (see Table 5.8)

In view of the micro-concrete behaviour in shear and in cube compression tests, both the
shear retention factor, «, and the concrete cube size effect have been taken into account

when comparing with test results in Table 5.7.

Based on these findings, it can be inferred that the proposed model by Al-Bayati** provided
more realistic punching strength estimations than that of Salim & Sebastian’’. The modified
Sigurdsson’s effectiveness factor’” (see Eq. 5.4) is compatible to the modified Regan’s shear
surface area, and therefore, will be used as a basis to form the eccentric punching at internal
column and edge punching shear theoretical model proposed by author (see Section 5.3 and

Section 5.4).

5.3 Theoretical Model for Eccentric Punching at Internal Column

5.3.1 Introduction

This model is developed to predict the eccentric punching capacity of flat slabs and waffle
slabs in the presence of moment transfer at internal column. Similar to concentric punching
model, eccentric model allows accurate predictions for waffle slabs. The eccentric punching
model assumes that any section thickness changes that extend into the solid revolution of
concrete incur a reduction on the shear surface area (see Figure 5.2), and subsequently
reduce the ultimate punching capacity. Therefore, two distinct outcomes were proposed

based on the following geometries:

a. Reduction is applied to the shear failure surface when:
- the solid of revolution extends into the waffle section and resulting

losses in the shear failure surface (see Figure 5.2)
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b. Reduction is not applied to the shear failure surface when:
- the solid of revolution extends into the waffle section but resulting
no losses in the shear failure surface (see Figure 5.3)
- the size of solid section is wider than the solid of revolution or

similarly to solid flat slabs (see Figure 5.4)

However, unlike the concentric punching model, the observed eccentric punching failure
surface was found to be dependent on the reductions in shear failure surface deriving from
the effects of the principle angle of biaxial moment transfer (see Figure 4.10) and the
column eccentricity (see Figure 4.9). As reported in Section 4.2.2.5.2, the observed punching
failure surface was found to be dependent on the applied column eccentricity. The observed
punching failure surface (at the back face of the column) was observed to decrease as the
applied eccentricity increased. This phenomenon was found to be consistent with the
increase in the principle angle of biaxial moment transfer (zero at orthogonal of both axis)
(see Section 4.2.2.5.1). From the information above, it was evident that there is an opening
at the back face of the column prompting the decrease in observed punching failure surface

in the presence of column eccentricity and principle angle of biaxial moment transfer.

In order to replicate this mechanism, an angle opening, &, is introduced to simulate the
reduction observed in the effective shear area on the failure surface of revolution at the
back face of the column, as shown in Figure 5.7, and explained in Section 5.3.2 and Section

5.3.3.

5.3.2 Moment Transfer Mechanism

From the observed punching shear failure surface, the total moment transfer and torsion are

factors to be considered in estimating the eccentric punching capacity. As explained by M.P.
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Nielsen>’, when moving the force from a con-centrical position to an eccentrical position,
the loaded area is moved and reduced (see Figure 5.6). This reduction is mainly due to
shorter control perimeter. The reduction is not significant in cases with small eccentricities
but becomes significant as the eccentricities increase. From observations, the failure surface
along lightly loaded side of the column, as shown in Figure 5.6, would be rather steep and

thus, reducing the punching failure surface.

In order to replicate the observed punching failure surface, this model applies an opening

angle in relation to the linear distribution of shear stress introduced by DiStasio & Van

Buren’s'’

(see Chapter 2). This method is widely appreciated and has been implemented by
the ACI codes’. DiStasio & Van Buren proposed that the critical section be taken as h/2 from

the face of the column and that the total height of the slab is used in calculations of A and

Jc, leading us to the equation:

For front face of the column:

v My—-M

Dpp = L0 4 Wu)eas (Eq. 5.5)
Ac Jc

For back face of the column:
v My—-M

vep = L0 4 u=Mp)ce (Eq. 5.6)
Ac Jc
Where:

Vy = the applied load
Ac =2(by + by)h
My; = the applied moment

M = flexural capacity of front face and back face of column
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Cap, Ccp = distance from column centroid to the critical perimeter (see

Eq. 5.8 — Eq. 5.10)

o2 () +2(2) 200 ()

5.3.2.1 Flexural Capacities, M ¢

The slab flexural capacities are based on the plasticity equation acting on a beam with
rectangular cross section stressed to pure bending. The total flexural resistance of the
connection, Mg, is the sum of the flexural capacities developed at the front face and back

face to the column, My; and My, respectively:
Mf = Mft + Mfc (Eq 5.7)
Where:
>
Mft = (1 - ;) cDbldlzfcb

My = (1-3) @bydyfoy

0] degree of reinforcement, ® = As Iy
bd fcb
fep plastic concrete compressive strength in bending, f., = v, 0,
Vp effectiveness factor for concrete in bending,
— _ Syt ;
v, = 0.97 000 300 if £, <900 MPa, f., < 60 MPa

by, b, effective bending width of the connection at front and back faces of

the column, respectively,b = C, + d
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dq,d, effective depth of the connection at front and back faces of the

column, respectively

1.3 in cases when the reinforcement was not concentrated in

As reported by Hawkins et a
the column region, tensile strains only extended to a distance of about one slab thickness
from the column faces, before these strains become compressive between the location and
the slab edge. (see Figure 5.10). By noting the similarities in the arrangement of steel
reinforcement and the moment transfer mechanism between the slab specimens tested by

the author and those reported in the previous research, the effective bending width,

(C+ d), is proposed in this eccentric punching theoretical model.

5.3.2.2 Distance c4p, ccp

For an interior punching shear perimeter, the centroid of shear perimeter is always half the

distance of the effective breadth of the critical section perimeter®’. (see Figure 5.11)

b

CAB(O) = ?x (Eq 583)
by
Ccp(o) = 5 (Eq. 5.8b)

When the principle angle of biaxial moment transfer is 22.5°, (see Figure 5.13)

__ CaB(0)
CaB(22.5)) Ccp(22.5) = c05(22.5% (Eg.5.9)

When the principle angle of biaxial moment transfer is 45°, (see Figure 5.15)

__ €4B(0)
CaB(45), Ccp(45) = cos(45%) (Eg. 5.10)
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5.3.3 Opening angle,

As mentioned above in Section 5.3.1, in the presence of column eccentricity and varying
principle angles, an opening on the shear failure surface was observed at the back face of
the column (see Figure 5.7, 5.8 and 5.9). As a result, a smaller shear surface was formed
thus a lower punching capacity was mobilised. Such mechanism will be modelled in the

calculation using the angle opening factor, §.

The total punching shear strength is the sum of the shear strengths on opposite ends (front
and back) of the column that corresponds to the top and bottom reinforcement,
respectively. In deriving the opening angle factor, §, a ratio of the shear strength on the
front face with respect to the total shear strength is proposed to simulate the opening angle

at the back face of them column.
Ratio to calculate the opening angle:

V_U+(Mu-Mf)CAB

VAB _ Ac Jc
vap+vep  2vy  (Mu—Mg)(ca=ccp)
Ac Jc
vap _ Vulc+(My—Mg)capAc

= Eq. 5.11
vap+vep  2VuJc+(My—Mg)(cap—ccp) (Eq )

After obtaining the maximum shear stress values at the front face of the column and at the
back face of the column, shear stress distribution were sketched based on the findings from
the experiment observations along with DiStasio and Buren’s theory. The shear stress
distribution diagrams were found to vary as the principle angles of biaxial moment transfer
differed. (see the effect of the principle angle of biaxial moment transfer when set at 0°,

22.5° and 45°, as shown in Figure 5.12, Figure 5.14 and Figure 5.16, respectively)
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A further reduction of 0.5 is applied to this ratio to enable the prediction for concentric
punching at internal column mechanism, converting the ratio to the actual opening angle

observed in the slabs.

0.5056
) (Eq. 5.12)

Opening angle,§ = 87.682 x (“43 - 0.5

VABtVCD

5.3.4 Punching Failure Surface

As explained in the Section 5.3.2, the model predicts that, upon failure, the size of solid
revolution of concrete formed within the slab surrounding the column is dependent on the
ratio of concrete shear strength at the front of the column to the sum of concrete shear
strength at both the front and the back of the column. The shear cracks at the front face of
the column propagates at 21° inclination through slab thickness and intercepting the tension
surface of the slab at a distance 2.6 times the height of the slab as shown in Figure 5.1.
However, the shear surfaces at the adjacent faces and back face of the column separated by
inclined shear cracks inclined at various angles due to the different sizes of solid revolution
(see Chapter 4) formed within the slab. Upon computing the opening angle at the back face
of the column, the effective punching failure surface of revolution, Az, can be derived from

the following:

(i) When the principle angle of moment transfer is 0°, (see Figure 5.7)
Aig(o) = hy/1 + (cot )2 [ZCx +Cy+ 3nh:0t9 +y* (Cy + iow)] (Eq. 5.13)
Where:

h = height of slab

6 = inclination angle of shear cracks
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C, = column size parallel to the column eccentricity

Cy = column size perpendicular to the column eccentricity

y = ratio of angle opening = z where 0° < § < 125° (anything more

5° 7

than 125°, use 125°)
eg.: ifd=0°%theny=1
if 6 = 125°,theny = —1.778

6 = angle opening

(ii) When the principle angle of moment transfer is 22.5°, (see Figure 5.8)

Apzs) = hyT+ (Cot0)Z [1.92C, + 1.08C, + T2+ « (0.08C, +0.92C, +
mh cotf
)l
(Eq. 5.14)
(iii) When the principle angle of moment transfer is 45°, (see Figure 5.9)
Aigasy = hy1 + (cot 8)? [% + % + 3nh:0t9 +y * (% + % + “hiow)] (Eqg. 5.15)

Having categorised the slab, the shear failure surface of the slab, 4;¢, can be computed and
subsequently the punching capacity can be determined. The predicted punching capacity,
Vg, is computed as follows:

VIE = WiAIE (Eq 516)
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Where:
« = shear retention factor, 0.7 for micro-concrete; and 1.0 for normal-
concrete
w; = sum of internal plastic work dissipated (see Eq. 2.19)

A;g = the shear area, derived from Eq. 5.13 — Eq. 5.15 or Appendix B.

5.3.5 Comparisons with test results

The comparisons between the eccentric punching theoretical model’s predictions and the

18,19,26,27,35,44,50,53,59

test results of other researchers for solid flat slabs and of the Author’s test

results for waffle slabs are presented from Table 5.9 to Table 5.15.

As mentioned earlier, the model predicts the solid flat slabs’ punching capacity by assuming
there is no losses in punching shear failure surface while the model predicts that the waffle
slabs’ punching capacities by accommodating the losses in punching shear failure surface
when the solid revolution extends into the waffle section, otherwise similar to solid flat

slabs.

By applying the theoretical model on the Author’s test specimens, opening angles for
different waffle slab specimens were sketched and shown in Figure 5.17 to Figure 5.19.
These sketches were found to be almost identical to the experimental observations, where,
reductions in punching failure surfaces and punching strength were observed when the

principle angles of biaxial moment transfer and the column eccentricity increased.

Comparisons with 56 test results comprising of both solid and waffle of slabs (see Table
5.16), with or without moment transfer, the total mean ratio of test failure loads to

predicted failure loads was 0.98, with a standard deviation of 0.14. (see Figure 5.20)
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5.4 Theoretical Model for Edge Punching

5.4.1 Introduction

This model is developed to predict the edge punching capacity of flat slabs and waffle slabs
in the presence of moment transfer. Similar to the previous two models for internal column
punching, this edge punching model also allows for accurate predictions for punching on
waffle slabs. The edge punching model assumes that any section thickness changes that
extend into the solid revolution of concrete incur a reduction on the shear surface area (see
Figure 5.21), and subsequently reduce the ultimate punching capacity. Therefore, two

distinct outcomes were proposed based on the following geometries:

a. Reduction is applied to the shear failure surface when:
- the solid of revolution extends into the waffle section and resulting
with losses in the shear failure surface (see Figure 5.22)
b. Reduction is not applied to the shear failure surface when:
- the solid of revolution extends into the waffle section but resulting
with no losses in the shear failure surface (see Figure 5.23)
- the size of solid section is wider than the solid of revolution (see

Figure 5.24)

Similar to the eccentric punching at internal column model, the size of the edge punching
failure surface was observed to be dependent on the change in the column eccentricity (see
Figure 4.47) and the change in the principle angle of moment transfer (see Figure 4.48). The
observed punching failure surface (at the back face of the column) was found to decrease as
the load eccentricity increased (see Section 4.3.5.1) and as the principle angle of moment
transfer reduces (from perpendicular to parallel to the slab edge). Furthermore, the edge

punching model predicts that there will be an opening or reduction on the shear failure
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surface at the back face of the column in the presence of load eccentricity. However, this
opening and its associating reduction caused on the shear surface area was observed to
reduce as the principle angle increased (see Figure 4.48)

Similar to the eccentric punching at internal column model, an opening angle factor, §, is
introduced to simulate the reduction observed on the failure surface at the back face of the
column as shown in Figure 5.25. Basis and derivations of this factor will be explained in

detail in Section 5.4.2 and Section 5.4.3.

5.4.2 Moment Transfer Mechanism

Similar to the eccentric punching at internal column model, the edge model derives the
opening angle on the basis of DiStasio and Van Buren’s works'’ in relation to the linear
distribution of shear stress (see Chapter 2). DiStasio and Van Buren assumed that when the
unbalanced moment exceeds the flexural capacity of the connection, the unbalanced
moment would be transformed into unbalanced shear stresses. These unbalanced shear
stresses are then combined with the induced vertical load, and the resultant stresses are

distributed linearly with respect to the centroid of the critical section.

5.4.2.1 Flexural Capacities, M f

The slab flexural capacities are based on the plasticity equation acting on a beam with
rectangular cross section stressed to pure bending. The total flexural resistance of the
connection, Mg, is the sum of the flexural capacities developed at the front face and back

face to the column, Mft and Mfc, respectively:

Where:
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(63}
Mft = (1 ——2) cbbldlzfcb

Mye = (1-3) bydy’foy

0] degree of reinforcement, ® = As Iy
bd  fep
fc plastic concrete compressive strength in bending, f., = v,0,
Vp effectiveness factor for concrete in bending,
- _ Ly e i
vy = 0.97 000~ 300 if f, <900 MPa, f, < 60 MPa

b;, b, effective bending width of the connection at front and back faces of

the column, respectively;

b=C,+d (for perpendicular loading);

b=C,+0.5d (for parallel loading)

d,d, effective depth of the connection at front and back faces of the

column, respectively

When the moment transfer is perpendicular to the slab free edge, the effective width for

flexure capacity is considered to be (C + d). Such effective width derives from the works of

Hawkins & Corley®® and Park & Choi®?, where the strains of the top steel reinforcement were

measured to investigate the effective width of the slab that is effective in resisting the

applied moment, where, the results indicated that the tensile strains extended to a distance

of about one slab thickness from the column faces. However, when the moment transfer is

parallel to the slab free edge, the effective bending width was proposed to be reduced to

(C+ 0.54d), as one side of the slab becomes non-existent. This assumption is found to be

consistent with works of Stamenkovic & Chapman73, Park & Choi®* and Ahmed®.
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In the Author’s test, where the principle angle of moment transfer was being varied, the
Author found that the predicted punching capacity has good agreement with test results,
where the principle angles of biaxial moment transfer set as 0°, 22.5° and 45,° when using
the same effective bending width similarly to the one used when the moment transfer is
parallel to the slab free edge. On the other hand, when the principle angles of biaxial
moment transfer is set to 67.5° and 90° the predicted punching capacity has good
agreement with test results when using the same effective bending width similarly to the

one used when the moment transfer is perpendicular to the slab free edge.

In cases where the moment transfer is perpendicular to the slab free edge, the total flexural
resistance of the connection is the flexural capacities developed at the front face of the
column, Mg.. This theory applies similarly to the other scenarios when there is a principle

angle of biaxial moment transfer, as follows:

principle angle in °

Mf(principle angle) = Mft + (1 - 90° ) * Mfc (Eg. 5.18)

5.4.2.2 Distance cyp, ccp

For an edge connection, the centroid location of the shear perimeter differs from that of the
interior connection. The centroid of the shear perimeter is calculated as the ratio of moment

of shear area on the shear perimeter with respect to the area of the adjacent sides.

When the principle angle of moment transfer is 0°, (see Figure 5.30)

b
moment of area of side about AB _ 2(byh)(7y)
area of sides - 2(byxh)+byh

CaB(0) =

(Eg. 5.19a)

CCD(O) = by - CAB(O) (Eq 519b)
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When the principle angle of moment transfer is 90°, (see Figure 5.38)

b
moment of area of side about AB _ 2(bxh)(5)

CaB(90) = area of sides = TN (Eg. 5.20a)
Ccp(oo) = by — Cag(90) (Eq. 5.20b)
When the principle angle of moment transfer is 22.5°, (see Figure 5.32)
_ €aB(0)
CaB(22.5) = 705(22.59 (Eq. 5.21a)
_ €cp(o)
Ccp(22.5) = 205(22.5% (Eg. 5.21b)
When the principle angle of moment transfer is 45°, (see Figure 5.34)
__ €aB(0)
CaB(45) = cos(459) (Eq. 5.22a)
__ Ccp(o)
Ccp(a5) = Cos(45%) (Eq. 5.22b)
When the principle angle of moment transfer is 67.5°, (see Figure 5.36)
__ €aB(0)
CaB(67.5) = 205(67.5%) (Eq. 5.23a)
__ Ccp(o)
Ccp(67.5) = 205(67.5%) (Eq. 5.23b)
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5.4.2.3 Opening angle,

After obtaining the shear strength for the front face and the back face of the eccentrically
loaded column, according to the theory of elasticity, the shear strength corresponding to
punching capacity is the sum of the shear strengths on opposite ends of the column
corresponding to the top and bottom reinforcement. From this, a ratio of the shear strength
on the front face against the total shear strength corresponding to punching capacity is

proposed as the basis for simulating the opening angle at the back face of them column.
Ratio to calculate the opening angle:

V_U+(MU'Mf)CAB

VAB _ Ac Jc
Vap+tVcp  2vy (My-Mg)(cap-ccp)
Ac Jc
vap _ Vulc+(My—-Mg)capAc

= Eqg. 5.24
vap+vep  2VyJe+(My—Mg)(cap—ccp) (Eq )

Where:
Vy = the applied load
Ac =2(by +by)h
My = the applied moment
My = flexural capacity of front face and back face of column

Cap, Ccp = distance from column centroid to the critical perimeter

(see Eg. 5.19 — Eq. 5.23)

Je=2(2) +2 (%3) +2b,h (%~ (:AB)2 + byhcag?

After obtaining the maximum shear stress values at the front face of the column and at the

back face of the column, shear stress distribution diagrams were sketched based on the
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findings from the experiment along with DiStasio & Buren’s theory”. The shear stress
distribution diagrams were found to vary as the principle angles of moment transfer
changes. (see the effect of the principle angle of biaxial moment transfer when set at 0°,
22.5° 45° 67.5° and 90° as shown in Figure 5.31, Figure 5.33, Figure 5.35, Figure 5.37 and

Figure 5.39, respectively)

A further reduction of 0.5 is applied to this ratio in order to enable the prediction for edge
punching mechanism, before converting the ratio to the actual opening angle observed in

the slabs.

