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ABSTRACT

Increasing popularity of the strut-and-tie methodology among research communities and
practising engineers is due to its rational analytical approach and its superiority, compared
to the conventionally employed empirical methods for analysing disturbed regions in
structural systems. Nevertheless, this analysis methodology is not used as a routine
procedure in design offices, primarily because of the perceived ambiguity and complexity
involved in appropriate model formulation. In addition, until recently application of the strut-
and-tie methodology has been limited to the prediction of strength, with utilisation of this
modelling technique to capture nonlinear structural deformation being rather minimal [ACI

Bibliography (1997)].

The research project reported herein represents an original contribution to the development
of the strut-and-tie methodology by providing a systematic approach for applying this
modelling technique to nonlinear structural concrete analyses. The study proposes a
orginally developed computer-based strut-and-tie model formulation procedure that permits
prediction of the nonlinear monotonic and cyclic response of structural systems with distinct
reinforcement details. The procedure being presented in this thesis is a refined version of that
reported previously [To e7 al. (2001 & 2002b)] and the accuracy of the analytical modelling

is verified using experimental data.

Several issues pertaining to model formulation are thoroughly investigated. These issues
include the strategy of model formulation for Bernoulli (or beam) and disturbed regions of
structural systems, the satisfactory positioning of model elements, the appropriate stress-
strain material models for concrete and reinforcing steel, the suitable effective strength of
model elements, the inclined angle of diagonal concrete struts in beam and column members,

and the concrete tension carrying capacity and associated tension stiffening effect.



II

In addition, the seismic response of various prototype structures when subjected to the
experimentally employed cyclic forces and the time-history earthquake loadings was
predicted using the originally developed cyclic strut-and-tie models. A summary
encapsulating the findings of this project and recommendations for future research work in

the area of nonlinear strut-and-tie modelling is also presented.



I

ACKNOWLEDGEMENTS

For the course of this research project I feel a deep sense of gratitude:

to my supervisors Dr. J. Ingham, Dr. S. Sritharan and Dr. B. J. Davidson for their much

valued input and guidance;

to my friends for many enjoyable moments we have had during my years at University;

to my parents who have provided me an unlimited amount of support and encouragement;
and to Emeritus Prof. R. Park for his invaluable comments provided as an external examiner.

His recent pass away is a big loss to the concrete and earthquake strengthening research

community.



v
ADSEFACE ..ottt ettt et eeeeeeeee e I
ACKNOWIEAZEMENTS ..............oooviiiiiiiniieeceeeee oo I11
Table of CONLENTS..............cc.ouimmeiiieiiiieee oo IV
LISt Of FAGUIES ..ottt cecocessesesssesessessessesseses e s s e IX
List 0f TADIES ...........cooviiiiiiiiiieeeee e XII
List of Symbols.............c.oooiiiiiioieeeeece et XIII
Chapter 1 - Introduction
1.1 Research OBJECHVE ..o 1
1.2 General Information on Strut-and-Tie Model ..o 1
1.3 Design Procedure for Structural Concrete...........o..o.ooooooooo o TS sl
1.4 Scope Of RESEAICH ...t 2
1.5 Outline of DISSrtation ..............cooiiiooroeooeeeeeeeeeee oo 4
Chapter 2 - Theoretical Background of Strut-and-Tie Methodology
2 INIOAUCHON ... 6
2.2 Historic and Current Developments in Structural Concrete Design....ccooomvieiieii 6
2.3 PlastiCity Truss MOdEL...........ccovuoimiiiiiooeoeeeeeeeee e 8
2.4 Mohr's Compatibility Truss MOdel.......................ooooiooeeeoeooeoooo 10
2.4.1 Compression Field TREOTY..........cocoviiiimiiieioeeeoeeeeece oo 10
2.4.2 Modified Compression Field TREOMY .............coowviororoeooooooooo 11
2.4.3 Softened Truss TREOTY .........coouoioiioioeeeeeoeeeeeeee oo 14
2.5 Strut-and-Tie MOGE! ...........couiiiiiiiir oo 17
2.6 CompUter PACKAGES ............ccouiuiiereoeiiieieeeeeeeeeeeeeeee oo 20
2.6.1 Space Gass 8.0 & SaP 2000 ..................oomvoveeeeeerereioeeeeeeeooo 20
2.6.2 Ruaumoko & Drain-2DX ................ooovieioeeeomeeeee oo 20
2.6.3 Computer Aid Strut-and-Tie (CAST) ..o oo 21
284 NL-STM ..o 22
Chapter 3 - Nonlinear Strut-and-Tie Model Formulation Procedure
S INErOAUCHION ... 23



