Part |

INTRODUCTION AND OBJECTIVES ........oooiiieiiiiiiee ettt ettt e e 1
Chapter 1

INTRODUCGTION ..ottt ettt e ettt e e e e ettt e e e e s sttt e e e e essssbsbbaneaesssssssses 3
D FOTOWOIT ...ttt sttt sttt saee s 3
I 60T 11 =1 O 6
Chapter 2

OBJECTIVES AND RESEARCH SIGNIFICANCE ............ccooviiiiiiiieeeeeeiiieeee e e 11
2.1 OBJECLIVES.c..ueeeeeeeeeeeee ettt ettt e ettt et ettt 11
2.2 SPECIfIC ODJECHIVES .....veeeeeeeeee ettt e e et e e e ta e s sve e e sttaaesesseaesansenaeas 11
2.3 Final CONSIAEIALIONS .....cccueeeeieieiiiiiiieieeeee ettt 12
Part Il

LITERATURE SURVEY ON SHEAR IN FRCBEAMS............ooviiiiiiiiiiieiceeeeeceeeee e 17
Chapter 3

LITERATURE SURVEY ON SHEAR IN FRCBEAMS............ooviiiiiiiiiiiiieeeeeeeeeeeee 17
3.1 INELOAUCTION ...t 17
3.2 On steel fiber reinforced concrete (SFRC).........uueecueeeeeeeeeeeeeeeesieeeeeveeeeceeeeesirenann 18
3.3 Fibers effects 0N SNEAr BENAVION ............oueeeeeeeeeiiieieeeeeecccieie e eeescceeaea e e escsaaaaaa s 24

On Shear Behavior of structural elements made of steel fiber reinforced concrete - PhD thesis



3.4 Steel fibers as SNEAr reiNfOrCEMENTt ............ooeecveeeeeieeeeeiieeeceeeecee e e st e e e eaeaeesaeeens 30
3.5 FQIlUIES MOUES ...ttt 32
3.6 Fibers inflUence 0N SiZe EffECt .........cueeeecvieeeeeeeeeeeeeeee et e s e e saeea s 34
3.7 Fibers influence on serviceability limit state (SLS) and durability ...............cceccuun... 37
3.8 Reduction Of Production COSt ..........c.eumueemiierieiniieeieesieeeee sttt 38
3.9 Combination of steel fibers and StirrUPS ............cceeeeeercieeeceeniiieeeeeeeee e 38
3.10 Shear models and Design COUES .........cccuuueeecueieeiiieeeieeeeiiieeesteeeeseea e e ceaeesaeeens 39
3.11 Parameters influencing in shear behavior of FRC beams............ccccccovuveeevvveeecunenn.. 47
3.12 Fibers influence on defleCtion ............cccueeeeceueeeesiiieeeecieeeeecieeeeciee e sceaeecaeaeesreeann 53
3.13 Fibers influence on dowel QCLION...........c.c.eeeeeercieeeieiiieieeeeeeeee e 54
3.14 Hollow Core Slabs (HCS) Made With FRC ...........ccueeeueecieeeiieesiieecieesieesieesisessee s 55
3.15 IMPOITANT NOTE ...ttt 61
I Y -4 =1 4 =1 ol =X OSSR 62
Part Ill

EXPERIMENTAL TESTS ...ttt e e 75
R 00T a1 =1 T w3 ) il e T o | USRS 75
1.2 Design Codes USEd i PAIt Il ............coecueeeeeuieeesciiieeeeiieeesieeessvieaeesieaasssieaesssseaenns 77
Chapter 4

EXPERIMENTAL TESTS IN PARAMETERS INFLUENCING ON SHEAR .............ccceeeeeeeennnes 81
4.1 INEFOGUCEION. ...ttt sttt sttt e st 81
4.2 CONCrete MiX A@SIGN ......ccueeeeeeiieei ettt a e e e s ettt e e e e e e e ssattaeaaeeeesssssenees 82

On Shear Behavior of structural elements made of steel fiber reinforced concrete - PhD thesis



4.3 Concrete properties and production CONrol .............cccvueeeevereesiieeeeeciieeesiieeesirenann, 84

4.4 Experimental program and the results QNalysis.............ccceoeceeveecieeeeeciereeciieeesirenann, 86
4.5 CONCIUSIONS ...ttt 101
4.6 REFEIONCES..c....eoeeeieeseeeee ettt ettt et e et e e eesaee e 102
Chapter 5

EXPERIMENTAL TESTS ON FIBERS INFLUENCE ON THE SIZE EFFECT ON SHEAR........... 105
5.1 INEOAUCTION ...t 105
5.2 MGEEIIQIS ...ttt 106
5.3 Concrete properties and production CONrol..............ccccueeeeviuveeccieeeesiireeeiveeeeinnn 108
5.4 EXPerimental Program ...........cuceoueeesueeeiieeesee ettt 111
5.5 CONCIUSIONS ..ottt ettt et e s eesaee e 135
5.6 RESOIEICES. ...ttt ettt ettt et e e saee e 136
Chapter 6

EXPERIMENTAL TESTS TO STUDY THE INFLUENCE ON THE SHEAR BEHAVIOR OF FIBERS

OF DIFFERENT CHARACTERISTICS ........ooiiiiiiiieeeee et 139
6.1 INELOAUCTION ...ttt 139
6.2 EXPErimental Program ...........eueeeeeeuiieeieeeeeecceieeeee e eeesitateaaeeeesitssaaeaeesesstaseaaaaeeaas 141
6.3 Results of the concretes characterization .................ccceeeecvveeesiieeeeesieeeeeiireeeesisenann, 145
6.4 Results of the Shear tests 0N SREQAN ...........ccccueeecceeeeeecieeeeecieeesceeeeeeeeeeesreaeeeiaeaens 147
6.5 CONCIUSIONS ...ttt 157
(O X =4 =1 =1 ol =TSN 157
Chapter 7