0.5056
) (Eq. 5.25)

Opening angle,§ = 87.682 * (vA%B - 0.5

VaBtVcD

5.4.4 Punching Failure Surface

From experimental observations, the model predicts that, upon failure, where the moment
transfer is perpendicular to the slab free edge, the solid revolution of concrete formed
within the slab at the front face of the column and its adjacent sides are dependent on the
ratio of concrete shear strength at the front of the column to the sum of concrete shear
strength at the front and back of the column. A semi-circle solid revolution of concrete is
separated by inclined shear cracks at 21° from the sides of the column, and cutting through
the tension surface of the slab at a distance 2.6 times the height of the slab as shown in
Figure 5.21. Hence, the edge punching failure surface, Ag, can be derived from the

followings:
(i) When the principle angle of moment transfer is 0°, (see Figure 5.25)

If the opening angle was found to be between 0° and 45°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:
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Ap) = hy/T+ (cot6)? [Cx +Cy+ 3“1’;‘“9 +yx (Cy + “h‘;"te)] (Eq. 5.26a)

Where:
h = height of slab
0 = inclination angle of shear cracks
C, = column size parallel to the column eccentricity

Cy = column size perpendicular to the column eccentricity

45°-§
45° '’

y = ratio of angle opening = where 0° < § < 45°

6 = angle opening

If the opening angle was found to be between 45° and 90°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

Cy hcotd Cx , mhcotf
Ay = /1 + (cot6)? [7 +Cy+ Tty (7 T )] (Eq. 5.26b)
Where:
. . 90°-§ o o
y = ratio of angle opening = e where 45° < § < 90

If the opening angle was found to be between 90° and 135°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

Apoy = hT+ (cotd)? [C, + o2 +y + (2 +7570)] (Eq. 5.26¢)

Where:

y = ratio of angle opening = %;:5, where 90° < § < 125° (anything more

than 125°, use 125°)
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(i) When the principle angle of moment transfer is 22.5°, (see Figure 5.26)

If the opening angle was found to be between 0° and 45°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

3 1.95mh cot 6 0.051h cot 8
Agazs) = hf1 + (cot6) [Cx +1.08C, +—— ——+7* (0_9zcy + T)]

(Eg. 5.27a)

Where:

45°-§
45° '’

y = ratio of angle opening = where 0° < § < 45°

If the opening angle was found to be between 45° and 90°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

Apzzs) = b1+ (cotB)? [0.9zcx +Cy + 22 4y + (0.08C, + 0.08C, +

0.91th cot 6)]
4

(Eq. 5.27b)

Where:
. . 90°-§ o o
y = ratio of angle opening = e where 45° < § < 90

If the opening angle was found to be between 90° and 135°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

Ag(azs) = T+ (cot8)? [0.08C, +0.92C, + 222 4y « (0.84C, + 0.08C, +

0.11rhc0t9)]
4

(Eqg. 5.27¢)
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Where:

o

y = ratio of angle opening = 135 0_6, where 90° < § < 125° (anything more

than 125°, use 125°)

(iii) When the principle angle of moment transfer is 45°, (see Figure 5.27)

If the opening angle was found to be between 0° and 45°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

Ags) = hy/1 + (cot 8)? [C +— 3Cy + mh cotd +y x (%)] (Eq. 5.28a)

Where:

[

y = ratio of angle opening = 550 , where 0° < § < 45°

If the opening angle was found to be between 45° and 90°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

Ags) = hy1 + (cot0)? [C +Cy + Imhootd 4 Y * (% 4 Theotd :)te)] (Eq. 5.28b)
Where:
y = ratio of angle opening = 925:5, <6 <90°

If the opening angle was found to be between 90° and 135°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

mth cot 8

Apas) = hyJ1 + (cot 6)? [% 2 4 +yx ( +2 +”hc°t9)] (Eq. 5.28¢)

Where:
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where 90° < § < 125° (anything more

. . 135°-§
y = ratio of angle opening = TR

than 125°, use 125°)

(iv) When the principle angle of moment transfer is 67.5°, (see Figure 5.28)

If the opening angle was found to be between 0° and 45°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

Ag(e7.5) = h/T+ (cot)? |C, +1.92C, + Tl by (0.08¢,)] (Eq. 5.29a)

Where:
. ) 45°=§ o o
y = ratio of angle opening = e where 0° < § < 45

If the opening angle was found to be between 45° and 90°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

Agers) = T+ (0t0)Z [Cy + €y + =222y 4 (0.92€, + 22)] (Eq. 5.29b)

Where:

y = ratio of angle opening = %, where 45° < § < 90°

If the opening angle was found to be between 90° and 135°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

Apcers) = hy/T + (cot)? [0.9zcx +0.08C, + 2 + y + (0.08C, + 0.92C, +

0.951h cot 8
T[TCO)] (Eqg. 5.29c¢)

Where:
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y = ratio of angle opening = 135729 where 90° < § < 125° (anything more

45° '

than 125°, use 125°)
(v) When the principle angle of moment transfer is 90°, (see Figure 5.29)

If the opening angle was found to be between 0° and 45°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

Tth cot 8
2

Ag(o0) = hy/1 + (cot )2 [cx +2C, + +y (0)] (Eq. 5.30a)

Where:

45°-6
45°

y = ratio of angle opening = , where 0° < § < 45°

If the opening angle was found to be between 45° and 90°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

Ag ooy = hy/1+ (cot6)2 [cx +Cy+ Ty s (Cy)] (Eq. 5.30b)

Where:

9(:5_06, where 45° < § < 90°

y = ratio of angle opening =

If the opening angle was found to be between 90° and 135°, the effective punching failure

surface for eccentric punching is defined as according to the plasticity approach as:

Tth cot 6
4

Ago) = hy1 + (cot8)? [Cx + +y * (Cy + “hcow)] (Eq. 5.30c)

4
Where:

35°—§
45° "’

y = ratio of angle opening = ! where 90° < § < 125° (anything more

than 125°, use 125°)
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Having categorised the slab, the shear failure surface of the slab, Ag, can be computed and
subsequently the punching capacity can be determined. The punching capacity, Vg, to be
computed as follows:
Vg =X w;Ag (Eg. 5.31)
Where:
« = shear retention factor, 0.7 for micro-concrete; and 1.0 for normal-
concrete
w; = sum of internal plastic work dissipated (see Eq. 2.19)

Ag = the shear area, derived from Eq. 5.26 — Eqg. 5.30 or Appendix C.

5.4.5 Comparisons with test results

The comparisons between the edge theoretical model’s predictions and the test results of

24,73,74,83

other researchers for solid flat slabs and the Author’s tests for waffle slabs are

presented from Table 5.17 to Table 5.21.

As mentioned earlier, the model predicts the solid flat slabs’ punching capacity by assuming
there is no losses in punching shear failure surface while the model predicts that the waffle
slabs’ punching capacities by accommodating the losses in punching shear failure surface

when the solid revolution extends into the waffle section.

By applying the theoretical model on the Author’s tests, an opening angle(s) was predicted
for individual waffle slab specimen, which were sketched and shown in Figure 5.40 to Figure
5.44. These sketches were found to be almost identical to that observed from the tests as
reductions in punching failure surfaces and punching strength were noticed when the

principle angles of moment transfer is reduced and the column eccentricity are increased.
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Based on the comparison with 45 test results comprising of different of slabs (see Table
5.22), e.g, edge solid slabs and edge waffle slabs in the presence of moment transfer, the
total mean ratio of test failure loads to predicted failure loads was 0.90, with a standard

deviation of 0.19. (see Figure 5.45)

5.5 Summary

Three theoretical models based on the upper bound plastic approach have been developed
and proposed in this chapter: the concentric punching at internal column mechanism; the
eccentric punching at internal column mechanism; and lastly, the edge punching

mechanism.

All three models simulate the observed failure mechanisms of waffle slabs with an opening
angle at the back face of the column and able to take into account the reduction in punching

strength of the waffle slabs when there are losses in the punching failure surface.

In general, all theoretical models have achieved good agreement for both the test results of
other researchers’ for solid flat slabs and for the test results of the Author’s for waffle slabs.
However, the application of these theoretical models would be too sophisticated for a day-
to-day design purposes. Therefore, empirical design models have been developed and

proposed in Chapter 6.
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Table 5.1 Test and predicted failure loads of slab specimens reported by Moe>’ using
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proposed model

Specimen | Column | Height Cylindrical | Reinforcement | Failure | Predicted Prest
No Size, of Slab, | Compressive Ratio, Load, Load, Vic
C, h Strength, p Piost Vie
(mm) (mm) o (%) (kN) (kN)

(N/mm?)
S1-60 254 152 23.3 1.1 389.0 402.9 0.97
S5-60 203 152 22.2 1.1 343.0 357.8 0.96
S1-70 254 152 24.5 1.1 393.0 413.1 0.95
S5-70 203 152 23.0 1.1 378.0 364.2 1.04
H1 254 152 26.1 1.1 372.0 426.4 0.87
R2 152 152 27.6 1.4 394.0 366.5 1.08
M1A 305 152 20.8 1.5 433.0 425.8 1.02
Mean 0.98
Standard Deviation 0.07
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Table 5.2 Test and predicted failure loads of slab specimens reported by Eltsner &
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Hognestad® using proposed model

Specimen | Column | Height Cylindrical | Reinforcement | Failure | Predicted Prest
No Size, of Slab, | Compressive Ratio, Load, Load, Vic
C, h Strength, p Piost Vie
(mm) (mm) ¢ (%) (kN) (kN)

(N/mm?)

Ala 254 152 11.3 1.2 303.0 280.3 1.08
Alb 254 152 20.2 1.2 365.0 374.7 0.97
Alc 254 152 23.2 1.2 356.0 402.0 0.89
Ald 254 152 29.4 1.2 351.0 452.8 0.78
Ale 254 152 16.2 1.2 356.0 336.3 1.06
A2a 254 152 10.9 2.5 334.0 298.9 1.12
A2b 254 152 15.6 2.5 400.0 357.9 1.12
A2c 254 152 29.9 2.5 467.0 495.7 0.94
A7b 254 152 22.3 2.5 512.0 428.1 1.20
A3a 254 152 10.2 3.7 356.0 311.3 1.14
A3b 254 152 18.1 3.7 445.0 413.7 1.08
A3c 254 152 21.2 3.7 534.0 447.9 1.19
A3d 254 152 27.6 3.7 547.0 511.1 1.07
A4 356 152 20.9 1.2 400.0 450.2 0.89
A5 356 152 22.2 2.5 534.0 504.5 1.06
A6 356 152 20.0 3.7 498.0 513.6 0.97
B4 254 152 38.2 1.0 334.0 510.2 0.65
B9 254 152 35.1 2.0 505.0 521.9 0.97
B11 254 152 10.8 3.0 329.0 307.2 1.07
B14 254 152 40.4 3.0 578.0 594.2 0.97
Mean 1.01

Standard Deviation 0.14
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Table 5.3 Test and predicted failure loads of slab specimens reported by Base’ using
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proposed model

Specimen | Column | Height Cylindrical | Reinforcement | Failure | Predicted Prest
No Size, of Slab, | Compressive Ratio, Load, Load, Vic

C, h Strength, p Piost Vie

(mm) (mm) ¢ (%) (kN) (kN)

(N/mm?)

A1l/M2 203 140 15.5 1.5 346.0 274.9 1.26
Al1/M3 203 140 14.2 1.9 307.0 269.9 1.14
Al/M4 203 140 14.0 1.0 259.0 252.8 1.02
A1/M5 203 140 21.0 1.2 346.0 313.8 1.10
A2/M2 203 140 32.8 1.5 419.0 399.9 1.05
A2/M3 203 140 32.5 1.9 430.0 408.4 1.05
A2/T1 203 140 39.3 1.0 419.0 423.6 0.99
A2/T2 203 140 41.4 1.7 439.0 455.1 0.96
A3/M1 203 140 18.8 1.0 247.0 293.0 0.84
A3/M2 203 140 19.3 1.7 336.0 310.7 1.08
A3/M3 203 140 27.3 1.9 298.0 374.3 0.80
A3/T1 203 140 20.6 1.0 328.0 306.7 1.07
A3/T2 203 140 16.0 1.2 298.0 273.9 1.09
A4/M1 203 140 38.3 1.1 259.0 421.0 0.62
A4/M2 203 140 29.2 1.5 341.0 377.3 0.90
A4/M3 203 140 32.2 1.9 541.0 406.5 1.33
A4/T1 203 140 32.8 1.1 384.0 389.6 0.99
A4/T2 203 140 29.3 1.2 402.0 370.7 1.08
Mean 1.02
Standard Deviation 0.16
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Table 5.4 Test and predicted failure loads of slab specimens reported by Yitzhaki®’ using
proposed model

Specimen | Column | Height Cylindrical | Reinforcement | Failure | Predicted Prest
No Size, of Slab, | Compressive Ratio, Load, Load, Vic

C, h Strength, p Piost Vie

(mm) (mm) ¢ (%) (kN) (kN)

(N/mm?)

-1 221 102 10.5 1.2 181.0 156.5 1.16
lI-4a 221 102 17.9 0.9 245.0 200.4 1.22
lI-4b 201 102 9.8 0.9 162.0 141.6 1.14
11-4c 201 102 139 0.9 215.0 168.4 1.28
11B20-2 201 102 15.0 0.9 307.0 174.6 1.76
11B30-1 300 102 17.6 2.0 239.0 253.6 0.94
-2 221 102 9.8 1.3 152.0 152.1 1.00
11-6 221 102 21.6 13 240.0 226.3 1.06
11-9 201 102 9.3 8.5 157.0 212.1 0.74
-3 221 102 18.1 1.2 201.0 205.6 0.98
7 119 102 10.0 0.7 117.0 112.5 1.04
II-10 119 102 11.7 1.0 98.0 124.3 0.79
Mean 1.09
Standard Deviation 0.26

Table 5.5 Test and predicted failure loads of slab specimens reported by Tomaszewicz’’
using proposed model

Specimen No | Column | Height | Cylindrical | Reinforcement | Failure Predicted Prest
Size, of Compressive Ratio, Load, Load, Vic

Cy Slab, Strength, p Piost Vie

(mm) | & o (%) (kN) (kN)

(mm) (N/mm?)

ND65-1-1 200 320 64.3 14 2050.0 1763.3 1.16
ND65-2-1 150 240 70.2 1.7 1200.0 1133.7 1.06
ND95-1-1 200 320 83.7 1.4 2250.0 2011.8 1.12
ND95-1-3 200 320 89.9 2.5 2400.0 2205.7 1.09
ND95-2-1 150 240 88.2 1.7 1100.0 1270.7 0.87
ND95-2-1D 150 240 86.7 1.7 1300.0 1259.9 1.03
ND95-2-3 150 240 89.5 2.5 1450.0 1340.8 1.08
ND95-2-3D 150 240 80.3 2.5 1250.0 1270.0 0.98
ND95-2-3D+ 150 240 98.0 2.5 1450.0 1403.0 1.03
ND95-3-1 100 120 85.1 1.7 330.0 414.9 0.80
ND115-1-1 200 320 112.0 1.4 2450.0 2327.1 1.05
ND115-2-1 150 240 119.0 1.7 1400.0 1476.0 0.95
ND115-2-3 150 240 108.1 2.5 1550.0 1473.5 1.05
Mean 1.02
Standard Deviation 0.10
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Table 5.6 Test and predicted failure loads of slab specimens reported by Marzouk &
Hussein® using proposed model

Specimen | Column | Height Cylindrical Reinforcement Failure Predicted Prest
No Size, of Compressive Ratio, Load, Load, Vic
Cy Slab, Strength, p Piest Vic
(mm) h o, (%) (kN) (kN)

(mm) (N/mm?)
HS1 150 120 67.0 0.4 178.0 385.0 0.46
HS2 150 120 70.0 0.7 249.0 402.0 0.62
HS3 150 120 69.0 1.2 356.0 413.1 0.86
HS4 150 120 66.0 2.1 418.0 428.7 0.98
HS7 150 120 74.0 0.9 356.0 419.1 0.85
HS5 150 150 68.0 0.5 365.0 528.0 0.69
HS6 150 150 70.0 0.5 489.0 535.8 0.91
HS8 150 150 69.0 1.0 436.0 550.0 0.79
HS9 150 150 74.0 1.5 543.0 588.3 0.92
HS10 150 150 80.0 2.1 645.0 635.1 1.02
HS11 150 90 70.0 0.7 196.0 278.8 0.70
HS12 150 90 75.0 1.2 258.0 299.2 0.86
HS13 150 90 68.0 1.6 267.0 293.1 0.91
HS14 220 120 72.0 1.2 498.0 496.7 1.00
HS15 300 120 71.0 1.2 560.0 578.0 0.97
NS1 150 120 42.0 1.2 320.0 322.3 0.99
NS2 150 150 30.0 0.5 396.0 350.7 1.13
Mean 0.86
Standard Deviation 0.17
Table 5.7 Test and predicted failure loads of slab specimens reported by Author using
proposed model
Specimen | Column | Height Concrete Reinforcement | Failure | Predicted @
No Size, of Slab, | Compressive Ratio, Load, Load, Vic
Cy h Strength, p Piost Vie
(mm) | (mm) feuso (%) (kN) (kN)
(N/mm?)
IWS 1 100 70 41.1 1.3 65.3 65.6 0.99
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Table 5.8 Comparison between test failure loads and predicted failure loads for concentric

punching at internal column series

Researcher Number Mean Standard

of Slab Deviation
Moe> 7 0.98 0.07
Elstner & Hognestad® 20 1.01 0.14
Base’ 18 1.02 0.16
Yitzhaki® 12 1.09 0.26
Tomaszewicz”’ 13 1.02 0.1
Marzouk & Hussein® 17 0.86 0.17

Author's 1 0.99 -

Total 88 1.00 0.15
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Table 5.9 Test and predicted failure loads of slab specimens reported by Moe> using proposed model

Specimen No | Column Size, Height of Cylindrical Reinforcement | Reinforcement Moment Failure Load, Predicted Prest
Cy Slab, Compressive Ratio Ratio Transferred, Piest Load, Vig
(mm) h Strength, (Tension), (Compression), M, (kN) Vig
(mm) o, p p (kNm) (kN)
(N/mm?) (%) (%)
with steel with steel yield
yield strength, strength,
fyt fyc
(N/mm?) (N/mm?)
M1A 305 152.4 20.82 1.50 (481) 0.00 0.00 432.8 364.5 1.19
M2A 305 152.4 15.51 1.50 (481) 0.00 39.42 212.6 252.3 0.84
M4A 305 152.4 17.65 1.50 (481) 0.00 62.45 143.7 195.9 0.73
M2 305 152.4 25.75 1.50 (481) 0.00 57.21 292.2 302.9 0.96
M3 305 152.4 22.72 1.50 (481) 0.00 70.05 207.3 238.3 0.87
M6 254 152.4 26.48 1.34 (327) 0.00 40.23 239.3 269.0 0.89
M7 254 152.4 24.96 1.34 (327) 0.00 19.00 311.4 350.0 0.89
M8 254 152.4 24.61 1.34 (327) 0.57 (327) 65.32 149.5 191.1 0.78
M9 254 152.4 23.24 1.34 (327) 0.00 33.90 266.9 271.0 0.99
M10 254 152.4 21.10 1.34 (327) 0.57 (327) 54.76 177.9 210.3 0.85
Mean 0.90
Standard Deviation 0.13
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Table 5.10 Test and predicted failure loads of slab specimens reported by Ghali et al.?**’ using proposed model

Specimen No | Column Size, Height of Cylindrical Reinforcement | Reinforcement Moment Failure Load, Predicted Prest
Cy Slab, Compressive Ratio Ratio Transferred, Piest Load, Vig
(mm) h Strength, (Tension), (Compression), M, (kN) Vig
(mm) o, o) p (kNm) (kN)
(N/mm?) (%) (%)
with steel with steel yield
yield strength, strength,
fyt fyc
(N/mm?) (N/mm?)
SMO0.5 305 152 36.8 0.50 (476) 0.17 (476) 99.98 129.0 142.8 0.90
SM1.0 305 152 33.4 1.00 (476) 0.33 (476) 126.94 129.0 124.2 1.04
SM1.5 305 152 39.9 1.50 (476) 0.50 (476) 133.00 129.0 172.4 0.75
Mean 0.90
Standard Deviation 0.15
Table 5.11 Test and predicted failure loads of slab specimens reported by Elgabry & Ghali'®**° using proposed model
Specimen No | Column Size, Height of Cylindrical | Reinforcement | Reinforcement Moment Failure Load, | Predicted Prest
Cy Slab, Compressive Ratio Ratio Transferred, Piost Load, W
(mm) h Strength, (Tension), (Compression), M, (kN) Vig
(mm) o, p p (kNm) (kN)
(N/mm?) (%) (%)
with steel with steel yield
yield strength, strength,
fyt fyc
(N/mm?) (N/mm?)
1 250 150 35.0 1.07 (452) 0.46 (452) 130.05 150.0 133.7 1.12
Mean 1.12
Standard Deviation -
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Table 5.12 Test and predicted failure loads of slab specimens reported by Kruger** using proposed model

Specimen No | Column Size, Height of Cylindrical Reinforcement | Reinforcement Moment Failure Load, Predicted Prest
Cy Slab, Compressive Ratio Ratio Transferred, Piest Load, Vig
(mm) h Strength, (Tension), (Compression), M, (kN) Vig
(mm) o, o) p (kNm) (kN)
(N/mm?) (%) (%)
with steel with steel yield
yield strength, strength,
fyt fyc
(N/mm?) (N/mm?)