\%
3.2 Strategy for Model Formulation Procedure...............ooovvovooeeeeeoeoooooeoooooooo 23
3.3 Section FOrCe ANGIYSIS ...........oouuoiieiiieeeeeeeeee oo 25
3.4 Strut-and-Tie Modelling ProCeAUIeS ....................oooooeeeeoroeeeeoeoeeoooeooooooo 25
3.5 Monotonic Model Formulation Procedure................coooowvveveoooooooeoooooo 25
3.5.1 Model Element POSItIONS .................c..o.ooiiieeeeeeeeeeeeeeooeoooooo 27
B.5.2Type 1 EIEMENL. ... ..ottt 31
3.5.2.1 Effective Area of Flexural Concrete Struts.................ooooooooooooooooo 33
3.5.2.2 Effective Compressive Strength of Flexural Concrete Struts................ocoooooo 33
3.5.2.3 Effective Area of Flexural Rebar Struts ...............cooocovooroooooooooo 33
3.5.2.4 Effective Yield Strength of Flexural Rebar Struts ... 36
(@) Rebar Struts in BEAMS .............ooooiiioiceeeeeeeee e 37
(b) Rebar Struts in COIUMNS .............o.oo oo 37
3.5.3TYPE 2 EIEMEN ..ot 38
3.5.3.1 Tension Stiffening EffECt................oooooiioiieeeeeeeeeeeeeeeoeoeeeoeeoeoo 38
3.5.3.2 Effective Area of Flexural Concrete Ties ............o.coowovmoeoooooooooo 39
3.5.3.3 Effective Strength of Flexural Concrete TieS ..........ooovovovooooooooo 40
3.5.3.4 Effective Area of Flexural Rebar TIeS ............cooovorooeeoeoooooooo 44
3.5.3.5 Effective Yield Strength of Flexural Rebar TS ..........oovovovoooeoooooooo 46
(2) Rebar Ties in BEaMS..........oooviviiiieeeeoeeeoeeeeeeeeoeoeeeeoeooo 47
(b) Rebar Ties in COIUMNS............coooiiiiooioeeeeeeeeee e 47
3.5.4 Analytical Charts for Type 1 and Type 2 Elements............o.ooooooo 48
3.5.5TYPE BEIBMENt........oiiiiieie e 48
3.5.5.1 Effective Area of Diagonal Concrete Struts ... 49
3.5.5.2 Effective Strength of Diagonal Concrete Struts .............cocooooooooooooo 49
388 TYPE 4 EIMENt.........iioiiiiiiioieeeeeeee e 49
3.5.6.1 Effective Area of Transverse Rebar Ties...........cocoooovooiooooo 49
3.5.6.2 Effective Strength of Transverse Rebar Ties...........o.ooovoooooooooo 49
(a) Reinforcement ContribUtion ...................o.oooioeee oo 50
(b) Concrete CONtrBULION ........o...oo.v.oc e 50
(c) Externally Applied Load Contribution ................cocoooooooooooooo 52
3.5.7Type B EIBMENt.........ooiiiiiiiiiieo e 53
3.5.7.1 Effective Area of Concrete Struts .............c.ooveeeoueoeoeeoooooooo 53
3.5.7.2 Effective Strength of Concrete Sruts .............ocooooevoeoeooeoeooo 54
3.5.8TYPE B EIBMENt. ... 55
3.5.9 Special structural features in D-regions...............ocooeomoooeooooooo 56
3.5.9.1 Reinforcement Lap SPlCiNg................o.ocoooeeoeeeeeeeeoeeeoooeooo 56
3.5.9.2 Reinforcement Clamping LENGtH ...........co.o..ovivveieeeeeeeees oo 57
3.6 Cyclic Model Formulation ProCeAUre................cooowooooeoeeoeeoeoooooo 58
3.6.1 Model €lement tyPES.........oouoiiieieeeeeeeeeeeeee e 58
3.6.2 Type 1 lement ProPerty..............co.ovomiveeeeeeeeeee oo 59
3.6.2.1 Uniaxial Fibre MOGE! ...............o.oovoieieoe oo 59
3.6.2.2 Effective Area and Strength of Flexural Concrete StrutS..............oooooooo 62
3.6.2.3 Effective Area and Strength of Concrete TIeS .........o.oovvoooroooooeooooo 63
3.6.2.4 Effective Area and Yield Strength of Flexural Rebar Strut-Tie ... 64