EXPERIMENTAL TESTS ON HOLLOW CORE SLABS MADE WITH FRC..........c.cccoceevrunnnne 161

On Shear Behavior of structural elements made of steel fiber reinforced concrete - PhD thesis



7.0 INErOAUCEION. ...t 161
7.2 Experimental iNVEStIGQLION ...........ccccueeeecueeeecieieeeeieeessteeee st e esetaaeesteeeearasaesnees 162
7.3 Tests results ANA QNAIYSIS..........c..ueeeeeueeeeeiieeeecie ettt e e st eeeetae e e s taeeeeeraeaeenees 170
T4 CONCIUSIONS.......eveieenei ettt ettt ettt ettt ettt e s e esane s 183
7.5 Publication Of tReSE rESUILS ........cc.ceoveeeviieieeiieseeee et 184
7.6 REFEIONCES ...ttt ettt ettt ettt ettt e s 184
Part IV

SHEAR DATABASE .......ooiiiiieieeieeeeie ettt ettt ettt ettt st e st et e e esne s 189
Chapter 8

SHEAR DATABASE AND STUDY OF THE PARAMETERS INFLUENCING SHEAR BEHAVIOR

........................................................................................................................................ 189
8.1 INELOGUCEION. ...ttt ettt 189
8.2 DALA SEIECEION ... 190
8.3 Case 1: Beams made without shear reinforcement (concrete neither fibers nor

SEITTUIDS) .ttt e et e ettt e ettt e e e et e e e et e e eeatsaae e tssaaeastssaeesssassasssnaeasseaanaes 192
8.4 Case 2: Beams With Stirrups (N0 fiDers) ..........cuueeeoeeeeeieieeeiiieeeiiee e 199
8.5 Case 3: Beams With fibers (N0 SITUPS) ....c.veeevveevueeeiiesiieeeiieescieeiseesieeeissesiseaeiseaaas 200
8.6 Case 4: Beams With fibers and StIrrUPS ........cccuveeeceeeeeiiieeeeiiiseeeiieeescieeeesieaeesses 207
8.7 PartiCUIQr CASES ........ooueeiieiiiieiieeeseeeee e 210
8.8 Conclusions according to the analyzed shear database................cccovveeeeeeeeeccunnnnn. 236
8.9 Suggestions for Design Codes according to Shear...............ccccuveeeeeecivveeeeeeeeescivennn, 244
B.10 REfOIEINCES...ceueeeeeeieeeeee et e ettt e e e e e ettt a e e e e e ettt a e e e e s e ssataraaaeeeeassssenees 246

On Shear Behavior of structural elements made of steel fiber reinforced concrete - PhD thesis



PartV

CONCLUSIONS AND RECOMMENDATIONS .......ccoooriieiinienieriienieenieenieeee e 249
Chapter 9

CONGCLUSIONS ...ttt sttt et ettt ettt et e et eate e ate s atesaeenbeeteeasesasaeanesaeaaean 251
Chapter 10

RECOMMENDATIONS FOR FUTURE RESEARCH............ccouiiiiiiieieeieieeee e 255
Part Vi

APPENDICES ......c.ooiiieieeieeit ettt et ettt ettt et ettt s et e e aeeaeene e 257
Appendix A

LITERATURE SURVEY ON SHEAR BEHAVIOR IN CONCRETE ELEMENTS WITHOUT FIBERS

........................................................................................................................................ 257
AL BASIC TREOIY ...t eetteeetaa e ettt e e ettt e e e et e e e s taaaeetsaaaesatsaseesssaasaasanaans 257
A.2 Beams without Shear reinforCemMent ............ccueecueeeeecereeeeieeessieeeescieeeseieaessseeeens 265
A.3 Beam with Shear reinforCemeNnt ............covccueeeeecieeeeeiieeeeeieeeesieeeesieesseaeaessseeeens 273
A.4 Parameters influencing shear BeNAVIOF .............c.oeeeeceveeecieeesiiieeeseiisescieaessieeean, 287
A.5 CUIrent DESIGN COUES...........uuueeeeeeeiiieieeeeeeeeetttee e e e eeesteaa e e e e esttsaea e e e e e e sstsanaaaaeeaas 310
A.6 Comments and criticisms to the Design COUES ............ccvuueeeveeviivveeeieseeesiiiereeaaeeann, 334
A.7 Hollow core slabs (HCS) made with concrete without fibers ................cccoueeeune.... 347
A.8 IMPOItANT NOTE ...ttt eaeees 364
N B =) (=] =d Lot USSR 364
Appendix B

FIBER REINFORCED CONCRETE ....... .cccoooiiiiiniienieeieeieeeeeeeieeeee s 379

On Shear Behavior of structural elements made of steel fiber reinforced concrete - PhD thesis



B.1 IMPOrtANT NOTE....cceeeeeeeeeeiiieiiiiiiiiiiieieieieeeieieeetevetetetevevevevevesesaeesesssesesesesasesesssssesenenen
B.2 Other models according to different QUEROYS.............cccueeeecceeeeeciieeeecieeeeciveaeesveenn
B.3 Comments to shear models and to Design COdEes.............ccccuveeivveeeeciveeescienessvennn.
B.4  Analysis Of failure MOAEs ............ccc.ooeueemieieiiieiiieeeeeeee et
B.5 RESEIEINCES. ...ttt
Appendix C

SHEAR DATABASE .........ooioiiiiiciec ettt

On Shear Behavior of structural elements made of steel fiber reinforced concrete - PhD thesis