POA 300 150 34.6 1.00 (460) 0.00 0.00 423.0 430.9 0.98
P16A 300 150 38.6 1.00 (460) 0.00 53.12 332.0 339.1 0.98
P30A 300 150 30.4 1.00 (460) 0.00 86.40 270.0 234.1 1.15

Mean 1.04
Standard Deviation 0.10
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Table 5.13 Test and predicted failure loads of slab specimens reported by Marzouk et al.*>*° using proposed model

Specimen No | Column Size, Height of Cylindrical Reinforcement | Reinforcement Moment Failure Load, Predicted Prest
Cy Slab, Compressive Ratio Ratio Transferred, Piest Load, Vig
(mm) h Strength, (Tension), (Compression), M, (kN) Vig
(mm) o, p p (kNm) (kN)
(N/mm?) (%) (%)
with steel with steel yield
yield strength, strength,
fyt fyc
(N/mm?) (N/mm?)
HSLWO.5L 250 150 72 0.50 (400) 0.00 40.50 257.1 356.5 0.72
HSLW1.0L 250 150 72 1.00 (400) 0.00 64.39 342.8 367.0 0.93
HSLWO0.5M 250 150 72 0.50 (400) 0.00 76.70 216.2 252.9 0.85
HSLW1.0M 250 150 72 1.00 (400) 0.00 98.65 287.0 281.9 1.02
HSLWO.5H 250 150 72 0.50 (400) 0.00 102.75 184.2 175.8 1.05
HSLW1.0H 250 150 72 1.00 (400) 0.00 133.60 223.3 180.8 1.23
HSLW1.5H 250 150 72 1.50 (400) 0.00 132.00 265.1 239.0 1.11
NSNW1.0L 250 150 35 1.00 (400) 0.00 62.00 360.8 262.2 1.38
Mean 1.04
Standard Deviation 0.21
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Table 5.14 Test and predicted failure loads of slab specimens reported by Hawkins et al.** using proposed model

Specimen No | Column Size, Height of Cylindrical Reinforcement | Reinforcement Moment Failure Load, Predicted Prest
Cy Slab, Compressive Ratio Ratio Transferred, Piest Load, Vig
(mm) h Strength, (Tension), (Compression), M, (kN) Vig
(mm) o, o) p (kNm) (kN)
(N/mm?) (%) (%)
with steel with steel yield
yield strength, strength,
fyt fyc
(N/mm?) (N/mm?)
6AH 305 153 31.3 0.52 (472) 0.25 (462) 90.40 169.0 173.2 0.98
9.6AH 305 153 30.7 0.83 (415) 0.44 (472) 97.70 187.0 193.2 0.97
14AH 305 153 30.3 1.21 (420) 0.54 (472) 100.20 205.0 221.1 0.93
6AL 305 153 22.7 0.52 (472) 0.25 (462) 32.70 244.0 270.0 0.90
9.6AL 305 153 28.9 0.83 (415) 0.44 (472) 34.60 257.0 345.4 0.74
14AL 305 153 27.0 1.21 (420) 0.54 (472) 43.40 319.0 3534 0.90
7.3BH 305 114 22.2 0.62 (472) 0.35 (462) 39.00 80.0 1123 0.71
9.5BH 305 114 19.8 0.86 (472) 0.42 (462) 45.40 94.0 112.1 0.84
14.2BH 305 114 29.5 1.19 (415) 0.64 (472) 51.00 102.0 145.7 0.70
7.3BL 305 114 18.1 0.52 (472) 0.35 (462) 12.80 130.0 189.0 0.69
9.5BL 305 114 20.0 0.83 (472) 0.42 (462) 16.60 142.0 208.1 0.68
14.2BL 305 114 20.5 1.21 (415) 0.64 (472) 20.90 162.0 221.0 0.73
6CH 305 153 52.4 0.52 (472) 0.25 (462) 95.10 186.0 229.3 0.81
9.6CH 305 153 57.2 0.83 (415) 0.44 (472) 113.10 218.0 257.7 0.85
14CH 305 153 54.7 1.21 (420) 0.54 (472) 133.30 252.0 267.4 0.94
6CL 305 153 49.5 0.52 (472) 0.25 (462) 36.80 273.0 392.2 0.70
14CL 305 153 47.7 1.21 (420) 0.54 (472) 49.40 362.0 455.1 0.80
Mean 0.82
Standard Deviation 0.11
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Table 5.15 Test and predicted failure loads of slab specimens reported by Author using proposed model

Specimen No | Column Size, Height of Cylindrical Reinforcement | Reinforcement Moment Failure Load, Predicted Prest
Cy Slab, Compressive Ratio Ratio Transferred, Piest Load, Vig
(mm) h Strength, (Tension), (Compression), M, (kN) Vig
(mm) o, p p (kNm) (kN)
(N/mm?) (%) (%)
with steel with steel yield
yield strength, strength,
fyt fyc
(N/mm?) (N/mm?)
IWSB1 100 70 36.6 1.31 (460) 0.6 (460) 2.74 54.73 46.56 1.18
IWSB2 100 70 36.6 1.31 (460) 0.6 (460) 2.11 42.10 46.51 0.91
IWSB3 100 70 35.7 1.31 (460) 0.6 (460) 2.32 46.31 42.81 1.08
IWSB4 100 70 37.7 1.31 (460) 0.6 (460) 4.63 46.31 38.07 1.22
IWSB5 100 70 36.9 1.31 (460) 0.6 (460) 3.58 35.79 37.25 0.96
IWSB6 100 70 36.0 1.31 (460) 0.6 (460) 3.79 37.89 335 1.13
IWSB7 100 70 36.6 1.31 (460) 0.6 (460) 5.68 37.89 31.13 1.22
IWSB8 100 70 37.0 1.31 (460) 0.6 (460) 4.42 29.47 30.76 0.96
IWSB9 100 70 38.7 1.31 (460) 0.6 (460) 5.052 33.68 28.35 1.19
IFSB1 100 70 37.5 1.31 (460) 0.6 (460) 7.16 71.57 65.24 1.10
IFSB2 100 70 36.7 1.31 (460) 0.6 (460) 6.74 67.36 65.25 1.03
IFSB3 100 70 37.2 1.31 (460) 0.6 (460) 6.32 63.15 65.13 0.97
IWSBC1 100 70 38.5 1.31 (460) 0.6 (460) 4.21 42.10 39.91 1.05
IWSBC2 100 70 39.7 1.31 (460) 0.6 (460) 3.79 37.89 41.84 0.91
Mean 1.06
Standard Deviation 0.11
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Table 5.16 Comparison between test failure loads and predicted failure loads for eccentric punching at internal column series

Researcher Number Mean Standard
of Slab Deviation
Moe> 10 0.90 0.13
Ghali et al.”*”’ 0.90 0.15
Elgabry and Ghali*** 1.12 -
Kruger* 1.04 0.10
Marzouk, Osman and HeImy‘r’O’59 8 1.04 0.21
Hawkins et. al.* 17 0.82 0.11
Author's 14 1.06 0.11
Total 56 0.98 0.14

Table 5.17 Test and predicted failure loads of slab specimens reported by Stamenkovic & Chapman’® using proposed model

Specimen Column Column Height of Cylindrical | Reinforcement | Reinforcement Moment Failure Predicted Prest
No Size, Size, Slab, Compressive Ratio Ratio Transferred, Load, Load, Vig
Cy Cy h Strength, (Tension), (Compression), M, Piest Vig
(mm) (mm) (mm) o, p p (kNm) (kN) (kN)

(N/mm?) (%) (%)
with steel with steel yield
yield strength, strength,
fyt fyc
(N/mm?) (N/mm?)
V/E/1 127 127 76 29.2 1.09 (496) 1.09 (496) 0.00 74.73 73.15 1.02
C/E/1 127 127 76 31.5 1.39 (448) 1.09 (448) 5.59 73.39 78.80 0.93
C/E/2 127 127 76 33.0 1.39 (496) 1.09 (496) 9.18 54.71 71.18 0.77
C/E/3 127 127 76 34.0 1.39 (496) 1.09 (496) 10.06 24.91 46.77 0.53
C/E/4 127 127 76 27.8 1.39 (496) 1.09 (496) 8.84 10.94 11.51 0.95
Mean 0.84
Standard Deviation 0.20
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Specimen Column Column Height of Cylindrical | Reinforcement | Reinforcement Moment Failure Predicted Prest
No Size, Size, Slab, Compressive Ratio Ratio Transferred, Load, Load, Vig
Cy Cy h Strength, (Tension), (Compression), M, Piest Vig
(mm) (mm) (mm) o, p p (kNm) (kN) (kN)
(N/mm?) (%) (%)
with steel with steel yield
yield strength, strength,
fyt fyc
(N/mm?) (N/mm?)
Z-1V(1) 178 178 152 27.4 2.41 (476) 2.29 (476) 44.97 122.32 199.90 0.62
Z-V(1) 267 267 152 34.3 1.60 (474) 1.52 (474) 84.64 215.28 234.99 0.92
Z-V(2) 267 267 152 40.5 2.00 (474) 1.72 (474) 93.56 246.86 270.20 0.91
Z-V(3) 267 267 152 38.8 1.65 (475) 1.75 (475) 103.62 268.21 247.58 1.08
Z-V(5) 267 267 152 35.2 1.60 (476) 1.52 (476) 0.00 279.33 276.51 1.01
Z-V(6) 267 267 152 31.3 1.60 (476) 1.52 (476) 88.14 116.98 162.84 0.72
Z-VI(1) 356 356 152 26.0 2.41 (476) 1.14 (476) 106.90 265.10 263.36 1.00
Mean 0.89
Standard Deviation 0.17
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Table 5.19 Test and predicted failure loads of slab specimens reported by Gardner & Shao** using proposed model

Specimen Column Column Height of Cylindrical | Reinforcement | Reinforcement Moment Failure Predicted Prest
No Size, Size, Slab, Compressive Ratio Ratio Transferred, Load, Load, Vig
Cy Cy h Strength, (Tension), (Compression), M, Piest Vig

(mm) (mm) (mm) o, p p (kNm) (kN) (kN)
(N/mm?) (%) (%)
with steel with steel yield
yield strength, strength,
fyt fyc
(N/mm?) (N/mm?)
2 199 199 140 21.5 0.92 (460) 0.82 (460) 14.60 159.00 154.73 1.03
3 254 254 140 21.5 0.92 (460) 0.82 (460) 14.60 144.00 176.55 0.82
4 254 254 140 21.5 0.92 (460) 0.82 (460) 19.00 207.00 176.55 1.17
5 254 254 140 21.5 0.92 (460) 0.82 (460) 14.60 144.00 176.55 0.82
Mean 0.96
Standard Deviation 0.17
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Table 5.20 Test and predicted failure loads of slab specimens reported by Surdasana’® using proposed model

Specimen Column Column Height of Cylindrical | Reinforcement | Reinforcement Moment Failure Predicted Prest
No Size, Size, Slab, Compressive Ratio Ratio Transferred, Load, Load, Vig
Cy Cy h Strength, (Tension), (Compression), M, Piest Vig
(mm) (mm) (mm) o, p p (kNm) (kN) (kN)

(N/mm?) (%) (%)
with steel with steel yield
yield strength, strength,
fyt fyc
(N/mm?) (N/mm?)
El 203 203 140 43.6 0.90 (480) 0.70 (480) 34.40 127.00 204.14 0.62
E2 203 203 140 42.4 0.90 (480) 0.70 (480) 0.00 220.00 218.97 1.00
E2-1 203 203 140 52.8 1.20 (480) 0.90 (480) 34.70 130.50 239.20 0.55
E2-2 203 203 140 52.8 1.20 (480) 0.90 (480) 25.30 178.90 253.47 0.71
E2-3 203 203 140 55.0 1.20 (480) 0.90 (480) 9.60 328.00 258.70 1.27
E2-4 203 203 140 55.0 1.20 (480) 0.90 (480) 16.40 199.00 258.70 0.77
Mean 0.82
Standard Deviation 0.27
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Specimen Column Column Height of Cylindrical | Reinforcement | Reinforcement Moment Failure Predicted Prest
No Size, Size, Slab, Compressive Ratio Ratio Transferred, Load, Load, Vig
Cy Cy h Strength, (Tension), (Compression), M, Piest Vig
(mm) (mm) (mm) o, p p (kNm) (kN) (kN)
(N/mm?) (%) (%)
with steel with steel yield
yield strength, strength,
fyt fyc
(N/mm?) (N/mm?)
EWSB1 100 100 70 38.1 1.31 (460) 0.6 (460) 1.58 31.58 39.30 0.80
EWSB2 100 100 70 41.2 1.31 (460) 0.6 (460) 2.21 44.21 38.00 1.16
EWSB3 100 100 70 37.8 1.31 (460) 0.6 (460) 2.00 40.00 44.85 0.89
EWSB4 100 100 70 36.9 1.31 (460) 0.6 (460) 2.11 42.10 49.41 0.86
EWSB5 100 100 70 37.7 1.31 (460) 0.6 (460) 2.63 52.60 49.74 1.06
EWSB6 100 100 70 37.1 1.31 (460) 0.6 (460) 2.95 29.47 29.14 1.01
EWSB7 100 100 70 38.7 1.31 (460) 0.6 (460) 3.16 31.58 30.03 1.05
EWSB8 100 100 70 36.7 1.31 (460) 0.6 (460) 2.74 27.37 36.58 0.75
EWSB9 100 100 70 36.2 1.31 (460) 0.6 (460) 2.95 29.47 36.03 0.82
EWSB10 100 100 70 43.7 1.31 (460) 0.6 (460) 4.84 48.42 43.77 1.11
EWSB11 100 100 70 33.3 1.31 (460) 0.6 (460) 411 27.37 20.92 1.31
EWSB12 100 100 70 41.0 1.31 (460) 0.6 (460) 411 27.37 24.30 1.13
EWSB13 100 100 70 37.3 1.31 (460) 0.6 (460) 3.79 25.26 22.20 1.14
EWSB14 100 100 70 37.0 1.31 (460) 0.6 (460) 3.79 25.26 28.43 0.89
EWSB15 100 100 70 37.3 1.31 (460) 0.6 (460) 6.00 40.00 34.94 1.15
EFSB1 100 100 70 48.1 1.31 (460) 0.6 (460) 4.42 44.21 47.03 0.94
EFSB2 100 100 70 43.8 1.31 (460) 0.6 (460) 4.42 44.21 50.09 0.88
EFSB3 100 100 70 41.9 1.31 (460) 0.6 (460) 4.63 46.31 55.34 0.84
EFSB4 100 100 70 44.1 1.31 (460) 0.6 (460) 4.84 48.42 65.14 0.74
EFSB5 100 100 70 32.9 1.31 (460) 0.6 (460) 5.26 52.63 59.50 0.88
EWSCE1 100 100 70 36.9 1.31 (460) 0.6 (460) 2.05 41.05 44.50 0.92
EWSCE2 100 100 70 36.8 1.31 (460) 0.6 (460) 3.68 36.84 31.12 1.18
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EWSCE3 100 100 70 385 | 131(460) | o06(460) | 474 31.58 | 2592 1.22
Mean 0.99
Standard Deviation 0.16

Table 5.22 Comparison between test failure loads and predicted failure loads for edge punching series

Researcher Number Mean Standard

of Slab Deviation
Stamenkovic and Chapman’? 5 0.84 0.20
Zaghlool® 7 0.89 0.17
Gardner and Shao® 4 0.96 0.17
Surdasana’ 6 0.82 0.27
Author's 23 0.99 0.16
Total 45 0.90 0.19
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(a) Plan View

(b) Section A-A

Figure 5.1 Proposed concentric punching at internal column shear failure surface
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Figure 5.2 Proposed concentric punching at internal column shear failure surface for waffle
slabs with losses
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Figure 5.3 Proposed concentric punching at internal column shear failure surface for waffle
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(a) Plan View

4%

(b) Section A-A

Figure 5.4 Proposed concentric punching at internal column shear failure surface for solid
flat slabs with no losses
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Figure 5.5 Comparison between predicted loads and test failure loads for waffle slabs and
solid flat slabs using proposed concentric punching at internal column
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Figure 5.6 Effect of eccentricity on punching shear failure surface
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Figure 5.7 Proposed eccentric punching at internal column shear failure surface when the
principle angle of moment transfer is 0°
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{a) Plan View, showing the reduction in failure surface when & is varned from 0° to 135° from
the neutral axis.
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(b) Section A-A

Figure 5.8 Proposed eccentric punching at internal column shear failure surface when the
principle angle of moment transfer is 22.5°
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Figure 5.9 Proposed eccentric punching at internal column shear failure surface when the

principle angle of moment transfer is 45°
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Figure 5.10 Distribution of steel strain at solid flat slab connections
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Figure 5.11 Critical section perimeter when the principle angle of moment transfer is 0

Figure 5.12 Shear stress distribution when the principle angle of moment transfer is 0°

Chapter 5



282

by

h/2

Cy

h/2

=

bx

| hf2 | Cx

v

=z
\S]
i

I

c _
Critical Section /

Perimeter

\ |
\
N

Centroid

B

Figure 5.13 Critical section perimeter when the principle angle of moment transfer is 22.5°

Figure 5.14 Shear stress distribution when the principle angle of moment transfer is 22.5°
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Figure 5.15 Critical section perimeter when the principle angle of moment transfer is 45°

Figure 5.16 Shear stress distribution when the principle angle of moment transfer is 45°
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Figure 5.17 Schematic diagram of eccentric punching at internal column shear failure




285

ay Bve
amaﬂaﬁ
. ke ! A1
ays
A < A A2
= — i A3
Laselgxd)

(a) Plan View, where 1, 2 and 3 represent the failure surface when e =50mm, 100mmand
150mm, respectively.