VI
3.6.3 Type 2 element PrOPErtY ..........ooooiiiiiioieoeee e 65
3.6.3.1 Effective Area and Strength of Diagonal Concrete Struts............oooooooooo 65
3.6.4 Type 3 element PrOPEMtY ..............oooivimoteeeeeeeeeeee e es e 66
3.6.5 Type 4 element PrOPemty ............co.oooovomiooooeoeeeoe oo 66
3.6.6 Type 5 element ProPerty .............ooo..ouowe oo 67
3.6.7 Reinforcement lap SpPliCe PrOPEMY ............o.ovevoeeereeeeeeoeeeeeeeeeeo 67
3.7 Material models defiCienCIes. ...............o.oo.oooveieeeeeoee oo 68
Chapter 4 - Nonlinear Strut-and-Tie Model Analytical Examples

A INIOAUCHON ... 71
4.2 Reinforced Concrete Cantilever BEams .................ccooomoooooeoooooooo 71
4.2.1 MONOLONIC STM ...t 73
4.2.2 CYClIC STM......cooiuimiiverrecsusesasisrveesssesssasssssssassesasssem ssassssnessessemm s oo eseeseeenses e cesne, 81
4.3 Reinforced Concrete COIUMNS..............o.ooooo oo 87
4.3.1 MONOLONIC STM......oooiiiiiitiee oo 88
4.3.2 CYClIC STM.......oiiiee et 94
4.4 Beam-column bridge KNee-JOiNtS .................o.oouoivioieooooeoooo 97
4.4.1 As-bUilt KNee-JOINt ..o 99
4.4.1.1 Monotonic Knee-joint STM ..............o.co.ooiiioeeoeoeoeceeeoooooo 99
4.4.1.2 Analytical RESUILS ..........co.ocovoioiioiieeeeeeee e 103
4.4.2 Repaired KNee-JOINt.............ooooviiiiiiii oo 105
4.4.2.1 Knee-Joint STM .......ccooiimiiiie oo 105
4.4.2.2 Analytical RESUILS ...........ccooooovoioooeeeeeeeeeeeoeoo 108
4.4.3 Retrofitted Knee-Joint...............ocooovoiiinoiioeeoeeeeoeeeeeeoeooeo 110
4.4.3.1 Knee-Joint STIMS ........coiiiiiiioee oo 110
4.4.3.2 Analytical RESUILS .............ocoooimiiioioeoee oo 110
4.4.4 Redesigned KNee-JOiNt ................co.oooiooioiooeeeeoeeeeoeoeeeoooo 114
4.4.4.1 Knee-Joint STM ........cococoiiimiiiiii oo 114
4.4.4.2 Analytical RESUIS ...........cooooo oo 116
4.4.5 AnalySis REMATKS ..........cocooovmiiiiiooooieeeeee e 118
4.5 Beam-Column Tee-JOINtS ............c..oooiviieoiiie oo 118
4.5.1 Conventionally Reinforced Tee-Joint, IC1 ..........o.ooooiooeooeoooo 119
4.5.1.1 TeeoiNt ICT STM......coioiiiiiiiee e 120
4.5.1.2 Tee-joint IC1 Analytical RESUIS ...............cocovovooooooooo 122
4.5.2 Partially Prestressed Tee-Joint, 1C2 ..............ocoovoioioioooeeooo 124
4.5.2.1 Tee-JoINt IC2 STMS .....ccouiiiiiiiito oo 125
4.5.2.2 Tee-joint IC2 Analytical RESUIS..................ccovoorseooooooooo 127
4.5.3 Fully Prestressed Tee-Joint, IC3 ................ccovuimreomeeoromooooooooo 128
4.5.3.1T€e-JOINt IC3 STIMS.........oooviriieieeee oo 130
4.5.3.2 Tee-joint IC3 Analytical RESUIS ................coovomrioeeoeeooeooo 132
4.5.4 Analysis REMAIKS ...........cooimimiiiioiieeoeoeeeeeeoeeeeeoe 134
4.6 Bridge Portal Frame..........ccocoioioiois oo oo 134
4.6.1 Bridge Portal Frame STM .............oooiiiiiioeee oo 134
4.6.2 Analytical Results for the Bridge Portal Frame ...........coooooooooooooooooooo 137



Vi
4.6.3 Analysis REMAIKS .........coouviiiiiei oo 139
4.7 Multicolumn Bridge BeNntS ............o.ooooi oo 139
4.7.1 Multicolumn Bridge Bent, MCB1..................ooioeuooeeooeoeeeooooooeoooo 139
AT MEBT STM ..o 141
4.7.1.2 Analytical RESUILS ............co.ooooviioioe oo 141
4.7.2 Multicolumn Bridge Bent, MCB2....................cooveoimoeooeooooeoooo 145
4721 MCB2 STMS ... 145
4.7.2.2 Analytical RESUILS ...............ocoooov oo 147
4.7.3 Analysis REMAIKS ..........ccooiiiiiiiieoieeeeeeeeeeeeeeeeeeeoeooeoeo 149
4.8 Building Frame Interior Joint SYStemS ...............cooooovoooooooooo 150
4.8.1 Interior joint system, Units 1and 2 ................ccooovommiooo 150
4807 UNIE T @2 STIMS.c..vommmresesssronsan orusonissss soinssmsasssassse ot sosssmsivenss cstestes st e s 150
4.8.1.2 Analytical Results for Unit 1....................cooooommooooeoo 151
4.8.1.3 Analytical Results for Unit 2....................oocooooooooooooo 154
4.8.2 Interior joint system, UNits 3and 4 ..............cooovovoeooooooo 156
4821 UNIEBSTIMS ...t esees st ee e oo 156
4.8.2.2 TINIG STMS .....ccouomoncommsimsimsssssssomonns o5 dins esssmmcuasrs iesmssosisssbonososomen ke ees e e e e 156
4.8.2.3 Analytical Results for Unit 3 and Unit 4 ... 160
4.8.3 Analysis REMAIKS ...........cocooioiioo oo 160
4.9 Building Frame Exterior Joint SyStems..................cooovvooooooooo 163
4.9.1 Exterior Joint System, Unit-A..................o.cooooiimeoreeo oo 163
e R B S —— 163
4.9.1.2 Analytical Results for Unit-A .................cooooooioooooooooo 167
4.9.2 Exterior Joint System uUnit-B ......................o.ooooooioeoeo 169
49,21 UNIE-B STM c...covusevussanssassrnsinsss sormsarermssensiibssssasssessesasessessossesesssmsommesms s teeeesses s 169
4.9.2.2 Analytical Results for unit-B....................ccccoocoeoee 171
4.9.3 Analysis REMAIKS ...........cccovuoiriimiiioioeoeeoeeoeeoeeoeeooooooo 173
4.10 Reinforced Concrete Building Frame..................ccocooooooo 173
4.10.1 STM of the building frame.......................cocoooooomoooooo 175
4.10.2 Analytical Results for the Building frame SYSteM ... 175
4.10.3 Beam EIONGatON ...........cooovvuiimiieoiioeoeeeeeeeeoeoeeeoeeooooo 179
4.10.4 Analysis REMAIKS .............coccooomimioiooeoeeeeeoeoeeoooo 179
Chapter 5 - Dynamic Analyses using Strut-and-Tie Models

SR L1 T e 181
5.2 Earthquake RECOTAS ...............cuuuiiiiioicoeoeeoeeeeee oo 181
5.3 Calibration for viscous damping.....................cooccoemooooooo 183
5.4 Planar frame model ..............ccoocoooiiiiiimiooooeeeoeeoeo 184
5.5 Bridge portal frame ................cooouirioiiionioeeeeeeeeeeeooo 186
5.5.1 Dynamic Analysis Results for the As-built Bridge Portal Frame ..............ccocooovivvoo, 190
5.5.2 Dynamic Analysis Results for the Redesigned Bridge Portal Frame.............................. 192
5.6 Multicolumn bridge bent................c.cooooooooooiiooooooeo 192
5.7 Building frame SySem ................ccooiiiiiiioeoeeeee e 197
5.8 ANalysis REMAIKS ..........oo.iiviiiieiiiionieiee oo 204