Sl

|
|
UL 7]
i RN
|
|
¥
|
|

™ B

(b) Section A-A

Figure 5.18 Schematic diagram of eccentric punching at internal column shear failure
surface when the principle angle of moment transfer is 22.5°
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Figure 5.19 Schematic diagram of eccentric punching at internal column shear failure
surface when the principle angle of moment transfer is 45°
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Figure 5.20 Comparison between predicted loads and test failure loads for waffle slabs and
solid flat slabs using proposed eccentric punching at internal column model
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Figure 5.22 Proposed edge punching shear failure surface for waffle slabs with losses
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Figure 5.23 Proposed edge punching shear failure surface for waffle slabs with no losses
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Figure 5.24 Proposed edge punching shear failure surface for solid flat slabs with no losses
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(a) Plan View, where 1, 2 and 3 represent the reduction in failure surface when 0°<8=45°,
45°<H=90° and 90°<8=135°, respectively
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Figure 5.25 Proposed edge punching shear failure surface when the principle angle of

moment transfer is 0° from column axis (parallel to the slab edge)
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{a) Plan View, where 1, 2 and 3 represent the reduction in failure surface when 0°<@<45°,
45°<6=90° and 90°<0=135°, respectively
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Figure 5.26 Proposed edge punching shear failure surface when the principle angle of

moment transfer is 22.5° from column axis
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Figure 5.27 Proposed edge punching shear failure surface when the principle angle of

moment transfer is 45° from column axis
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(a) Plan View, where 1, 2 and 3 represent the reduction in failure surface when 0°<6=45°,
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Figure 5.28 Proposed edge punching shear failure surface when the principle angle of
moment transfer is 67.5° from column axis
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(a) Plan View, where 1, 2 and 3 represent the reduction in failure surface when 0°<5=45°

45°<H=<90° and 90°<d=135", respectively
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(b) Section A-A

(c) Section B-B

Figure 5.29 Proposed edge punching shear failure surface when the principle angle of
moment transfer is 90° from column axis (perpendicular to the slab edge)

Chapter 5



297

bx

| |
= =l
Cx h/2
C — — — 4D
Ry F 4 —‘
h/2
| |
cCD |
oY c Vu |
Y %P.Mi R R Centroid
— T\
hz Critical Section
a Bt -y J A Perimeter

Figure 5.30 Critical section perimeter when the principle angle of moment transfer is 0°
(parallel to the slab edge)

Figure 5.31 Shear stress distribution when the principle angle of moment transfer is 0°
(parallel to the slab edge)
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Figure 5.32 Critical section perimeter when the principle angle of moment transfer is 22.5°

Figure 5.33 Shear stress distribution when the principle angle of moment transfer is 22.5°
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Figure 5.34 Critical section perimeter when the principle angle of moment transfer is 45°

Figure 5.35 Shear stress distribution when the principle angle of moment transfer is 45°
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Figure 5.36 Critical section perimeter when the principle angle of moment transfer is 67.5°

Figure 5.37 Shear stress distribution when the principle angle of moment transfer is 67.5°
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Figure 5.38 Critical section perimeter when the principle angle of moment transfer is 90°
(perpendicular to the slab edge)

Figure 5.39 Shear stress distribution when the principle angle of moment transfer is 90°
(perpendicular to the slab edge)
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(a) PlanView, where 1, 2 and 3 represent the failure surface when e = 50mm, 100mm and
150mm, respectively.
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Figure 5.40 Schematic diagram of edge punching shear failure surface when the principle
angle of moment transfer is 0° (parallel to the slab edge)
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Figure 5.41 Schematic diagram of edge punching shear failure surface when the principle
angle of moment transfer is 22.5°
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Figure 5.42 Schematic diagram of edge punching shear failure surface when the principle
angle of moment transfer is 45°
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Figure 5.43 Schematic diagram of edge punching shear failure surface when the principle
angle of moment transfer is 67.5°
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Figure 5.44 Schematic diagram of edge punching shear failure surface when the principle
angle of moment transfer is 90° (perpendicular to the slab edge)
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Figure 5.45 Comparison between predicted loads and test failure loads for waffle slabs and
solid flat slabs using proposed edge punching model
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Chapter 6 Design Models

6.1 Introduction

As reported in Chapter 4, there were two main series investigated in this research: the
internal column and edge column series. The internal column series was further split to the
concentric punching series and the eccentric punching series. Thus, in Chapter 5, three
theoretical models for predicting the observed failure mechanism were proposed which

gave good agreements with both the historical and the author’s test results.

The current codes of practice (ACI-318, BS8110" and Eurocode 2?)) have adopted the
control surface approach for the design of punching shear mechanism, as explained in
Chapter 2. The similarities among these three codes are that the control failure surface is a
virtual vertical shear surface at an assumed distance from the column faces. The differences
between these codes are the variation in the assumed distance. However, these codes do

not cover the design of waffle slabs.

In this chapter, three empirical design models are proposed to predict the failure load of the
waffle slabs. For the concentric series at internal column, the proposed design model is
basically a modified version of that in the current Eurocode 2 model for solid flat slabs in
accommodating the section losses observed in the waffle slabs. For the eccentric series at
internal column, the proposed design model is also a modified version of that in the current
Eurocode 2 for solid flat slabs in accommodating the section losses observed in the waffle
slabs with the introduction of a new variable in the moment transfer factor, §, to account

for the effect of the principle angle of biaxial moment transfer. Lastly, for the edge column
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series, the proposed design model replicates the same basis as the eccentric punching at

internal column series.

The shear strength equation used in the proposed empirical design models is maintained as
reported by the Eurocode 2, without any modifications required. However, when comparing
with test results, the partial safety factor, y,,, is set to 1 in the shear strength equation and
the shear retention factor, «, is also introduced into the proposed design models when
comparing micro-concrete waffle slab specimens cast with maximum aggregate size of 2

mm.

6.2 Design model for internal column series

6.2.1 Introduction

The design models proposed for the internal column series are divided into 2 categories:
EC2-IC and EC2-IE; where the former allows the prediction of concentric punching capacities

and the latter allows the prediction of eccentric punching capacities.

The concrete shear strength of the models adopted that of the current EC2, as shown below:
0.18
v, = 22k (100p0,)1/3 (Eq. 6.1)
Ym
Where:

200

k = the size effect factor, where k = 1 + 7

p = the steel reinforcement ratio

o= the concrete cylindrical compressive strength.
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The location of the critical perimeter also remains unchanged at a distance, 2d, away from
the column faces, (see Figure 6.1), but the critical shear perimeter will be reduced

depending on the geometry of the waffle slab (see Sections 6.2.2. and 6.2.3)

u=2C,+2C, +4nd (Eq. 6.2)

Where:

C,.= the column size at x-axis

Cy=the column size at y-axis

d = the effective depth

6.2.2 Model EC2-1C

Similar to the geometrical categories in Chapter 5, the proposed design model calculates the
reduction on the critical shear perimeter when the width of the solid section is narrower
than (C + 5.2d), but otherwise, the critical shear perimeter will be identical to that of EC2
for a solid flat slab. Depending on the width of the waffles and the top slab’s thickness, the
effective shear surface of the punching revolution for a waffle slab could be less than that
for a solid flat slab. Therefore, an effective shear factor, ¢, has been introduced to

determine the degree of the reductions incurred.

The effective shear factor calculates the ratio of the loss in the projected area in the
presence of waffles to the total projected area in the absence of waffles, as shown in Figure

6.2.

P =1- Gardz (Eg. 6.3)

a,d
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1— ayi1d;

> (Eq. 6.4)

Py =
Where:
y1,Ay1, d; = as defined in Figure 6.2

Ay, ay, = shear span which is < 2.6d, in x-direction and y-direction,

respectively
d = the effective depth

The effective critical shear perimeter for punching mechanism on a waffle slab is therefore

defined as the following equation:

u = 2(0)3Cx + 2(9,) °Cy + 4m (@)3 d (Eq. 6.5)
Where:
@y, @y = effective shear factor, in x-direction and y-direction, respectively
Cy, Cy = column size, in x-direction and y-direction, respectively
d = the effective depth

Therefore, the concentric punching capacity of a waffle slab can be computed from the

following equation:
Vice=av.ud (Eq. 6.6)
Where:

a = shear retention factor, 0.7 for micro-concrete and 1.0 for normal-

concrete.
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U, = concrete shear strength, as defined in Eqg. 6.1

u = effective critical shear perimeter, as defined in Eq. 6.5

d = the effective depth

From Eg. 6.6, the punching capacity of a waffle slab can be predicted using the existing
design equations with the introduction of an effective shear perimeter factor, u. That is, if
the width of the solid section is wider than 2.6d (at one side of the column), the effective
shear factor will resolve to unity making the Model EC2-IC identical to the code’s model, and

hence, predicts the punching capacities for solid flat slabs.

6.2.2.1 Comparison with test results

The comparisons between the Eurocode 2’s model, the proposing Model EC2-IC, and the
historical test results for solid flat slabs are presented from Table 6.1 to Table 6.6 and

summarized in Table 6.7. While comparisons with waffle slab are presented in Table 6.8.

In these comparisons, the partial safety factor in these design codes has been set to 1. An
important factor adopted in the proposed design model is the micro-concrete shear
retention factor, @, which was identified by Boswell & Wong'! and later, verified by Fong®.
They revealed that the shear resistance of micro-concrete specimens (cast with maximum
aggregate size of 2mm) reduced from its peak to a residual value (about 70% of the peak) as
compared to normal-concrete specimen (maximum aggregate size of 20 mm). Therefore, the

shear retention factor of 0.7 is applied for micro-concrete specimens.

7,20,49,53,77,82 and it can be

Table 6.7 summarises the comparisons with 87 historical test results
inferred that the Eurocode 2’s model underestimates the concentric punching capacity by
10%, which is still deemed within the acceptable range when the material partial safety

factor is taken into account. However, in Table 6.8, Eurocode 2’s model exhibits an

overestimation of about 31% on the author’s waffle slab test results, while, Model EC2-IC
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(which carries the critical shear area factor, u) exhibits good agreement with mean ratio of
1.00 with the test results. Such agreement inferred that the effective shear area factor, u,
has been able to account for the observed loss of punching capacity on the waffle slab

specimens.

6.2.3 Model EC2-1E

This model allows the prediction of punching shear capacity of waffle slabs at the internal
column in the presence of biaxial moment transfer. As reported in Chapter 5, the proposed
design model will account for the reduction on the critical shear perimeter when the width
of the solid section is narrower than (C + 5.2d), but otherwise, the critical shear perimeter
will be identical to that of EC2 for a solid flat slab. Depending on the width of the waffles and
the top slab’s thickness, the effective shear surface of the punching revolution for a waffle
slab could be less than that for a solid flat slab. Therefore, the effective shear factor, ¢, as

indicated in Eq. 6.3 and Eq. 6.4, is applied.

Similar to Model EC2-IC, the perimeter of the critical section is assumed to be a function of
the sectional geometrical properties of the waffle slabs and the effective shear perimeter is

calculated as according to Eq. 6.5.

6.2.3.1 Moment transfer factor, f3

In the presence of moment transfer, EC2 introduces a moment transfer factor, § in the
equation to predict the punching capacity of the slab specimens. EC2 assumes that the
unbalanced moment at a slab-internal column connection is redistributed into unbalanced
shear stresses as shown in Figure 6.3. These unbalanced shear stresses are assumed to be

added to the shear stresses contributed from the vertical load.

The moment transfer factor, 8 is therefore defined as follows:

M,
Binternat = 1+ k test 2 (Eq. 6.7)

Ptest W1
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Where:

k = coefficient dependent on ratio between column dimensions (can be

obtained from EC2 Table 6.1)
M, ps: = total unbalanced moment transferred
Pyest = applied vertical load
u = perimeter of critical section (for internal column)

w; = corresponds to distribution of shear stress, where for rectangular

column,
C 2
wy ===+ (,Cy + 4Cyd + 16d? + 21dC,
Cy, Cy = column size, in x-direction and y-direction, respectively

d = the effective depth

In the calculation of moment transfer factor, EC2 does not take account of the effect of the
principle angle of biaxial moment transfer. In this research, the principle angle of biaxial
moment transfer portrayed a reduction in punching capacity when the principle angle was
rotated away from orthogonal axis, 0°. The author therefore proposed a new moment
transfer factor to account for the effect of the principle angle of biaxial moment transfer,

which is:

Mtest u 1

Peca-1g =1+ k (Eq. 6.8)

Ptest Wy (cosV)?

Where:

V = the principle angle of biaxial moment transfer
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Therefore, the eccentric punching capacity of a waffle slab can be computed from the

following equation:

Vig = av.ud (Eq. 6.9)

BEC2-IE

6.2.3.2 Comparison with test results

The comparisons between the previous researchers’ test failure loads and the calculated
punching capacity as according to EC2 was carried out to evaluate the accuracy of Eurocode
2 with regards to the eccentric punching shear mechanism on solid flat slabs are presented
from Table 6.10 to Table 6.15. In this calculation, the material partial safety factor in this

design equation is set to 1.

Another important factor adopted in the current codes approach is the micro-concrete shear
retention factor, a, which was introduced by Wong and later, verified by Fong. They revealed
that the shear resistance of micro-concrete specimens reduced from its peak to a residual
value (about 70% of the peak) as compared to normal-concrete specimen. Therefore, the

shear retention factor of 0.70 is applied for micro-concrete specimens.

Table 6.16 shows the summary of comparisons of the previous researcher’s test

18,19,26,27,35,44,50,53,59
results

against the EC2 predicted punching capacities. From the 42 slab
specimens, the mean ratio of test results to predicted strength was 0.98 with a standard

deviation of 0.09. This again proves that no modification to the existing EC2 is required.

However, based on Table 6.17, EC2 overestimates the author’s waffle slab specimens by
27%. The overestimation was found to be mainly due to the fact that EC2 does not
acknowledge the loss of shear surface within the critical shear perimeter and the reduction
of punching capacity due to the effect of increasing the principle angle of biaxial moment
transfer. By applying the modified critical shear perimeter and the modified moment
transfer factor as proposed by Model EC2-IE, the mean ratio of test results to predicted
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strength was increased to 0.98 with a standard deviation of 0.16, as shown in Table 6.18.
This finding verifies that Model EC2-IE allows a good estimation on the punching capacity of

waffle slab specimens by maintaining the same control surface approach in EC2.

6.3 Design model for edge column series

6.3.1 Introduction

In EC2, two instances of edge punching are introduced in the prediction of edge punching
failure loads of slab specimens, which are: in the presence of moment transfer parallel to

the slab edge and in the presence of moment transfer perpendicular to the slab edge.

A design model is proposed in this section to predict the edge punching capacities of solid
flat slabs and waffle slabs in the presence of moment transfer parallel and perpendicular to
the slab edge. The design model will be compared with previous researchers’ test results

and author’s test results to gain confidence on the proposed model.

The concrete shear strength of this design model remains the same as that of the current
EC2 (see Eg 6.1). In the calculation to predict the punching shear capacity at the edge
column, EC2 proposed a reduced critical shear perimeter within the column’s dimensions
but the location of the critical perimeter remains unchanged at a distance, 2d, away from

the column faces (see Figure 6.4).

u, = Cy+ C, + 2nd (Eq. 6.10)

Where:

C,.= the column size at x-axis

Cy=the column size at y-axis

d = the effective depth

Chapter 6



317

This proposed design model allows a reduction in the critical shear perimeter depending on

the geometry of the waffle slabs.

6.3.2 Model EC2-E

Similar to the geometrical categories in Chapter 5, the proposed design model calculates the
reduction on the critical shear perimeter when the width of the solid section is narrower
than (C + 5.2d), but otherwise, the critical shear perimeter will be identical to that of EC2
for a solid flat slab. Depending on the width of the waffles and the top slab’s thickness, the
effective shear surface of the punching revolution for an edge waffle slab could be less than
that for a solid flat slab. Therefore, the similar effective shear factor, ¢, has been
determined from Eq. 6.3 and Eq. 6.4, but with different dimensions to accommodate for the

edge boundary conditions as shown in Figure 6.5.

The effective shear perimeter of the critical section for edge punching mechanism in the

presence of waffles in the slab specimen is defined as the following equation:

U, = ((px)3Cx + (¢y)3cy +2r (@)3 d (Eq. 6.11)

6.3.2.1 Moment transfer factor, f3

In the presence of moment transfer, EC2 introduces a moment transfer factor, § into the
equation to predict the punching capacity of the slab specimens. EC2 assumes that the
unbalanced moment at a slab-edge column connection is distributed into unbalanced shear
stresses as shown in Figure 6.6. These unbalanced shear stresses are assumed to be added

to the shear stresses contributed from the vertical load.

However, the moment transfer factor differs for two types of loading in the edge column.

When the eccentricity of the loading is towards the interior of the slab, EC2 proposed that
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B is set to unity, where the assumption of no moment is being transferred with the reduced
critical shear perimeter. However, when the moment transfer is parallel to the slab edge,

EC2 proposed that 8 is calculated using the following equation:

Beage =1+ Jo test L (Eq. 6.12)

Prest W1

Where:

k = coefficient dependent on ratio between column dimensions (can be

obtained from EC2 Table 6.1)
M5+ = total unbalanced moment transferred
P;o5t = applied vertical load
u, = reduced perimeter of critical section (edge)

w; = corresponds to distribution of shear stress, where for rectangular

column,
c 2
wy = 2=+ C,Cy +4Cyd + 16d? + 2ndC,
C,, Cy = column size, in x-direction and y-direction, respectively

d = the effective depth

As mentioned in Model EC2-IE, the moment transfer factor does not allow the effect of the
principle angle of biaxial moment transfer to take place in the prediction of the punching
capacity of edge slab specimens. In Chapter 4, the principle angle of biaxial moment transfer
displayed an increase in the punching capacity when the column with parallel loading is
being rotated away and towards the column with perpendicular loading. Therefore, an

attempt was made to account this effect. The author therefore proposed a new moment
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transfer factor for the edge column series, in order to account the effect of the principle

angle of biaxial moment transfer, which is:

Becz-g =1+ k%& (cosV)? (Eq. 6.13)

test W1

Where:
V = the principle angle of biaxial moment transfer,
0° when the moment transfer is parallel to the slab edge,
90° when the moment transfer is perpendicular to the slab edge,

Therefore, the edge punching capacity of a waffle slab can be computed from the following

equation:

Vg = L o v.u, d (Eqg. 6.14)
BEC2-E

6.3.2.2 Comparison with test results

The comparisons between the previous researchers’ test failure loads and the calculated
punching capacity as according to EC2 was carried out to evaluate the accuracy of Eurocode
2 with regards to the edge punching shear mechanism on solid flat slabs are presented from
Table 6.19 to Table 6.22. In this calculation, the material partial safety factor in these design

codes has been set to 1.

An important factor adopted in the proposing design model is the micro-concrete shear
retention factor, a, which was introduced by Boswell & Wong™ and later, verified by Fong®.

They revealed that the shear resistance of micro-concrete specimens reduced from its peak
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to a residual value (about 70% of the peak) as compared to normal-concrete specimen.

Therefore, the shear retention factor of 0.70 is applied for micro-concrete specimens.

Table 6.23 shows the summary of comparisons of the previous researcher’s test

resu |t524,73,74,83

against the EC2 predicted punching capacities. From the 22 slab specimens,
the mean ratio of test results to predicted strength was 0.91 with a standard deviation of
0.32. By accounting the use of material partial safety factor in the actual real world’s design,

the mean ratio of 0.91 becomes acceptable and therefore, no modification is proposed to

the current EC2 edge punching mechanism.

In the EC2 edge punching mechanism, the design code introduced two different moment
transfer factor, one in which the moment transfer is parallel to the slab edge and the other
in which the moment transfer is perpendicular to the slab edge. There is no explanation in
EC2 on the punching capacity of slab specimens if the moment transfer lies between the two
axes. Therefore, comparisons between both moment transfer factors and test results with
different principle angles of biaxial moment transfer are tabulated in Table 6.24. It is evident
that the moment transfer factors for perpendicular loading to be more conservative by 10%
as compared to for parallel loading but both do still overestimate the actual punching
capacity of edge slab specimens. This overestimation was mainly due to not accounting the
critical surface losses in the waffle sections of the waffle slabs and the reducing effect of the
principle angle of biaxial moment transfer. Thus, after applying the modified critical shear
perimeter and the modified moment transfer factor as proposed by Model EC2-E, the mean
ratio of test results to predicted strength was increased to 1.05 with a standard deviation of
0.16, as shown in Table. This finding verifies that Model EC2-E allows a good estimation on
the punching capacity of edge waffle slab specimens by maintaining the same control

surface approach in EC2.
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6.4 Summary

Three empirical design models based on the current Eurocode 2 have been proposed for the
use of design; Model EC2-IC for concentric punching at internal column mechanism, Model
EC2-IE for eccentric punching at internal column mechanism and Model EC2-E for edge

punching mechanism.