VIII

Chapter 6 - Conclusion and Recommendations

6.1 STM Formulation ProCeAUIES .................ooovuieeeeeeeeeeeee oo 205
6.2 ANAIYHCAI RESUIES ..........commmriaicoreiemenisenmisersanssiremensessassesessassmssenssssms s sson e et e e semes 206
6.3 Model DEfICIENGIES.........c.oviieiiicice e 207
6.4 Model Improvements in Future RESEAICh..................coooovooeeooooooooo 208
6.5 Integrated Design Approach using Strut-and-Tie ModelS ... 208
RELETEICES............oooocoreanissnnssunernensasississsaserssmsssenss asessessasesmssssas s et smse e eeseses ot e eeses e eesnees 211
Appendices
Appendix A - Effective Strength of Flexural Concrete Ties.........o..ocooooooooooooooo 218
Appendix B - Section Force Analytical Charts ................ococomoooeoeoeoooeeeoooo 221
B1BEAM MEMDEIS ..ot 221
B2 Rectangular Column MEmMDETS. ... oo 224
B3 Circular Column MEMDETS..............o.oo. oo 228
Appendix C - Charts of B VAIUES ..................o.oooeeeeoeeeeeeeeeeeeeeeeoeoeo 232



IX

LIST OF FIGURES

Figure 1.1:Different structural models for a portal frame supporting bridge superstructure. .....3
Figure 2.1:Stress-strain distribution along a beam SeCtion. ..............o.evvvrovooeoooooooooooo 7
Figure 2.2:Truss analogy for a beam proposed by Ritter and Mrsch. .........o.ovovooovooooooo 8
Figure 2.3:Structural response and corresponding plasticity representation. .................cccoovn.... 9
Figure 2.4:A reinforced concrete beam subjected to a point 10ad. .............oooooooooooo 11
Figure 2.5:Compression field theory proposed for a reinforced concrete beam. ..........oooo...... 12

Figure 2.6:Comparison of conditions in a cylinder and structural member cracked concrete. . 13
Figure 2.7:Concrete strength degradation factors to account for orthogonal tension effect...... 16

Figure 2.8:Stress-strain curve of reinforced concrete, G =0.5...uiiiieiiiiiiieiiieeneeier s 17
Figure 2.9:B- and D- regions in a multi-column reinforced concrete frame and a strut-and-tie
MOdel FEPrESENTALION. ......c..vuerviruieiieeeieeecee ettt s ses s ee e 18
Figure 2.10:Conceptual strut-and-tie model EXRAIIPIES . o ccnmaisss omeamssssionmmenisisssinabnonssnonsassanadvies 19
Figure 2.11:Analytical example of a corbel structure obtained from CAST......oooooooooooon . 21
Figure 3.1:Material stress-strain characteriStics. ............co.eviveerrevrsoseooooo oo 26
Figure 3.2:Stress-strain characteristics for monotonic STM members.............oo.ooooooooooron. 28
Figure 3.3:Moment-curvature relationships for beam and column sections. ...........oooooooo... 30
Figure 3.4:Circular and rectangular column SECtiONS. .........o..evveveemeeveoreeoseooeooooooooooo 85
Figure 3.5:Determining the effective strength of concrete tes. «.......oovovoooooooooo 41
Figure 3.6:Force-displacement response comparison diagrams. .............oooooooooooooo 45
Figure 3.7:Axial load contribution to member shear SUCTHBTHL cxcxmssmomvanes sessimsiasss ivamsnsensenonbaios 53
Figure 3.8:Lap splice failure mechanism..............co..cc.oveiuerereeeeeerenseeseeseeeseooooeeooeooeseoe 56
Figure 3.9:Tension-slip response of reinforcement 1ap SPliCINg......ccoovueririirereiiici e, 57
Figure 3.10:Cyclic STM of a portal frame and the model element VDB  susssssvsmsmsimmnesnsmmsosadens 59
Figure 3.11:Idealised uniaxial fibre model. .............cocooeemveemeoreooemeeooooooooooooo 60
Figure 3.12:Model member stress-strain CharaCteristic. ............ovv.vvevvomremosoosooooooooooooo 61
Figure 3.13:Cyclic tension-slip responses of 1ap SPCING. ........ovevvevreosreeoeeoeoooooooooo 67
Figure 3.14:Actual and analytical cyclic stress-strain characteristics. ... 69
Figure 3.15:Typical cyclic bond-slip behaviour of reinforcement in well-confined concrete. .70
Figure 4.1:A cantilever beam and the corresponding STMS. .........ovvveooomoooooooooo #2
Figure 4.2:Tensile stress-strain characteristic of concrete in the cantilever beam example...... 76
Figure 4.3:Monotonic analytical results of the cantilever beam CXAMPI: s cooceivminmingsvissmrinisne 81
Figure 4.4:Cyclic analytical results of the cantilever beam example. ....oooooveiiiiiieiec, 85
Figure 4.5:STM representation of a circular reinforced concrete column...........ooooooooooooo . 87
Figure 4.6:Tensile stress-strain characteristic for concrete in the column example. .......cc........ 91
Figure 4.7:Monotonic analytical results of the column example. ......ooveviieniii e, 93
Figure 4.8:Cyclic analytical results of the column EXAMPIe. ..ot 97

Figure 4.9:Prototype structure and corresponding test unit configuration. ................coovvee... 98



X
Figure 4.10:Section reinforcement details of the knee-joint test units ................oooovovvrvoio.. 100
Figure 4.11:Knee-joint reinforcement details in various test units. ... 101
Figure 4.12:Monotonic STMs of the as-built knee-joint test Unit. ..............ooovoovoooooo 102
Figure 4.13:Cyclic STM of the as-built knee-joint test Unit. ..........oo.ovoeveeveooeooooooooo 103
Figure 4.14:As-built knee-joint force-beam tip displacement EESPONBES. i susssssoneossvmmmmmmiviisss 104
Figure 4.15:Monotonic STMs of the repaired knee-joint test unit. ... 106
Figure 4.16:Cyclic STM of the repaired knee-joint test Unit. ..........o...ovevovomeooooooooo 107
Figure 4.17:Repaired knee-joint force-beam tip displacement responses. .............c.ocovvenn.... 109
Figure 4.18:Monotonic STMs of the retrofitted knee-joint test unit. ...........c.c.coeeveivrerenennnnnn. 111
Figure 4.19:Cyclic STM of the retrofitted knee-joint teSt Unit. ...........oovoooooooooooooooooo 112
Figure 4.20:Retrofitted knee-joint force-displacement TESPONISES. cxuisarosseasaiorsaresssssssrssesnsasasons 113
Figure 4.21:Monotonic STMs of the redesigned knee-joint test unit. ... 115
Figure 4.22:Monotonic STMs of the redesigned knee-joint test unit..............ccocoeeeereerennnnn, 116
Figure 4.23:Redesigned knee-joint force-displacement FESPONSES  wsssssancassssssasstossoossonsvavmeenss 117
Figure 4.24:Multicolumn Bridge Bent. ...............cocoveeeomommeeresesooesoooeoeoeoeoooeoeoeooooooo 119
Figure 4.25:Reinforcement detail of the conventionally reinforced tee-joint, IC1. ................ 120
Figure 4.26:Monotonic STMs of the tee-joint test unit, IC1. ..........ooo.oooooooooo 121
Figure 4.27:Cyclic STM of the tee-joint test unit, IC1..........oveveoroeooooo 122
Figure 4.28:STM analysis results for the tee-joint IC1. .....o..oooveomoooooooooo 123
Figure 4.29:Reinforcement details of the tee-joint with partially prestressed cap beam, IC2.125
Figure 4.30:Monotonic STMs of the tee-joint test unit, [C2. ........oooovooooooooooo 126
Figure 4.31:Cyclic STM of the partially prestressed tee-joint test unit, IC2........................... 127
Figure 4.32:STM analysis results for the tee-joint IC2. ..o 129
Figure 4.33:Reinforcement detail of the fully prestressed tee-joint, IC3. ...........ccoccovererenenn. 130
Figure 4.34:Monotonic STMs of the tee-joint test unit, IC3. .....ooooooovooooooo 131
Figure 4.35:Cyclic STMs of the tee-joint test unit, IC3. .......ovoovvooererooooooo 132
Figure 4.36:STM analyses for the tee-joint IC3. .........oooveemveeesroeeoooeoooeoooooooooooo 133
Figure 4.37:Configuration and reinforcement details of bridge portal frame.......................... 135
Figure 4.38:STMs for the bridge portal frame.................coooeveroveeommeooooooooo 136
Figure 4.39:STM analysis results for the bridge portal frame. .......cccoooevrveeiiicicceeee e, 138
Figure 4.40:Key reinforcement details of multicolumn bridge bents............cooveevvvevevirnnnn 140
Figure 4.41:Monotonic STMs of multicolumn bridge bent, MCB1.......ccooooveeveemooo 142
Figure 4.42:Cyclic STM of multicolumn bridge bent, MCBI1. ...ccooovuevivieieeeeeee, 143
Figure 4.43:STM analysis results for the multicolumn bridge bent, MCBI. ............ccruvun..... 144
Figure 4.44:Monotonic STMs of multicolumn bridge bent, MCB2...........coocovveivvoeeen 146
Figure 4.45:Cyclic STM of multicolumn bridge bent, MCB2. ....c.c.c.coovovereeeeeereeeee, 147
Figure 4.46:STM analyses for the multicolumn bridge bent, MCB2. ........c..cccovvvvvverenrenn., 148
Figure 4.47:Reinforcement details of building interior frame Unit 1........oooooooooooooo 151
Figure 4.48:STMs for interior joint Units 1 and 2.............ooovveeoveeroooeroooooooo 152
Figure 4.49:STM analyses for the Interior joint Unit 1. .........ooooooveoooooo 153
Figure 4.50:STM analyses for the Interior JOINE UNt 2. oo 155
Figure 4.51:Reinforcement details of interior-joint unit 3 and unit 4................ococooevorvooi 157
Figure 4.52:STMs for interior joint Unit 3. .............ooc.oovveeoomreeooooooooeooooooooooo 158
Figure 4.53:STMs for interior Joint Uit 4. .............cooocoeeveveeroreereeoosooooooooooooeooooooooooeo 159
Figure 4.54:STM analyses for the Interior JOINt Unit 3. .o 161