By comparing previous researchers’ test results with the EC2 predicted loads, the mean ratio
between test and prediction was found to be very good and no modification is required to
enhance the accuracy of EC2. However, for all three series, EC2 overestimates the punching
capacities of all waffle slab specimens mainly due to not accounting the critical shear losses
and the effect of the principle angle of biaxial moment transfer. Therefore, an effective
shear factor was introduced to the perimeter of the critical section so as to simulate the
actual loss of shear area within the waffle sections and a modified moment transfer factor

was recommended to simulate the effect of the principle angle of biaxial moment transfer.

In general, when the perimeter of the critical shear area reduces and the moment transfer
factor increases, the punching capacity reduces due to less effective shear area available and
more moment being transferred, respectively. All the proposed design models achieved very

good agreement with the author’s test result.
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Table 6.1 Test and predicted failure loads of slab specimens reported by Moe> as according to EC2?*> and using Model EC2-IC

Specimen | Column | Effective | Cylindrical | Reinforcement Test EC2 Model Prest
No Size, depth, | Compressive Ratio, Failure | Predicted | EC2-IC Vic Veca—1c
C, d Strength, o) Load, Load, Predicted
(mm) (mm) o¢ (%) Prost Vic Load,
(N/mm?) (kN) (kN) VEeca-1c

(kN)
$1-60 254 114 23.3 1.1 389.0 345.5 345.5 1.42
S5-60 203 114 22.2 1.1 343.0 311.7 311.7 1.46
$1-70 254 114 24.5 1.1 393.0 351.4 351.4 1.36
$5-70 203 114 23.0 1.1 378.0 315.4 315.4 1.42
H1 254 114 26.1 1.1 372.0 358.9 358.9 1.29
R2 152 114 27.6 14 394.0 330.3 330.3 1.14
M1A 305 114 20.8 1.5 433.0 399.6 399.6 1.45
Mean 1.36
Standard Deviation 0.12
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Table 6.2 Test and predicted failure loads of slab specimens reported by Eltsner & Hognestad?® as according to EC2*? and using Model EC2-IC

Specimen | Column | Effective | Cylindrical | Reinforcement Test EC2 Model Prest Prest
No Size, depth, | Compressive Ratio, Failure | Predicted | EC2-IC Vic Veca—1c
Cy d Strength, p Load, Load, Predicted
(mm) (mm) o; (%) Prost Vic Load,
(N/mm?) (kN) (kN) Veca-1c
(kN)
Ala 254 118 113 1.2 303.0 287.1 287.1 1.06 1.06
Alb 254 118 20.2 1.2 365.0 348.4 348.4 1.05 1.05
Alc 254 118 23.2 1.2 356.0 365.1 365.1 0.98 0.98
Ald 254 118 29.4 1.2 351.0 395.2 395.2 0.89 0.89
Ale 254 118 16.2 1.2 356.0 324.1 324.1 1.10 1.10
A2a 254 114 10.9 2.5 334.0 349.8 349.8 0.95 0.95
A2b 254 114 15.6 2.5 400.0 394.5 394.5 1.01 1.01
A2c 254 114 29.9 2.5 467.0 490.1 490.1 0.95 0.95
A7b 254 114 22.3 2.5 512.0 444.5 444.5 1.15 1.15
A3a 254 114 10.2 3.7 356.0 392.3 392.3 0.91 0.91
A3b 254 114 18.1 3.7 445.0 474.1 474.1 0.94 0.94
A3c 254 114 21.2 3.7 534.0 500.0 500.0 1.07 1.07
A3d 254 114 27.6 3.7 547.0 545.9 545.9 1.00 1.00
A4 356 114 20.9 1.2 400.0 393.1 393.1 1.02 1.02
A5 356 114 22.2 2.5 534.0 518.0 518.0 1.03 1.03
A6 356 114 20.0 3.7 498.0 572.1 572.1 0.87 0.87
B4 254 114 38.2 1.0 334.0 391.9 391.9 0.85 0.85
B9 254 114 35.1 2.0 505.0 481.9 481.9 1.05 1.05
B11 254 114 10.8 3.0 329.0 372.3 372.3 0.88 0.88
B14 254 114 40.4 3.0 578.0 578.0 578.0 1.00 1.00
Mean 0.99 0.99
Standard Deviation 0.08 0.08
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Table 6.3 Test and predicted failure loads of slab specimens reported by Base’ as according to EC2?* and using Model EC2-IC

Specimen | Column | Effective | Cylindrical | Reinforcement Test EC2 Model Prest Prest
No Size, depth, | Compressive Ratio, Failure | Predicted | EC2-IC Vic Veca—1c
Cy d Strength, p Load, Load, Predicted
(mm) (mm) o; (%) Prost Vic Load,
(N/mm?) (kN) (kN) Veca—ic
(kN)
A1/M2 203 117 15.5 1.5 346.0 316.5 316.5 1.09 1.09
A1l/M3 203 121 14.2 1.9 307.0 348.3 348.3 0.88 0.88
Al/M4 203 124 14.0 1.0 259.0 289.4 289.4 0.89 0.89
A1/M5 203 117 21.0 1.2 346.0 325.2 325.2 1.06 1.06
A2/M2 203 117 32.8 1.5 419.0 406.4 406.4 1.03 1.03
A2/M3 203 121 32.5 1.9 430.0 459.0 459.0 0.94 0.94
A2/T1 203 124 39.3 1.0 419.0 408.3 408.3 1.03 1.03
A2/T2 203 124 414 1.7 439.0 495.8 495.8 0.89 0.89
A3/M1 203 124 18.8 1.0 247.0 319.3 319.3 0.77 0.77
A3/M2 203 102 19.3 1.7 336.0 295.4 295.4 1.14 1.14
A3/M3 203 117 27.3 1.9 298.0 413.6 413.6 0.72 0.72
A3/T1 203 121 20.6 1.0 328.0 318.3 318.3 1.03 1.03
A3/T2 203 119 16.0 1.2 298.0 303.9 303.9 0.98 0.98
A4/M1 203 114 38.3 1.1 259.0 3725 3725 0.70 0.70
A4/M2 203 119 29.2 1.5 341.0 400.1 400.1 0.85 0.85
A4/M3 203 117 32.2 1.9 541.0 437.0 437.0 1.24 1.24
A4/T1 203 114 32.8 1.1 384.0 353.8 353.8 1.09 1.09
A4/T2 203 117 29.3 1.2 402.0 363.3 363.3 1.11 1.11
Mean 0.97 0.97
Standard Deviation 0.15 0.15
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Table 6.4 Test and predicted failure loads of slab specimens reported by Yitzhaki®’ as according to EC2** and using Model EC2-IC

Specimen | Column | Effective | Cylindrical | Reinforcement Test EC2 Model Prest Prest

No Size, depth, | Compressive Ratio, Failure | Predicted | EC2-IC Vic Veca—1c
Cy d Strength, o) Load, Load, Predicted
(mm) (mm) o; (%) Prost Vic Load,
(N/mm?) (kN) (kN) Veca—ic
(kN)

-1 221 82 10.5 1.2 181.0 168.3 168.3 1.08 1.08

II-4a 221 82 17.9 0.9 245.0 182.9 182.9 1.34 1.34

II-4b 201 82 9.8 0.9 162.0 143.5 143.5 1.13 1.13

ll-4c 201 82 13.9 0.9 215.0 161.1 161.1 1.33 1.33

11B20-2 201 83 15.0 0.9 307.0 167.5 167.5 1.83 1.83

11B30-1 300 80 17.6 2.0 239.0 268.6 268.6 0.89 0.89

-2 221 82 9.8 1.3 152.0 168.8 168.8 0.90 0.90

11-6 221 82 21.6 13 240.0 220.0 220.0 1.09 1.09

11-9 201 79 9.3 8.5 157.0 283.9 283.9 0.55 0.55

-3 221 82 18.1 1.2 201.0 201.9 201.9 1.00 1.00

7 119 82 10.0 0.7 117.0 109.0 109.0 1.07 1.07

II-10 119 82 11.7 1.0 98.0 129.2 129.2 0.76 0.76

Mean 1.08 1.08

Standard Deviation 0.32 0.32
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Table 6.5 Test and predicted failure loads of slab specimens reported by Tomaszewicz’’ as according to EC2?* and using Model EC2-IC

Specimen No | Column | Effective Cylindrical Reinforcement Test EC2 Model Prest Prest
Size, depth, | Compressive Ratio, Failure | Predicted | EC2-IC Vic Veca—1c
C, d Strength, p Load, Load, Predicted
(mm) (mm) o¢ (%) Progt Vic Load,
(N/mm?) (kN) (kN) Veca-1c
(kN)
ND65-1-1 200 275 64.3 1.4 2050.0 1757.6 1757.6 1.17 1.17
ND65-2-1 150 200 70.2 1.7 1200.0 1094.9 1094.9 1.10 1.10
ND95-1-1 200 275 83.7 1.4 2250.0 1919.0 1919.0 1.17 1.17
ND95-1-3 200 275 89.9 2.5 2400.0 2369.9 2369.9 1.01 1.01
ND95-2-1 150 200 88.2 1.7 1100.0 11814 11814 0.93 0.93
ND95-2-1D 150 200 86.7 1.7 1300.0 1174.7 1174.7 1.11 1.11
ND95-2-3 150 200 89.5 2.5 1450.0 1359.0 1359.0 1.07 1.07
ND95-2-3D 150 200 80.3 2.5 1250.0 1310.8 1310.8 0.95 0.95
ND95-2-3D+ 150 200 98.0 2.5 1450.0 1400.7 1400.7 1.04 1.04
ND95-3-1 100 88 85.1 1.7 330.0 315.2 315.2 1.05 1.05
ND115-1-1 200 275 112.0 1.4 2450.0 2114.7 2114.7 1.16 1.16
ND115-2-1 150 200 119.0 1.7 1400.0 1305.5 1305.5 1.07 1.07
ND115-2-3 150 200 108.1 2.5 1550.0 1447.3 1447.3 1.07 1.07
Mean 1.07 1.07
Standard Deviation 0.08 0.08
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Table 6.6 Test and predicted failure loads of slab specimens reported by Marzouk & Hussein* as according to EC2* and using Model EC2-IC

Specimen | Column | Effective | Cylindrical Reinforcement Test EC2 Model Prest Prest
No Size, depth, | Compressive Ratio, Failure | Predicted | EC2-IC Vic Veca—ic
C, d Strength, p Load, Load, Predicted
(mm) (mm) o; (%) Piost Vic Load,
(N/mm?) (kN) (kN) Veca—ic
(kN)
HS1 150 95 67.0 0.4 178.0 225.0 225.0 0.79 0.79
HS2 150 95 70.0 0.7 249.0 275.1 275.1 0.91 0.91
HS3 150 95 69.0 1.2 356.0 327.7 327.7 1.09 1.09
HS4 150 90 66.0 2.1 418.0 361.5 361.5 1.16 1.16
HS7 150 95 74.0 0.9 356.0 304.7 304.7 1.17 1.17
HS5 150 125 68.0 0.5 365.0 358.4 358.4 1.02 1.02
HS6 150 120 70.0 0.5 489.0 341.2 341.2 1.43 1.43
HS8 150 120 69.0 1.0 436.0 427.8 427.8 1.02 1.02
HS9 150 120 74.0 1.5 543.0 501.3 501.3 1.08 1.08
HS10 150 120 80.0 2.1 645.0 575.6 575.6 1.12 1.12
HS11 150 70 70.0 0.7 196.0 183.5 183.5 1.07 1.07
HS12 150 70 75.0 1.2 258.0 224.8 224.8 1.15 1.15
HS13 150 70 68.0 1.6 267.0 2394 2394 1.12 1.12
HS14 220 95 72.0 1.2 498.0 384.2 384.2 1.30 1.30
HS15 300 95 71.0 1.2 560.0 441.5 441.5 1.27 1.27
NS1 150 95 42.0 1.2 320.0 277.7 277.7 1.15 1.15
NS2 150 120 30.0 0.5 396.0 257.3 257.3 1.54 1.54
Mean 1.14 1.14
Standard Deviation 0.18 0.18
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Table 6.7 Comparison between test failure loads and predicted failure loads for concentric punching at internal column series
as according EC2?? and using Model EC2-IC

Researcher Number Mean Standard

of Slab Deviation
Moe>® 7 1.36 0.12
Elstner & Hognestad® 20 0.99 0.08
Base’ 18 0.97 0.15
Yitzhaki® 12 1.08 0.32
Tomaszewicz”’ 13 1.07 0.08
Marzouk & Hussein® 17 1.14 0.18
Total 87 1.10 0.15

Table 6.8 Test and predicted failure loads of slab specimens reported by Author as according to EC2?* and using Model EC2-IC

Specimen | Column | Effective | Cylindrical | Reinforcement Test EC2 Model Prest Prest
No Size, depth, | Compressive Ratio, Failure | Predicted | EC2-IC Vic Vic
Cy d Strength, p Load, Load, Predicted
(mm) (mm) Oc (%) Prest Vie Load,
(N/mm?) (kN) (kN) Veco—ic
(kN)
IWS 1 100 62 41.1 1.3 65.2 94.1 65.2 0.69 1.00
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Table 6.9 Test and predicted failure loads of slab specimens reported by Moe> as according to EC2?*> and using Model EC2-IE

Specimen No | Column Size, Effective Cylindrical Reinforcement Moment Test Failure EC2 Model Prest
C,, Cy depth, Compressive Ratio, Transferred, Load, Predicted EC2-IE Vig

(mm) d Strength, o) Mot Piost Load, Predicted &

(mm) o, (%) (kNm) (kN) Vig Load,
(N/mm?) (kN) Veco—ie Ptest
(kN) Vec2-1E

M1A 305 114 20.82 1.50 0.00 432.8 398.4 398.4 1.09
M2A 305 114 15.51 1.50 39.42 212.6 254.6 254.6 0.83
M4A 305 114 17.65 1.50 62.45 143.7 190.4 190.4 0.75
M2 305 114 25.75 1.50 57.21 292.2 296.6 296.6 0.99
M3 305 114 22.72 1.50 70.05 207.3 232.7 232.7 0.89
M6 254 114 26.48 1.34 40.23 239.3 272.2 272.2 0.88
M7 254 114 24.96 1.34 19.00 311.4 327.6 327.6 0.95
M8 254 114 24.61 1.34 65.32 149.5 181.3 181.3 0.82
M9 254 114 23.24 1.34 33.90 266.9 280.6 280.6 0.95
M10 254 114 21.10 1.34 54.76 177.9 203.3 203.3 0.88
Mean 0.90
Standard Deviation 0.09
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Table 6.10 Test and predicted failure loads of slab specimens reported by Ghali et al.?**’ as according to EC2** and using Model EC2-IE

Specimen Column Size, Effective Cylindrical Reinforcement Moment Test Failure EC2 Model Prest
No Cx, Cy depth, Compressive Ratio, Transferred, Load, Predicted EC2-IE Vig
(mm) d Strength, D Mot Piost Load, Predicted &
(mm) o, (%) (kNm) (kN) Vig Load,
(N/mmz) (kN) VECZ—IE Ptest
(kN) Veca-1E
SMO0.5 305 127 36.8 0.50 99.98 129.0 144.9 144.9 0.89
SM1.0 305 127 334 1.00 126.94 129.0 151.3 151.3 0.85
SM1.5 305 127 39.9 1.50 133.00 129.0 178.1 178.1 0.72
Mean 0.82
Standard Deviation 0.09

Table 6.11 Test and predicted failure loads of slab specimens reported by Elgabry & Ghali**** as according to EC2** and using Model EC2-IE

Specimen Column Size, Effective Cylindrical | Reinforcement Moment Test Failure EC2 Model Prest
No Cy, Cy depth, Compressive Ratio, Transferred, Load, Predicted EC2-IE Vig
(mm) d Strength, p Mot Piost Load, Predicted &

(mm) o (%) (kNm) (kN) Vig Load,
(N/mm?) (kN) Vica—1E Prest
(kN) Veca-1E
1 250 116 35.0 1.07 130.05 150.0 127.9 127.9 1.17
Mean 1.17

Standard Deviation
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Table 6.12 Test and predicted failure loads of slab specimens reported by Kruger** as according to EC2** and using Model EC2-IE

Specimen Column Size, Effective Cylindrical Reinforcement Moment Test Failure EC2 Model Prest
No Cx, Cy depth, Compressive Ratio, Transferred, Load, Predicted EC2-IE Vig
(mm) d Strength, D Mot Piost Load, Predicted &
(mm) o, (%) (kNm) (kN) Vig Load,
(N/mmz) (kN) VECZ—IE Ptest
(kN) Veca-1E
POA 300 150 34.6 1.00 0.00 423.0 427.4 427.4 0.99
P16A 300 150 38.6 1.00 53.12 332.0 326.7 326.7 1.02
P30A 300 150 30.4 1.00 86.40 270.0 238.9 238.9 1.13
Mean 1.05
Standard Deviation 0.08
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Table 6.13 Test and predicted failure loads of slab specimens reported by Marzouk et al.***° as according to EC2?* and using Model EC2-IE

Specimen Column Size, Effective Cylindrical Reinforcement Moment Test Failure EC2 Model Prest
No Cx, Cy depth, Compressive Ratio, Transferred, Load, Predicted EC2-IE Vig
(mm) d Strength, D Mot Piost Load, Predicted &
(mm) o, (%) (kNm) (kN) Vig Load,
(N/mm?) (kN) Veco—ie Prest
(kN) Veca-1E
HSLWO.5L 250 118 72.0 0.50 40.50 257.1 294.6 294.6 0.87
HSLW1.0L 250 118 72.0 1.00 64.39 342.8 371.2 371.2 0.92
HSLWO0.5M 250 118 72.0 0.50 76.70 216.2 214.9 214.9 1.01
HSLW1.0M 250 118 72.0 1.00 98.65 287.0 270.8 270.8 1.06
HSLWO0.5H 250 118 72.0 0.50 102.75 184.2 172.6 172.6 1.07
HSLW1.0H 250 118 72.0 1.00 133.60 223.3 217.5 217.5 1.03
HSLW1.5H 250 118 72.0 1.50 132.00 265.1 249.0 249.0 1.06
NSNW1.0L 250 118 35.0 1.00 62.00 360.8 291.9 291.9 1.24
Mean 1.03
Standard Deviation 0.11
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Table 6.14 Test and predicted failure loads of slab specimens reported by Hawkins et al.** as according to EC2?* and using Model EC2-IE