XI

Figure 4.55:STM analyses for the Interior joint Unit 4. ..........covooveeveeveooeoeooooooooooeooooo 162
Figure 4.56:Key reinforcement details of the exterior joint SyStems. ..............co.cooovoovooooo. 164
Figure 4.57:Monotonic STMs for the building frame exterior joint system unit-A. ............... 166
Figure 4.58:Cyclic STM for the building frame exterior joint system unit-A.................... 167
Figure 4.59:STM analyses for the exterior joint system unit-A. .........o.oooovovooooo 168
Figure 4.60:Monotonic STMs for the building frame exterior joint system unit-B. ............... 170
Figure 4.61:Cyclic STM for the building frame exterior joint system unit-B........................ 171
Figure 4.62:STM analyses for the exterior joint system unit-B. ...........ooooooovvooooooo 172
Figure 4.63:Key reinforcement details of the building frame SYSTEM. ...vviiviiieiiieiri e 174
Figure 4.64:Monotonic STM for the building frame System. .............o.oooooooooovooooooo 176
Figure 4.65:Cyclic STM for the building frame SyStem. ..........c.oovvvvovveeroeooroooooooooooo 177
Figure 4.66:STM analysis results for the building frame system. ................oocoooovoooooo 178
Figure 4.67:Beam elongation of the building frame )51 1=) 11 IR S 180
Figure 5.1:Earthquake records chosen for the time-history analyses of STMs. ..........cco......... 182
Figure 5.2:Bilinear force-displacement response of planar frame models. ..............o............ 184
Figure 5.3:Physical dimensions of bridge portal frame. .............ooooovoovvoovooooooooooo 187
Figure 5.4:analytical models of the bridge portal frame. ............oo.oovovveooooooooooooo 188
Figure 5.5:Force-displacement response envelopes for the bridge portal frame system......... 189
Figure 5.6:Time-history displacement response of the as-built prototype portal frame

BYBURIEL, vie.n. s 53k 2 uinns i i m 56 WE i 5 RS SRR s B s s o v s 191
Figure 5.7:Time-history displacement responses of the redesigned prototype portal frame

BY BRI, o snanamiessssis s s o RRISENEH SN S e s 62 FERHd S wncmstrn s SRR SR S 4S8 bR 193
Figure 5.8:Physical configuration of the multicolumn bridge bent. ........c.coooeeveviiiivieiennn, 194
Figure 5.9:Analytical models of the multicolumn bridge bent..........ccoovvvrivviiciiieienn. 195
Figure 5.10:Monotonic base shear-lateral displacement response of the multicolumn bridge

L T =SS 196
Figure 5.11:Time-history displacement responses of the multicolumn bridge bent system. .. 198
Figure 5.12:Key reinforcement details of the building frame system. ..............c.ccocoovsrennnn. 199
Figure 5.13:Physical dimensions and analytical models of the building frame system. ......... 200
Figure 5.14:Proposed hybrid model of the building frame system. ...............ooocooooooovvo 201
Figure 5.15:Monotonic base shear-lateral displacement responses of the building frame