Specimen No | Column Size, Effective Cylindrical Reinforcement Moment Test Failure EC2 Model Prest
C,, Cy depth, Compressive Ratio, Transferred, Load, Predicted EC2-IE Vig
(mm) d Strength, o) Mot Piost Load, Predicted &
(mm) o, (%) (kNm) (kN) Vig Load,
(N/mm?) (kN) Veca—iE Ptest
(kN) Veca-iE
6AH 305 127 31.3 0.52 90.40 169.0 165.4 165.4 1.02
9.6AH 305 125 30.7 0.83 97.70 187.0 187.2 187.2 1.00
14AH 305 124 30.3 1.21 100.20 205.0 208.7 208.7 0.98
6AL 305 127 22.7 0.52 32.70 244.0 259.2 259.2 0.94
9.6AL 305 125 28.9 0.83 34.60 257.0 321.1 321.1 0.80
14AL 305 124 27.0 1.21 43.40 319.0 351.9 351.9 0.91
7.3BH 305 89 22.2 0.62 39.00 80.0 90.3 90.3 0.89
9.5BH 305 89 19.8 0.86 45.40 94.0 97.0 97.0 0.97
14.2BH 305 87 29.5 1.19 51.00 102.0 119.4 119.4 0.85
7.3BL 305 89 18.1 0.52 12.80 130.0 148.3 148.3 0.88
9.5BL 305 89 20.0 0.83 16.60 142.0 179.1 179.1 0.79
14.2BL 305 87 20.5 1.21 20.90 162.0 198.8 198.8 0.81
6CH 305 127 52.4 0.52 95.10 186.0 196.4 196.4 0.95
9.6CH 305 125 57.2 0.83 113.10 218.0 2304 2304 0.95
14CH 305 124 54.7 1.21 133.30 252.0 254.1 254.1 0.99
6CL 305 127 49.5 0.52 36.80 273.0 336.1 336.1 0.81
14CL 305 124 47.7 1.21 49.40 362.0 425.4 425.4 0.85
Mean 0.91
Standard Deviation 0.08
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Table 6.15 Comparison between test failure loads and predicted failure loads for eccentric punching at internal column series

as according EC2 and using Model EC2-IE

Researcher Number M6ean Standard
of Slab Deviation
Moe> 10 0.90 0.09
Ghali et al.”**’ 3 0.82 0.09
Elgabry & Ghali*®**® 1 1.17 -
Kruger* 3 1.05 0.07
Marzouk, Osman and HeImySO’59 8 1.03 0.11
Hawkins et. al.* 17 0.91 0.08
Total 42 0.98 0.09
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Table 6.16 Test and predicted failure loads of slab specimens reported by Author as according to EC2* and using Model EC2-IE

Specimen | Column | Effective Cylindrical Reinforcement Principle Moment Test EC2 Model Prest Pest
No Size, depth, Compressive Ratio, Angle of | Transferred, Failure Predicted EC2-IE Vie | Veca—ir
Cx, Cy d Strength, p Biaxial M;ost Load, Load, Predicted
(mm) (mm) o, (%) Moment (kNm) Piost Vig Load,
(N/mm?) Transfer, (kN) (kN) Veca-1E
v (kN)
)
IWSB1 100 62 36.6 1.31 0 2.74 54.73 74.6 0.73 0.73 0.99
IWSB2 100 62 36.6 1.31 22.5 2.11 42.10 74.6 0.56 0.56 0.78
IWSB3 100 62 35.7 1.31 45 2.32 46.31 74.0 0.63 0.63 0.97
IWSB4 100 62 37.7 1.31 0 4.63 46.31 62.7 0.74 0.74 0.96
IWSB5 100 62 36.9 1.31 22.5 3.58 35.79 62.3 0.57 0.57 0.78
IWSB6 100 62 36.0 1.31 45 3.79 37.89 61.8 0.61 0.61 1.00
IWSB7 100 62 36.6 1.31 0 5.68 37.89 53.2 0.71 0.71 0.89
IWSB8 100 62 37.0 1.31 22.5 4.42 29.47 53.4 0.55 0.55 0.73
IWSB9 100 62 38.7 1.31 45 5.052 33.68 54.2 0.62 0.62 1.05
IFSB1 100 62 37.5 1.31 0 7.16 71.57 62.6 1.14 1.14 1.14
IFSB2 100 62 36.7 1.31 225 6.74 67.36 62.2 1.08 1.08 1.15
IFSB3 100 62 37.2 1.31 45 6.32 63.15 62.5 1.01 1.01 1.35
IWSBC1 100 62 38.5 1.31 225 4.21 42.10 63.2 0.67 0.67 0.90
IWSBC2 100 62 39.7 1.31 45 3.79 37.89 63.8 0.59 0.59 0.97
Mean 0.73 0.98
Standard Deviation 0.20 0.16
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Table 6.17 Test and predicted failure loads of slab specimens reported by Stamenkovic & Chapman’? as according to EC2?* and using Model EC2-E

Specimen Column Size, Effective Cylindrical Reinforcement Moment Test Failure EC2 Model Prest
No Cx, Cy depth, Compressive Ratio, Transferred, Load, Predicted EC2-E Vg
(mm) d Strength, D Mot Piost Load, Predicted &
(mm) o, (%) (kNm) (kN) Vg Load,
(N/mm?) (kN) Veca—E Prest
(kN) Veca-E
V/E/1 127 56 29.2 1.09 0.00 74.73 55.93 55.93 1.34
C/E/1 127 56 31.5 1.39 5.59 73.39 62.20 62.20 1.18
C/E/2 127 56 33.0 1.39 9.18 54.71 63.18 63.18 0.87
C/E/3 127 56 34.0 1.39 10.06 24.91 63.81 63.81 0.39
C/E/4 127 56 27.8 1.39 8.84 10.94 59.67 59.67 0.18
Mean 0.79
Standard Deviation 0.50
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Specimen Column Size, Effective Cylindrical Reinforcement Moment Test Failure EC2 Model Prest
No Cx, Cy depth, Compressive Ratio, Transferred, Load, Predicted EC2-E Vg
(mm) d Strength, D Mot Piost Load, Predicted &
(mm) o, (%) (kNm) (kN) Vg Load,
(N/mm?) (kN) Veca—E Prest
(kN) Veca-E
Z-1V(1) 178 121 27.4 2.41 44.97 122.32 224.61 224.61 0.54
Z-V(1) 267 121 34.3 1.60 84.64 215.28 244.85 244.85 0.88
Z-V(2) 267 121 40.5 2.00 93.56 246.86 278.77 278.77 0.89
Z-V(3) 267 121 38.8 1.65 103.62 268.21 257.75 257.75 1.04
Z-V(5) 267 121 35.2 1.60 0.00 279.33 246.97 246.97 1.13
Z-V(6) 267 121 31.3 1.60 88.14 116.98 237.49 237.49 0.49
Z-VI(1) 356 121 26.0 2.41 106.90 265.10 291.11 291.11 0.91
Mean 0.84
Standard Deviation 0.24

Table 6.19 Test and predicted failure loads of slab specimens reported by Gardner & Shoa** as according to EC2?? and using Model EC2-E

Specimen Column Size, Effective Cylindrical | Reinforcement Moment Test Failure EC2 Model Prest
No Cx,Cy depth, Compressive Ratio, Transferred, Load, Predicted EC2-E V—E
(mm) d Strength, p Mot Ptest Load, Predicted &
(mm) o, (%) (kNm) (kN) Vg Load,
(N/mm?) (kN) Veca—k Pregt
(kN) VECZ—E
2 199 120 21.5 0.92 (460) 14.60 159.00 154.17 154.17 1.03
3 254 120 21.5 0.92 (460) 14.60 144.00 168.89 168.89 0.85
4 254 120 21.5 0.92 (460) 19.00 207.00 168.89 168.89 1.23
5 254 120 21.5 0.92 (460) 14.60 144.00 168.89 168.89 0.85
Mean 0.99
Standard Deviation 0.18
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Table 6.20 Test and predicted failure loads of slab specimens reported by Surdasana’® as according to EC2?* and using Model EC2-E

Specimen Column Size, Effective Cylindrical Reinforcement Moment Test Failure EC2 Model Prest
No Cx, Cy depth, Compressive Ratio, Transferred, Load, Predicted EC2-E Vg
(mm) d Strength, D Mot Piost Load, Predicted
(mm) o, (%) (kNm) (kN) Vg Load,
(N/mm?) (kN) Veca-E

(kN)
El 203 110 43.6 0.90 (480) 34.40 127.00 173.36 173.36 0.73
E2 203 110 42.4 0.90 (480) 0.00 220.00 171.75 171.75 1.28
E2-1 203 110 52.8 1.20 (480) 34.70 130.50 203.38 203.38 0.64
E2-2 203 110 52.8 1.20 (480) 25.30 178.90 203.38 203.38 0.88
E2-3 203 110 55.0 1.20 (480) 9.60 328.00 206.17 206.17 1.59
E2-4 203 110 55.0 1.20 (480) 16.40 199.00 206.17 206.17 0.97
Mean 1.02
Standard Deviation 0.36

Table 6.21 Comparison between test failure loads and predicted failure loads for edge punching series
as according EC2 and using Model EC2-E

Researcher Number Mean Standard
of Slab Deviation

Stamenkovic and Chapman” 5 0.79 0.50
Zaghloo!® 7 0.84 0.24

Gardner and Shao® 4 0.99 0.18
Surdasana’ 6 1.02 0.36

Total 22 0.91 0.32
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Table 6.22 Test and predicted failure loads of slab specimens by Author as according to EC2%

Specimen Column Effective Cylindrical | Reinforcement Principle Test EC2 EC2 Peest Prest
No Size, depth, Compressive Ratio, Angle of Failure Predicted Predicted Vewar) Veper)
Cx, Cy d Strength, p Biaxial Load, Load Load
(mm) (mm) o, (%) Moment Piost (Parallel | (Perpendicular
(N/mm?) Transfer, (kN) Loading), Loading),
v VE(par) VE(per)
) (kN) (kN)
EWSB1 100 62 38.1 1.31 0 31.58 42.48 - 0.74 -
EWSB2 100 62 41.2 1.31 22.5 44.21 43.61 49.10 1.01 0.90
EWSB3 100 62 37.8 1.31 45 40.00 42.38 47.71 0.94 0.84
EWSB4 100 62 36.9 1.31 67.5 42.10 42.03 47.33 1.00 0.89
EWSB5 100 62 37.7 1.31 90 52.60 - 47.68 - 1.10
EWSB6 100 62 37.1 1.31 0 29.47 37.88 - 0.78 -
EWSB7 100 62 38.7 1.31 22.5 31.58 38.41 48.10 0.82 0.66
EWSB8 100 62 36.7 1.31 45 27.37 37.73 47.21 0.73 0.58
EWSB9 100 62 36.2 1.31 67.5 29.47 37.55 47.02 0.78 0.63
EWSB10 100 62 43.7 1.31 90 48.42 - 50.08 - 0.88
EWSB11 100 62 33.3 1.31 0 27.37 33.21 - 0.82 -
EWSB12 100 62 41.0 1.31 22.5 27.37 35.58 49.04 0.77 0.56
EWSB13 100 62 37.3 1.31 45 25.26 34.46 47.50 0.73 0.53
EWSB14 100 62 37.0 1.31 67.5 25.26 34.39 47.40 0.73 0.53
EWSB15 100 62 37.3 1.31 90 40.00 - 47.51 - 0.84
EFSB1 100 62 48.1 1.31 0 4421 41.31 - 1.07 -
EFSB2 100 62 43.8 1.31 22.5 44.21 40.03 50.13 1.10 0.88
EFSB3 100 62 41.9 1.31 45 46.31 39.44 49.39 1.17 0.94
EFSB4 100 62 44.1 1.31 67.5 48.42 40.13 50.25 1.21 0.96
EFSB5 100 62 32.9 1.31 90 52.63 - 45.56 - 1.16
EWSCE1 100 62 36.9 1.31 0 41.05 37.81 - 1.09 -
EWSCE2 100 62 36.8 1.31 0 36.84 37.78 - 0.98 -
EWSCE3 100 62 38.5 1.31 0 31.58 38.36 - 0.82 -

Chapter 6




340

Mean 0.91 0.81
Standard Deviation 0.16 0.20
Table 6.23 Test and predicted failure loads of slab specimens reported by Author using Model EC2-E
Specimen Column Column Effective Cylindrical | Reinforcement | Principle Angle Moment Test Model Prest
No Size, Size, depth, Compressive Ratio, of Biaxial Transferred, Failure EC2-E Vg
Cy Cy d Strength, p Moment Miest Load, Predicted
(mm) (mm) (mm) o, (%) Transfer, (kNm) Piest Load,
(N/mm?) v (kN) Vi
() (kN)
EWSB1 100 100 62 38.1 1.31 0 1.58 31.58 34.72 0.91
EWSB2 100 100 62 41.2 1.31 225 2.21 44.21 35.89 1.23
EWSB3 100 100 62 37.8 1.31 45 2.00 40.00 35.59 1.12
EWSB4 100 100 62 36.9 1.31 67.5 2.11 42.10 36.43 1.16
EWSB5 100 100 62 37.7 1.31 90 2.63 52.60 38.12 1.38
EWSB6 100 100 62 37.1 1.31 0 2.95 29.47 31.50 0.94
EWSB7 100 100 62 38.7 1.31 22.5 3.16 31.58 32.36 0.98
EWSB8 100 100 62 36.7 1.31 45 2.74 27.37 33.02 0.83
EWSB9 100 100 62 36.2 1.31 67.5 2.95 29.47 34.89 0.84
EWSB10 100 100 62 43.7 1.31 90 4.84 48.42 40.04 1.21
EWSB11 100 100 62 333 1.31 0 411 27.37 28.01 0.98
EWSB12 100 100 62 41.0 1.31 22.5 411 27.37 30.57 0.90
EWSB13 100 100 62 37.3 1.31 45 3.79 25.26 31.24 0.81
EWSB14 100 100 62 37.0 1.31 67.5 3.79 25.26 33.92 0.74
EWSB15 100 100 62 37.3 1.31 90 6.00 40.00 37.98 1.05
EFSB1 100 100 62 48.1 1.31 0 4.42 44.21 40.88 1.08
EFSB2 100 100 62 43.8 1.31 22.5 4.42 44.21 40.24 1.10
EFSB3 100 100 62 41.9 1.31 45 4.63 46.31 41.49 1.12
EFSB4 100 100 62 44.1 1.31 67.5 4.84 48.42 45.35 1.07
EFSB5 100 100 62 32.9 1.31 90 5.26 52.63 45.10 1.17
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EWSCE1 100 100 62 36.9 1.31 0 2.05 41.05 34.35 1.20
EWSCE2 100 100 62 36.8 1.31 0 3.68 36.84 31.41 1.17
EWSCE3 100 100 62 38.5 1.31 0 4.74 31.58 29.40 1.07
Mean 1.05

Standard Deviation 0.16
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Figure 6.6 Moment transfer mechanism for edge column by EC2%
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Chapter 7 Conclusions and

Suggestions to Future Works

7.1 Introduction

The main objective of this research was to investigate, through experimental and analytical
studies, the punching shear mechanism in waffle slabs in the presence of biaxial moment
transfer at the internal and edge column connections. The experimental works involved
destructive testing of slab specimens, which consisted of internal and edge column slabs.
Three distinct punching shear failures were observed, which were: the concentric punching
at internal column mechanism, the eccentric punching at internal column mechanism and

the edge punching mechanism.

Based on the experimental findings, an analytical study, based on the plasticity approach,
was carried out on all slab specimens; and three theoretical models were developed for the
observed punching shear failure mechanisms. Furthermore, three design models extended

from that of the EC2?** have also been proposed.

7.2 Experimental Programme

A total of thirty-eight 1/10™ scale slab specimens, of which fifteen were internal column
specimens and twenty-three were edge column specimens, were tested and all specimens

failed in punching shear failure.
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The experimental programme observed three distinct punching shear failures, which were:
the concentric punching at internal column mechanism, the eccentric punching at internal

column mechanism and the edge punching mechanism.

7.2.1 Internal Column Series

7.2.1.1 Concentric Punching at Internal Column Series

In this series, the slab specimen was tested in the absence of moment transfer from the

column to the slab at internal column connection.

The concentric punching mechanism of waffle slab at internal column was observed to be
similar to that of a solid flat slab. The specimen failed in a sudden rupture failure and in a
sudden drop of shear resistance from its peak. At failure, the failure surface was
characterized by internal cracks propagated from the vicinity of column, through the slab
thickness, to the support at about 28 degrees inclination. In cases where the supports were
further away, 22 degrees inclination was observed. In plan, a complete solid revolution of
concrete was formed at the centre of the slab specimen, which was separated from the
main slab vertically leaving the rest of the slab remaining rigid. However, the distinct
difference between a waffle slab specimen and a solid flat slab is the reduced solid section at
the column vicinity to form a complete solid of revolution due to some of the potential

failure surface was lost when it entered the waffle section.

Cracks were first observed on the tension side of the slab, directly above the column stub.
The observed cracking load was found to be 52% of ultimate capacity of the slab. The
observed cracking load was found to be 17% higher than the actual cracking load mainly due
to the formation of micro-cracks formed within the slab specimen and could not be

identified by the naked eye.
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Prior to punching shear failure, the width of the cracks at the vicinities of the column
widened and more cracks were observed on the tension side of the slab as well as within the

waffle sections on the compression side of the slabs.

7.2.1.2 Eccentric Punching at Internal Column Series

In this series, the punching mechanism was tested in the presence of biaxial moment

transfer from the column to the slab at internal column connection.

The eccentric punching mechanism of waffle slab was found to be similar to that of the
concentric punching mechanism at internal column. However, due to the presence of
eccentric loading, an incomplete solid revolution was formed upon failure and the size of the
solid revolution was dependent on the ratio of load eccentricity to column size. The principle
angle of moment transfer was also observed to influence the orientation and size of the

solid of revolution within the slab specimens.

Cracks were first observed on the tension side of the slab, directly above the column stub.
The observed cracking loads were found to be 52% of ultimate capacity of the slabs. The
observed cracking loads were found to be 14% higher than the actual cracking loads mainly
due to the formation of micro-cracks formed within the slab specimen and could not be

identified by the naked eye.

The punching shear capacity among the waffle slab specimens were observed to be the
highest when the principle angle of moment transfer was orthogonal to the column axis (0°),
followed by 45° and lastly, 22.5°. These were due to the decrease in shear surface being

mobilized as the principle angle rotated.
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An increase in the load eccentricity increased the moment transferred on the slab, thus

reducing the punching capacity of the slab specimens.

Limited differential findings were found when the column orientation is rotated according to
the principle angle of moment transfer. The punching capacity of the waffle slab specimens

was indifferent in regard to the change of column location.

An increase in the size of solid section of waffle slab specimens increased the punching
capacity, mainly due to the increase in the shear failure surface formed within the solid

region.

7.2.2 Edge Column Series

In this series, the edge slab specimens were tested in the presence of biaxial moment

transfer from the column to the slab.

The edge punching mechanism of waffle slab was observed to fail similarly to that of a solid
flat slab. All specimens were found to fail in a very abrupt manner at the last load increment
with a sudden drop of shear resistance from its peak. The observed failure surface was
characterised by internal cracks propagated from the heavily loaded side and the adjacent
side of the column through the slab thickness at about 21 degrees to 28 degrees inclination.
In plan, a complete quarter to half solid of revolution was formed, which was separated
from the main slab vertically. The distinct difference between a waffle slab specimen and a
solid flat slab specimen is the reduced shear failure surface to absorb the applied energy,

thus reducing the ultimate punching capacity of the waffle slab specimen.

The size of the solid revolution of concrete formed upon failure was found to be highly

dependent on the ratio of the column eccentricity to the column size. The principle angle of
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biaxial moment transfer was also observed to influence the size of the failure surface within

the slab specimens

Cracks were first observed on the tension side of the slab, directly above the column stub.
The observed cracking loads were found to be 52% of ultimate capacity of the slabs on
average. The observed cracking loads were found to be 16% higher than the actual cracking
loads mainly due to the formation of micro-cracks formed within the slab specimen and

could not be identified by the naked eye.

The punching shear capacity of the waffle slab specimens were observed to be the highest
when the principle angle of moment transfer was set to 90° (perpendicular to slab free
edge), followed by 22.5°, 67.5°% 45° and lastly 0° (parallel to slab free edge). The decrease in
punching shear capacity was due to the decrease in shear surface being mobilized as the

principle angle rotated.

An increase in the load eccentricity increased the moment transferred on the slab

specimens, thus reducing the punching capacity of the slab specimens

The punching shear capacity of the waffle slab specimens were found to be higher when the
column was placed at the free-edge of the slab and at the centre-edge of the slab. The
increase in punching shear capacity was mainly due to a steeper angle of inclination
separating the solid revolution of concrete from the remaining part of the slab when the
column was loaded at the centre-edge, therefore more work required to mobilize the solid

revolution of concrete.

An increase in the size of solid section of waffle slab specimens increased the punching
capacity, mainly due to the increase portions of the potential failure surface formed within

the solid section.
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7.3 Theoretical Model

Three theoretical models were proposed to predict the ultimate punching capacity of the
slab specimens: concentric punching at internal column; eccentric punching at internal
column and edge punching. The theoretical models were derived based on the observation

of punching failure mechanism as reported in the experimental programme.

All theoretical models were derived from the upper bound approach using the theory of
plasticity for internal and edge punching shear of flat solid slabs. These theoretical models
calculate the total plastic work dissipated on the loss of shear area for different failure

mechanism before equating to the predicted failure loads.

The punching strength of a waffle slab was differentiated into two main geometrical

categories:

a. Causing a reduction in shear failure surface:
i) Solid of revolution extends into the waffle section with losses in the
shear failure surface
b. Causing no reduction in shear failure surface:
i) Solid of revolution extends into the waffle section with no losses in
the shear failure surface

ii) Size of solid section wider than solid of revolution

A shear retention factor was also applied to the theoretical models in the prediction of the
ultimate punching capacity of slab specimens cast from micro-concrete having maximum

aggregates size of 2.36 mm.
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7.3.1 Internal Column Series

7.3.1.1 Concentric Punching at Internal Column Series

The concentric punching at internal column theoretical model predicts the punching capacity
of both waffle and solid slab specimens in the absence of moment transfer at internal

column.

This model is able to predict for punching capacities of waffle slabs as the model considers
changes in the slab thickness that extend into the assumed solid of revolution which cause a

reduction in the shear failure surface, thus reduce the punching capacity of the slab.

In predicting the shear failure surface, the model adopted Regan’s approach®” but modified
the effective depth to the height of the slab. This is mainly due to Braestrup et al.’s
argument™ that the height of the slab specimen is a better justification of shear failure

surface as according to the plasticity approach.

The effectiveness factor, v, of concrete was used to account the limited ductility of concrete
and to accommodate any shortcomings of applying the plasticity theory to predict the

plastic concrete compressive strength.

The proposed model achieved good agreements when compared with test results reported
in the literatures for solid flat slabs (mean of 1.00 and standard deviation of 0.15); and also

achieved good agreement with the Author’s test results on waffle slab (mean of 1.00).

7.3.1.2 Eccentric Punching at Internal Column Series

The eccentric punching at internal column theoretical model predicts the punching capacity
of both waffle and solid slab specimens in the presence of biaxial moment transfer at

internal column.
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Similarly to the concentric punching theoretical model, this model is able to predict
accurately for waffle slabs by accommodating any changes in the slab thickness and applies
the same modification to the Regan’s approach® to predict the shear failure surface.
Besides that, the same effectiveness factor is maintained in this model to predict the plastic

concrete compressive strength.

In order to simulate the reduced shear failure surface as pointed out by Braestrup et al*, an
opening angle at the back of the column face was introduced, which was derived from the
linear shear stress distribution method by DiStasio & Van Buren'’. After obtaining the
opening angle, the effective punching failure surface of revolution can be calculated and
thus, the punching capacity can be determined by finding the product of the sum of internal

plastic work dissipated and the total shear area.

The proposed model achieved good agreements when compared with test results reported
in the literatures for solid flat slabs (mean of 0.97 and standard deviation of 0.14); and also
achieved good agreements when compared with the Author’s test results for waffle slabs

(mean of 1.06 and standard deviation of 0.11).

7.3.2 Edge Column Series

The edge punching theoretical model predicts the edge punching capacity of both waffle and

solid slab specimens in the presence of biaxial moment transfer.

Similarly to the two earlier models, this model is able to predict accurately for waffle slabs
by accommodating any changes in the slab thickness and applies the same modification to
the Regan’s approach to predict the shear failure surface. Besides that, the same
effectiveness factor is maintained in this model to predict the plastic concrete compressive

strength.
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As explained in the eccentric punching at internal column theoretical model, this model also
calculates an opening angle, derived from the shear stress distribution within the column
vicinity. After obtaining the opening angle, the effective punching failure surface of
revolution can be calculated and thus, the punching capacity can be determined by finding

the product of the sum of internal plastic work dissipated and the total shear area.

The proposed model achieved good agreements when compared with test results reported
in the literatures for solid flat slabs (mean of 0.88 and standard deviation of 0.20); and also
achieved good agreements with the Author’s test results on edge waffle slabs (mean of 0.99

and standard deviation of 0.19).

7.4 Design Model

Three empirical design models based on the current code of practice, Eurocode 2??, were
proposed to predict the ultimate punching capacity of the waffle slab specimens: concentric
punching; eccentric punching and edge punching. These design models were based on the
observations made on the ultimate punching capacity of the slab specimens as reported in

Chapter 4.

In general, it adopted the current Eurocode 2 control surface approach, but reduces the
control surface by projecting the loss of shear surface with respect to the total potential

shear surface. The concrete shear strength remains as that reported in the Eurocode 2.

A shear retention factor was introduced to the design models in the prediction of the
ultimate punching capacity of slab specimens cast from micro-concrete with a maximum

aggregate size of 2.36 mm.
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7.4.1 Internal Column Series

7.4.1.1 Concentric Punching Series

EC2 adopts the control surface approach and calculates the punching shear capacities from
the sum of the shear stresses on an imaginary critical shear area positioned at a distance
“2d” from the column faces. However, EC2 does not cover the prediction of punching
capacity of a waffle slab as it does not account for the loss of shear surface area in the waffle
sections. Therefore, an effective shear factor is introduced to simulate the loss of shear area

when computing for the critical shear area.

The current design code EC2 achieved good agreements with the test results reported in the
literatures (mean of 1.10 and standard deviation of 0.15), but overestimated the Author’s
test result (mean of 0.69) due to the presence of waffles. However, with the proposing
effective shear factor, the proposed design model achieved good agreement with the

Author’s test result (mean of 1.00).

7.4.1.2 Eccentric Punching Series

EC2 introduces a moment transfer factor, 8 to reduce the punching capacity when the slab
specimens are loaded at the column in the presence of moment transfer. In this proposed
design model, the effect of the biaxial moment transfer is taken into account by
accommodating the principle angle of biaxial moment transfer within the modified moment

transfer factor, Brca_ik-

Similarly to the concentric proposed design model, an effective shear factor is introduced to
simulate the shear area losses within the waffle sections when computing the imaginary

critical shear area.
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The current design code EC2 achieved good agreement with the test results reported in the
literatures (mean of 0.98 and standard deviation of 0.09), but overestimated the Author’s
test results (mean of 0.73 and standard deviation of 0.20). However, with the proposing
effective shear factor, the proposed design model achieved good agreements with the

Author’s test results (mean of 0.98 and standard deviation of 0.16).

7.4.2 Edge Column Series

EC2 states that when the moment transfer is perpendicular to the slab free edge, the
moment transfer factor, § is set to unity, whereas, when the moment transfer is parallel to
the slab free edge, the moment transfer factor, § is calculated similarly to the eccentric
punching model’s moment transfer factor. However, no explanation was provided by the
EC2 regarding the presence of moment transfer between a parallel loading and a
perpendicular loading. Therefore, this model introduces a modified moment transfer factor,

Brc2—g Which accounts the principle angle of biaxial moment transfer.

Similarly to the earlier two design models, an effective shear factor is introduced to simulate
the shear area losses within the waffle sections when computing the imaginary critical shear

area.

The current design code EC2 achieved good agreement with the test results reported in the
literatures (mean of 0.91 and standard deviation of 0.32), but overestimated the Author’s
test results (for parallel loading, mean of 0.91 and standard deviation of 0.16; for
perpendicular loading, mean of 0.81 and standard deviation of 0.20) like the internal column
series. However, by including the proposing effective shear factor, the proposed design
model achieved good agreements with the Author’s test results (mean of 1.05 and standard

deviation of 0.16).
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7.5 Future Work

Based on the literature review, no study had previously been carried out to investigate the
effect of punching shear in biaxial moment transfer, and that the investigation undertaken

here is only a preliminary exploration in this area, future research is required.

The followings are therefore suggested for future research:

1. Since the study has not covered the corner column slab connection, destructive
testing are required to investigate the effect of punching shear mechanism in the
presence of biaxial moment transfer for waffle slabs in the corner column
connection.

2. Since the study only covered slab specimens cast from micro-concrete, destructive
testing to verify the behaviour of full scale slab specimens are favourable as the size
effect on concrete shear strength is significant.

3. Since the study only covered two different sizes of solid section, destructive testing
on various sizes of solid section in waffle slab specimens are required to establish
the similar effect of punching shear mechanism in the presence of biaxial moment
transfer.

4. Since the study has not covered the punching shear mechanism with the presence of
shear reinforcement, destructive testing are required to investigate the effect of
shear reinforcement in the punching capacity of waffle slabs in the presence of

biaxial moment transfer.
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Appendix A

Theoretical Model for Concentric Punching at Internal Column

A.1 Flow Chart of Concentric Punching at Internal Column Theoretical Model

Section Detail
From slab specimens

Redefine

For circular column, use
equal perimeter square

column
Check Model Limitation
Check if:
C=Ce=Cy; No
By = Cy,By, =2 Cy;
ay &a, > 2.6h
Categorise
Category (a) Category (b)
Compute shear OR Compute shear
surface area, surface area,
Aicia) Aicio)
| |
v

Internal Plastic Work and Shear
Retention Factor

Compute sum of internal plastic
work dissipated, w; and shear
retention factor, «

Predicted Punching Capacity

Vic) of View)

Appendix A



366

A.2 Section Details
For any given slab, the following information are required to predict the punching capacity:
Column Size: Cy, C,,
(for circular column, use square column with equivalent perimeter)
Size of Solid Section: By, B,
Top Slab Thickness and Overall Height of Slab: hy, h
Waffle Width: w
Waffle Rib Width: b,.;;,
Shear Spans: a,, a,
Cylindrical Concrete Compressive Strength: g,

Reinforcement Ratios: py, p,,

A.3 Limits and Assumption

If the actual a,; or ay is less than 2.6h, use 2.6h.

A.4 Categories
If axs < ayq 07 ay; and a4 < ayq or ay, then Category (a)

If s = ayq 07 ay; and ayy = ayq o1 ay, then Category (b)

A.5 Category (a)

A.5.1 General Equations (see Figure 5.2)

_ hy _ hy
Ay1 = Ay . ay1 = ay h
ay3? A2
_ 2 y3 — 2 X3
Ax2 = [Q 1- ) a,, = |a (1 - )
x2 J x1 ( Ay, V2 J y1 Uy 2
Bx—Cx By-Cy
a = a =
x3 2 y3 2
Ay4 = Ayx3 — brip Ays = Ayz — brip
Axs =W = Qxq Ays =W — Qyy
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Ay = Ax1 — Qy3 ye = Ay1 — Ay3
1 (h _1(h
6,, = tan™1 (—) 6,y = tan™! <—>
a, ay
_1( 2h
Oavg = tan™! ( )
ax+a,

A = ays Aye

Axa Axa
A, = f Vx? — x%dx — f ayz dx
0 0
[a2 —a..2 + a. 2sin~! (%t
Axa Ox1 Axa Qyx1™ SIN

A; = > = [axsays]

QAyx2 QAyx2
A = f VA ? — x%dx — f ay3 dx
Ax3 QAyx30
[ 2 _ Z 4 2 qin—1(Gx2 [ 2 _ Z 4 2 -1 (Ax3
Ax2+/ Ax1 Qx> Qyxq™ SIN At Ax3+/ Ax1 Qx3 Ay~ SIM At
A3 = X — X

2 2

- {[axZay3] - [ax3ay3]}

A.5.2 Total Shear Area in Plan

Atotar = Ty + 20a,Cy + 2a,,C,,

A.5.3 Total Shear Area Loss in Plan

AlOSS = 8141 + 8142 + 4A3

A.5.4 Shear Surface Area, A;¢(q)

[ma,? — (84, + 443)] | [2a,C, — 44;]  [2a,Cy — 444]
€0s Ogyg cos 0, cos 0,

AIC(a) =
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A.6 Category (b)

A.6.1 Shear surface area, ;¢

Arcey = h\/l + (cot Qavg)Z(ZCx +2C,, + mth cot fy,,)

A.7 Punching Capacity
Vic =X widjc
Where:
& = shear retention factor, 0.7 for micro-concrete; and 1.0 for normal-
concrete

w; = sum of internal plastic work dissipated (see Eq. 2.19)
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Theoretical Model for Eccentric Punching at Internal Column

B.1 Flow Chart of Eccentric Punching at Internal Column Theoretical Model

Section Detail

From slab specimens

Redefine

Check Model Limitation

By =Cyx,By 2 Cy;

Check if:
C=Cr=Cy;

ay &a, > 2.6h

For circular column, use
equal perimeter square
column

No

Yes, then categorise:

G\ciple angle of moment transfer and calculate opening anD

A\ \
Category (i) OR Category (ii) OR Category (iii)
0° 22.5° 45°
| I I
v v A 4 v A 4
Category (a) || Category (b) Category (a) || Category (b) Category (a) || Category (b)
Are(ia) Ak(i)(b) Arkiia) A} (o) Agiii a) Aiggiiyb)

v

Internal Plastic Work and Shear
Retention Factor

Compute sum of internal plastic
work dissipated, w; and shear
retention factor, <

Predicted Punching Capacity

Viea) of View)
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B.2 Section Details
For any given slab, the following information are required to predict the punching capacity:
Column Size: C,, Cy
(for circular column, use square column with equivalent perimeter)
Size of Solid Section: By, B,
Top Slab Thickness and Overall Height of Slab: hy, h
Waffle Width: w
Waffle Rib Width: b,
Shear Spans: ay, a,
Cylindrical Concrete Compressive Strength: g,

Reinforcement Ratios: py, py,

B.3 Limits and Assumption

If the actual a, or a,, is less than 2.6h, use 2.6h.

B.4 Categories

B.4.1 Principle Angles of Biaxial Moment Transfer

If principle angle of biaxial moment transfer is set to 0°, then category (i)

If principle angle of biaxial moment transfer is set to 22.5°, then category (ii)

If principle angle of biaxial moment transfer is set to 45°, then category (iii)

B.4.2 Size Reduction
If axs < ayq 07 ay; and ayy < ayq o7 ay, then Category (a)

If ayy = ayq 07 ay; and a,y = a4 0T ay, then Category (b)

B.5 Opening Angle,

Openi le,§ = 87.682 ( Vs _ 5)0'5056
penln angte, = . | ——— U.
gang Vap + Vep
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VAB  __ VU]C"'(MU—Mf)CABAC
vap+vcp  2VyJct+(My—Mg)(cap—ccp)

Where,

B.6

B.6.1 General Equations (see Figure 5.17, 5.18 or 5.19)

— _h - M
(yq = Ay - ay; = a, -
ay3? A2
— 2 y3 _ 2 X3
Ay = |a 1- ) a,, = |a (1 - )
x2 J x1 ( ay,? y2 J y1 Ayq?
By—Cy _ By-G
Ay3 2 ay3 - 2
Qyq = Qx3 — brjp Ayg = Qyz — brip
Ays =W — Qyxy Ays =W — Qyy
Ay = Qx1 — Qx3 Aye = Ay1 — Ay3
h h
— -1(* — -1
0,, = tan (ax) 6,y = tan (ay)

— tan-1
Oavg = tan (ax+ay)

A = ays Aye

Axa

Axa
A, = J Ay1? — x%dx — _[ ay3 dx
0 0

[ 2 2 2 =1 (Axa
Aygr] Ax1° — Ayg” + Ay “ SIN (—ax1)
A; = > - [ax4ay3]

Ax2 Ax2
A; = J Ay’ — x%dx — _[ ay3 dx

ax30

2 _ 2 2 =1 (G9x2 2 _ 2 2 -1 (Gx3
Ay Oxq Ay + a,q“sin (_axl) Ay3+/ Axq a,3° + a,“sin —==

a
As = _ x1
3 2 2

- {[axzayB] - [ax3ay3]}
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B.6.2.1 For category (i)
B.6.2.1.1 For category (a)

B.6.2.1.1.1 Total Shear Area in Plan

3ma,a
Atotal = % +a,Cy +2a,C + v * (any +

nazay)

45°-§
45° 7

Where: y = ratio of angle opening = where 0° < § < 125°

B.6.2.1.1.2 Total Shear Area Loss in Plan
When e = 50mm,

AlOSS = 6A1 + 6A2 + 3A3

When e = 100mm,

Aloss = 5.62A; + 44, + 24,

When e = 150mm,

AlOSS = 4A1 + 4A2 + 2A3

B.6.2.1.1.3 Shear Surface Area, A;g (i) (q)

When e = 50mm,

[(37'[(2;;613/ +y* (ﬂazay)> — (64, + 3A3)] [(axcy +y* (any)) — (2A1)]
+

A = oS Ogyg cos 0,

N [(2a,C,) — (44))]

cos 6,
When e = 100mm,
3maya, Ay Ay,
. ) * ( )) — (44, + 2A3)] [(axcy o (axcy)) _ (ZAl)]
IEM(@) — oS Ogyyg * cos @,
N [(2a,C,) — (3.624,)]
cos 6,
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When e = 150mm,

<3T[a—xay fy (T[azay)) — (44, + 2A3)] . [(any +yx (any)) - (2A1)]

4
Ay () =
oS Ugyg oS B,
[Ca,0) - eay)
cos 6,

B.6.2.1.2 For category (b)

B.5.2.1.2.1 Shear Surface Area, A ;) p)

T a2 3mhcotf mth cot @

45°-8

Where: y = ratio of angle opening = TR

where 0° < § < 125°
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B.6.2.2 For category (ii)
B.6.2.2.1 For category (a)

B.6.2.2.1.1 Total Shear Area in Plan

3rmaya,

naxay)

+1.08a,Cy, + 1.92a,C, + v * (0.92axcy +0.08a,Cx +—,

Atotal =

45°-§
45° 7

Where: y = ratio of angle opening = where 0° < § < 125°

B.6.2.2.1.2 Total Shear Area Loss in Plan
When e = 50mm,

Alpss = 6.154; + 6.184, + 345

When e = 100mm,

AlOSS = 5141 + SAZ + 2A3

When e = 150mm,

Alpss = 441 + 3.874, + 245

B.6.2.2.1.3 Shear Surface Area, A/ (ij)(a)

When e = 50mm,

3na,a ma,a
K T2+ v (—5 y))—(6.18A2+3A3)]

AlgGin @) = €05 Bang
[(1.08any +y % (0.92a,C,) ) - (2.15,41)]
+ cos 0,
[(1.92a,C, + y  (0.08a,,C,) ) — (44,)]
+ cos 6,

When e = 100mm,
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3
(52

Alg(iy(a) = €05 Oy
[(1.08a,C, + + (0.92a,C,)) - (24)]
+ cos 0,
[(1.92a,C, + v« (0.08a,C,)) - (34))]
+ cos 6,

When e = 150mm,

3ma,a ma,a
K L +y (= y)) — (3.874, +2A3)]

AlgGin (@) =

€os Uy
. [(1.08a,C, + + (0.92,C,)) - (24)]
cosf
(1920, + v+ (o.égaycx)) — (24y)]
+ Ccos 0,

B.6.2.2.2 For category (b)

B.6.2.2.2.1 Shear Surface Area, Ajg i) (b)

> 31mh cot O
Aggiiyw) = /1 + (cot ) [1.92Cx + 1.08C, + — +y

tth cot 6
* (0.08Cx +0.92C, + —)]

Where: ¥ = ratio of angle opening = %, where 0° < § < 125°
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B.6.2.3 For category (iii)
B.6.2.3.1 For category (a)

B.6.2.3.1.1 Total Shear Area in Plan

3na,a
Arotar = =3+ 15,0, +15a,C; + ¥ » (0.5a,Cy +0.5a,C, +

naj;ay)

45°-§
45° 7

Where: y = ratio of angle opening = where 0° < § < 125°

B.6.2.3.1.2 Total Shear Area Loss in Plan
When e = 50mm,

AlOSS = 6A1 + 6A2 + 3143

When e = 100mm,

Appss = 441 + 44, + 343

When e = 150mm,

Alpss = 4A; + 3.324, + A3

B.6.2.3.1.3 Shear Surface Area, A iii)(a)

When e = 50mm,

3ma,a, i} (naxay)> (64, + 343)
Al Giiiy(a) = C0S Oarg -
. [(1.5axcy +y (o.5axcy)) - (3A1):
cos 0,
. [(1.5aycx +y (o.5aycx)) - (3A1):
cos 6,

When e = 100mm,
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?mexay 4y (”axay)) — (44, + 34,)
Al Gity(@) = €0 Oang -
. [(15a,C, +7 « (05a,C,)) - (24y)]
cos 0,
. (150, +7 % (05a,C,) ) - (24y)]
cos 6,

When e = 150mm,

3ra,a na,a
[( L +y (= y))—(3.32A2+A3)]

Al iy (a) =

€0s U4
.\ [(1.5axcy +yx (O.Sany)) - (2A1)]
cos 6,
[(1.5aycx +y* (0.5aycx)) - (2A1)]
+ cos 0,y

B.6.2.3.2 For category (b)

B.6.2.3.2.1 Shear Surface Area, Ak jii)(b)

5[3Cx | 3Cy  3mhcotd Cy C, mhcotf
Apg i) = by 1+ (cot0) [T+T+T+y*(7+7+ 7 )]
45°-5

Where: y = ratio of angle opening = where 0° < § < 125°

45° '’

B.7.1 Punching Capacity
Vig =X wiAjg
Where:
& = shear retention factor, 0.7 for micro-concrete; and 1.0 for normal-
concrete

w; = sum of internal plastic work dissipated (see Eq. 2.19)
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Appendix C

Theoretical Model for Punching at Edge Column

C.1 Flow Chart of Edge Punching Theoretical Model

Section Detail Redefine

From slab specimens

For circular column, use
equal perimeter square

column
Check Model Limitation
Check if:
C=C=0Cy;
By 2 Cy,By, 2C,y; No
ay & a, > 2.6h

v

Yes, then categorise:
Principle angle of moment transfer and calculate the opening angle, §

A4 N2 / A4 N4
Category (i) OR Category (ii) Category (iii) Category (iv) Category (v)
0° 22.5° 45° 67.5° 90°
(a) (b) (a) (b) (a) (b) (a) (b) (a) (b)
AE(i)(a) AE(i)(b) AE(ii)(a) AE(ii)(b) AE(iii)(a) AE(iii)(b) AE(iv)(a) AE(iv)(b) AE(V)(a) AE(V)(b)

[ | [ [ [ [ | |
v

Internal Plastic Work and Shear
Retention Factor

Compute sum of internal plastic
work dissipated, w; and shear
retention factor, <

Predicted Punching Capacity

VE(a) or VE(b)
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C.2 Section Details
For any given slab, the following information are required to predict the punching capacity:
Column Size: C,, Cy
(for circular column, use square column with equivalent perimeter)
Size of Solid Section: By, B,
Top Slab Thickness and Overall Height of Slab: hy, h
Waffle Width: w
Waffle Rib Width: b,
Shear Spans: ay, a,
Cylindrical Concrete Compressive Strength: g,

Reinforcement Ratios: py, py,

C.3 Limits and Assumption

If the actual a, or a,, is less than 2.6h, use 2.6h.

C.4 Categories

C.4.1 Principle Angles of Biaxial Moment Transfer

If principle angle of biaxial moment transfer is set to 0°, then category (i)

If principle angle of biaxial moment transfer is set to 22.5°, then category (ii)
If principle angle of biaxial moment transfer is set to 45°, then category (iii)
If principle angle of biaxial moment transfer is set to 67.5°, then category (iv)

If principle angle of biaxial moment transfer is set to 90°, then category (v)

C.4.2 Size Reduction
If axs < ayq 07 ay; and ayy < ayq o1 ay, then Category (a)

If ayy = ayq OT ay; and a,y = ay4 0T ay, then Category (b)
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C.5 Opening Angle, 8

Vg 0.5056
Opening angle, § = 87.682 * (— — 0.5)
Vap + Vcp

Where VaAB VU]C+(MU_Mf)CABAC
! vap+vcp  2VyJct+(My—Mg)(cap—ccp)

C.6

C.6.1 General Equations (see Figure 5.40, 5.41, 5.42, 5.43 or 5.44)

_ hy _ hy
@1 = Qe \ L7 Ayr = Ay \* =%
2 2
— 2(1 _ %ys” — 2 (1 _ Gxs
Ay = \/am (1 ay12> Ay, = Jay1 (1 ax12)
2 2
— 2 Ays _ 2 ( Axq )
a,.; = |a 1-—— a,; = |a 1-—
X3 \/ x1 ( aylz) y3 \/ y1 axlz

Ays = By — Cx ay4—=Bx_Cx
Qys = Qxq — brip Ays = Qygq — brip
Axe = W — Qys Ayg = Qyg — W
O2x = tan™" (i) Bzy =tan~! (£>
ay ay

(lys
Ay = Y — f Ayq dy
Ay
2 2 2 cin—1 (%5
Ax1Qys [Ay1” — Ays” + Ax10y1° SIN a_yl
I o |
. (a
[axlay6 ay1% — aye? + ayp 0y, sin~? (a—i’/i>“
o - f ~ ([exstys] - [ecaaye]}
l g J
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ay3
Az = - Qg dy
Aya
”axlay3 /aylz — ay3% + ay1a,,% sin”? (Z—ﬁﬁ
A, =
| il " |
. (a
[axlay4 /aylz — ays? + ay10,,% sin”? (a—i‘D“
. : f ~ ([exstya] - [eaaya]}
l J
A, =
(o 2 _ 2 2 . —1 (Qxs
axsayl Ayq Ays + A1 ayl sin a
- x1
A4 - - [axsay4]

20,4

As = aye * (ays — ays)
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C.6.2.1 For category (i)
C.6.2.1.1 For category (a)

C.6.2.1.1.1 Total Shear Area in Plan

3rmaya, Taya,,
Atotal = 5 +a,Cy+a,Ce+ v+ (any + 3 )
. . 45°-§
Where: y = ratio of angle opening = e where 0° < § < 45°
Tayay, a,Cy a,Cy Tmaya,
Aot =+ axly 2y (S5

Where: y = ratio of angle opening = %, where 45° < § < 90°

Ta,a,

a, Cy N naxay)

+any+y*( 3

Atotal =

35°-6

5o

Where: y = ratio of angle opening = L , where 90° < § < 125° (anything more

than 125°, use 125°)

C.6.2.1.1.2 Total Shear Area Loss in Plan
For 50 mm,

Appss = A1 + Ay + 243 + 24, + 245
For 100 mm,

Appss = A1 + A5 + Az + Ay + 45

For 150 mm,

AlOSS = A1 +A2 + A3 + 071A4

C.6.2.1.1.3 Shear Surface Area, Ag () (q)

For 50 mm,

3maya, Mayxay\\
y * ( 8 )> (Az + 2A3 + 2A4)] + [(axcy) _ Al]

8
Asw@ = oS Ogyg cos B,
[(any +yx (any)) — (2A5)]
+ cos 0,
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For 100 mm,

ma,a, Ta,ay
< 8 +V*( 8

)> — (A + A3 + Ay) o6y~

Apy(@) = C0S Oang cos B,
(a6 - 45
cos 6,
For 150 mm,
Taya, (naxay)> B
Cy—A y *(a
o XN I (R CY:)

€os 4y cos 0, cos 6,

C.6.2.1.2 For category (b)

C.6.2.1.2.1 Shear Surface Area, Ag(;)(p)

> 31'[h cotf Tth cot @
AE(l)(b) = h\/ 1+ (COtG) [C + C 3 —+y* (Cy + 3 )]

Where: y = ratio of angle opening = 55 where 0° < § < 45°

> [Cx mth cot 6 C, Tmhcotf

Where: y = ratio of angle opening = 200 where 45° < § <90°

> tmth cot 8 C, Tmhcotf
Agiyp) = I/ 1+ (cotB) [Cy + 3 +y * (7 + 5 )]

o__

Where: y = ratio of angle opening = 135

P where 90° < § < 125° (anything more

than 125°, use 125°)
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C.6.2.2 For category (ii)
C.6.2.2.1 For category (a)
C.6.2.2.1.1 Total Shear Area in Plan

1.95maya,
Atotar = 2 + 1.08a,(y + a,,Cy + y x| 0.92a,C, +

0.05maya,,
4

Where: y = ratio of angle opening = %, where 0° < § < 45°

1.05na,a, 0.97ma,a,
Atotar = — 2z + a,Cy +0.92a,C; + v * (O.OSaXCy + 0.08a,Cy + T)
Where: y = ratio of angle opening = %, where 45° < § < 90°
0.95ma,a, 0.1ma,a,
Aotar = ————+0.92a,C, +0.08a,Cy +  * (0.08any +0.84a,C, + T)

o

Where: y = ratio of angle opening = 1355:6, where 90° < § < 125° (anything more
than 125°, use 125°)

C.6.2.2.1.2 Total Shear Area Loss in Plan
For 50 mm,

Appss = A1 + 1414, + 245 + 24, + 245
For 100 mm,

Apss = A1 + A, + Az + A4 + 1.21A4;4
For 150 mm,

AlOSS = A1 + A2 + A3 + A4 + 09A5

C.6.2.2.1.3 Shear Surface Area, Agjj)(a)

For 50 mm,
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1.05ma,a 09ma,a
2Vt y« (%)) — (1414, + 245 + 2A4)]

)
ApGn@ = €05 Oavyg
[(axCy + v+ (0.08a,C,) ) — (A1)
+ cos 0,
[(0.92a,C, + * (0.08a,C,)) - (245))
+ cos 6,
For 100 mm,
0.95 0.1
I oy (R m)) — (A + A3 + Ad]
Ay () = €05 Oy
[(0.92axcy +yx (0.08any)) - (Al)]
+ cos 0,
[(0.08a,C, + + (0.84a,C,)) - (1.2145)]
+ cos 0,y

For 150 mm,

0.95ma,a, N (O.lnaxay
—————— * ——

7 )) —(A; + Az + A4)]

)
Ag(in@ = €05 Oang
. [(0.92a,C, + + (0.08a,C,)) - (4y)]
cos 0,
[(0.08a,C, + * (0.84a,C,)) - (0.945))
+ cos 0,

C.6.2.2.2 For category (b)
C.6.2.2.2.1 Shear Surface Area, Agij)(p)

> 1.95mh cot 6 0.051th cot 8
Agiyp) = h1 + (cot8) [Cx +1.08C, + ——,——+y+ (0_9zcy n T)]

Where: ¥ = ratio of angle opening = %, where 0° < § < 45°
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1.05mth cot @

Apanp) = b1+ (cotd)? [0.9ZCx +C, + ——t7

0.91th cot 9)}

* (O.OSCX + 0.08C,, + )

o

6, where 45° < § < 90°

Where: y = ratio of angle opening = 925:

> 0.95mh cot O
Aginw) = b1+ (cot8) [0.0SCx +0.92C, + — +y

0.1mth cot @
. (O.84Cx +0.08C, + T)]

35°-8

5o

Where: vy = ratio of angle opening = L , where 90° < § < 125° (anything more

than 125°, use 125°)
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C.6.2.3 For category (iii)
C.6.2.3.1 For category (a)

C.6.2.3.1.1 Total Shear Area in Plan

na,a 3a,C a,C
Atotal = ;y+ ;y+aycx+y*(xy)

Where: y = ratio of angle opening = %, where 0° < § < 45°

3ra,a
Atotarl = 8x Y+ axCy +ay,Cy + v * (

aCy N na;ay>

Where: y = ratio of angle opening = %, where 45° < § < 90°

Taya, ayC, a,Cy aCy, a,Cy maya,
Acotat =7 2 2 (2 2 8 )

35°-6
45° 7

Where: y = ratio of angle opening = L where 90° < § < 125° (anything more

than 125°, use 125°)

C.6.2.3.1.2 Total Shear Area Loss in Plan
For 50 mm,

Appss = 12841 + 24, + 2A3 + 2A4 + 245
For 100 mm,

Aposs = A1 + 1494, + 245 + 244 + 245
For 150 mm,

AlOSS = A1 +A2 +A3 +A4 + 2A5

C.6.2.3.1.3 Shear Surface Area, Agjji)(a)

For 50 mm,

3
[(M A et )) — (24, + 245 + 2A4)]

8 8
Agiiiy(@) = <05 Oang
[(axCy + v+ (0.50,C,)) - (1.2841)]  [(a,Cy) — (245)]
+ +
cos 0, cos 6,
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For 100 mm,
3
% +y (”‘%“Y)) — (1494, + 245 + 2A4)]
AgGiny(a) = €0S Ogpg
[(any 4y % (O.Sany)) - (Al)] [(ayCy) — (245)]
+ cos 0, + cos 6,
For 150 mm,
Ta,a na,a
et )
Ag(iiiy(a) = oS Bgyg
[(0-5(1ny 4y (O.Sany)) - (A1)]
+ cos 6,
[(0-5(1ny 4y (O.Sany)) - (ZAS)]
+ Ccos 0,

C.6.2.3.2 For category (b)

C.6.2.3.2.1 Shear Surface Area, Ag ;i)

> 3C, Tmhcotf Cy
Aginw) = 1 + (cot8) [cx Pty (7)]

45°-§
45° '’

Where: y = ratio of angle opening = where 0° < § < 45°

3mthcotd
8

Cy Tth cot 9)]

Apinm) = W1+ (cotf)? [Cx +Cy + +y (7 —

Where: ¥ = ratio of angle opening = %, where 45° < § < 90°

5[Cx  Cy  mhcotf
Agiiiywy = hy/ 1+ (cot ) [7 + - + 7

N (Cx N Cy N mh cot 9)]
* — ——
Y272 8

Where: y = ratio of angle opening = %;:5, where 90° < § < 125° (anything more

than 125°, use 125°)
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C.6.2.4 For category (iv)
C.6.2.4.1 For category (a)

C.6.2.4.1.1 Total Shear Area in Plan

Taya,
Arotar = +1.92a,Cy + a,Cy + y * (0.08a,C,)
Where: y = ratio of angle opening = 4i;:6, where 0° < § < 45°
1.95ma,a, 0.05may,a,
Atotal = T + any + any + Y * 092any + T

Where: y = ratio of angle opening = %, where 45° < § < 90°

Ty Qy 0.95maya,
Atotal = 2 + 0.08a,Cy, + 0.92a,Cy + y *| 0.92a,C, + 0.08a,Cy + ————

4

35°-6

5o

Where: y = ratio of angle opening = L
than 125°, use 125°)

, where 90° < § < 125° (anything more

C.6.2.4.1.2 Total Shear Area Loss in Plan
For 50 mm,

Ajoss = 1.86A;1 + 24, + 2A5 + 2A, + 245
For 100 mm,

Appss = A1 + 245 + 2A5 + 24, + 245

For 150 mm,

AlOSS = Al + AZ + 2A3 + 2A4, + 2A5

C.6.2.4.1.3 Shear Surface Area, Ag(iy)(q)

For 50 mm,
1.95na,a 0.05ma,a
[ —ty (%)) — (24, + 245 + 2A4)]
A =
E(iv)(a) cos Qavg
. [(axcy +yx (0.92axcy)) — (1.864,)) . [(a,C.) — (245)]
cos 6, cos b,

For 100 mm,
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Ta,a 0.95ma,a
ahet TS VAN (%)) — (24, + 245 + 2A4)]

Ag@ivy(a) = €05 Ong
[(0.08a,C, + + (0.92a,C,)) - (4y)]
+ cos 0,
[(0.92a,C, + * (0.08a,C,)) - (245))
+ cos 6,
For 150 mm,
Taxly | oy (_0'9572%%)) — (A + 2435+ 2A4)]
A =
E(iv)(a) cos eavg
[(0.08any +yx (0.92axcy)) - (Al)]
+ cos 0,
. [(0.92a,¢, + * (0.08a,C,)) - (245))
cos 0,y
C.6.2.4.2 For category (b)

C.6.2.4.2.1 Shear Surface Area, Ag (i) (p)

Ag(iny) = 1+ (C0t0)Z [C, +1.92C, + 2 4+ y + (0.08C, )|

45°-8

Where: y = ratio of angle opening = 2o

where 0° < § < 45°

1.957h cotd 0.05mh cot @
Agivyp) = hy/1 + (cot 0)2 [Cx +C, + % Fy* (0.92Cy n 114 co )]

Where: y = ratio of angle opening = %, where 45° < § < 90°

Apivypy = b1+ (cot8)? [0.92cx +0.08Cy + =22 + v + (0.08C, + 0.92C, +

0.95mh cot 9)]
4

Where: y = ratio of angle opening = 135724

2 where 90° < § < 125° (anything more

than 125°, use 125°)
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C.6.2.5 For category (v)
C.6.2.5.1 For category (a)

C.6.2.5.1.1 Total Shear Area in Plan

mwa,a
Avoral = % +2a,Cy + ayCy + v * (0)

45°-6

Where: y = ratio of angle opening =

Taya,

Atotal = > + any + any + y* (any)

Where: y = ratio of angle opening = %, where 45° < § < 90°

Ay Ay,
Aoty = ———+ any + y* (any +

4 4

Where: y = ratio of angle opening = L

than 125°, use 125°)

C.6.2.5.1.2 Total Shear Area Loss in Plan
For 50 mm and 100 mm,

Aposs = 241 + 2A5 + 245 + 24, + 244
For 150 mm,

AlOSS = ZAZ + 2143 + 2A4 + 2A5

C.6.2.5.1.3 Shear Surface Area, Ag(y)(a)

45° 7

Ta,a,

)

35°—6

45° 7

where 0° < § < 45°

For 50 mm,
na,a
) () - @Azt 2a5+240] [(axCy +v + (@) - 24)]
E@)(@ — oS Ogyg * cos @,
n [(any) - (ZAS)]
cos 0,y
For 100 mm,

where 90° < § < 125° (anything more
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ma,a, Ta,ay
< ) +V*( )

)) — (24, + 245 + 2A4)] . [(y x (any)) — (2,41)]

Apw) (@) = C0S Oy cos 6,
Ly6) - @a9)
cos 6,
For 150 mm,
TAxAy Ty Ay
AE(V)(a) = cos Qavg + Ccos gzx
n [(any) - (2‘45)]
cos b,y

C.6.2.5.2 For category (b)

C.6.2.5.2.1 Shear Surface Area, Ag )

> mh cot

Where: ¥ = ratio of angle opening = %, where 0° < § < 45°

> mh cot 6
AE(U)(b) = h\/ 1+ (COt 9) [Cx + Cy + 5 +y = (Cy)]

Where: y = ratio of angle opening = %, where 45° < § < 90°

5 tth cot @ mh cot 8
Apw)p) = hy1+ (cot8) [Cx + 2 +yx (Cy + 7 )]

35°-6
45° 7

Where: y = ratio of angle opening = ! where 90° < § < 125° (anything more

than 125°, use 125°)
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C.7.1 Punching Capacity
Vg =X w;Ag
Where:
& = shear retention factor, 0.7 for micro-concrete; and 1.0 for normal-
concrete

w; = sum of internal plastic work dissipated (see Eq. 2.19)
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