T LR S DS ——————— T 202
Figure 5.16:Time-history displacement response of building frame system........................... 203

Figure 6.1:Algorithm to the design procedure using strut-and-tie methodology. .......c.c......... 209



X1

LIST OF TABLES

Table 3.1 APPropriate £ VAIUES. ...........c.coooueeeeruereeeeeeecesseseeeees e oo 52
Table 3.2 Effective compressive strength of D-regions Struts. .............ooeovevovoeoooo. 55
Table 4.1 Monotonic STM properties for the cantilever beam EXAMPIE. s insoasnives osssmasan 80
Table 4.2 Cyclic STM properties for the cantilever beam example. ......ccovererecrericninneen. 86
Table 4.3 Monotonic STM properties for the column example. ................ooovvooooovooooo. 94
Table 4.4 Cyclic STM properties for the column example. .............cooovveoveoeooveoooo, 96
Table 5.1 Selected Earthquake records and the scale factors for the time-history analyses
OF STIMS. .ttt et 183
Table 5.2 Model properties of the bridge portal frame SyStem ................ooooooovvooooo.. 186
Table 5.3 Model properties of the multicolumn bridge bent.................oooovoooo. 196
Table 5.4 Model properties of the building frame SYStem............o.ovvovvveoeoooooooo 201
Table 5.5 Comparison of model COmMPIEXItY ...........oeeveeeeeeeeeerereereereeeeeeeeeooo 204



XIII

LIST OF SYMBOLS

Q

NN
)

B~

N

>

~ 3] -
= Y e © te

-

t
~

R

o
|
~

LN

<

vs

C

c(max)

Il

I

development length of ultimate bond stress

gross section area

total prestressed reinforcement area

flexural tension reinforcement area

flexural compression reinforcement area

area of concrete struts in B-regions

area of concrete ties in B-regions

area of rebar struts in B-regions

area of rebar ties in B-regions

total area of longitudinal reinforcement in column sections
area of rebar strut-tie for cyclic strut-and-tie models
area of transverse rebar ties

total area of transverse reinforcement in a single layer parallel to the applied
shear

effective seaction area for carrying shear

concrete core width measured from centreline to centreline of longitudinal
rebars

total section width

neutral axis depth measuring from extreme compression edge
concrete coverage

maximum concrete flexural compression

total reinforcement compression at yielding

flexural rebar diameter

effective section depth

transverse rebar diameter

diameter of circular concrete core measuring from centre to centre of peripheral
hoops



Jeont
Jey
¥

Jee
Jer
e

Jets

XIv

total diameter of the circular sections

depth of concrete core measured from centreline to centreline of longitudinal
rebars

total depth of the rectangular column sections

concrete elastic modulus

effective section stiffness

gross section stiffness

effective flexural stiffness

gross flexural stiffness

reinforcing steel elastic modulus

compressive stress in diagonal concrete struts

concrete compressive stress

contact stress developed across concrete cracks

effective strength of rebar struts in structural B-regions

concrete cylinder strength

confined concrete compressive strength

concrete cracking strength

concrete tensile stress in a prism member

average concrete tensile stress in the member sections

compressive strength of concrete struts in structural B-regions
tensile strength of concrete ties in structural B-regions

stress in prestressed reinforcement

stress in reinforcement

yield strength of rebar ties in structural B-regions (for monotonic models)
yield strength of rebar ties in structural B-regions (for cyclic models)
plain concrete tensile strength

average value of cracked concrete tension carrying capacity (for cyclic models)
reinforcement ultimate tensile strength

measured yield strength of flexural reinforcement

shear stress in the member sections

measured yield strength of transverse reinforcement

parpendicular distance between diagonal concrete struts in structural B-regions




XV

= rebars development length

; = length of joint-links

lap splice length of rebars

= length required to develop full bond stress between rebars and the surrounding
concrete

half length of concrete ties

= moment measured at the serviceability limit state

= ratioof E,/E,

= externally applied column axial load

= externally applied tension

= lap splice capacity

= volumetric ratio of transverse reinforcement

= cross-sectional length of rupture surface between the lap spliced rebars

= radius of circular concrete core measuring from section centre to the centreline
of longitudinal rebars

= pitch distance between transverse reinforcement
= surface area of reinforcement per unit volumn of concrete
= flexural reinforcement spacing

= maximum tension in reinforcement before yielding develops in flexural
members

= thickness of the imaginary flexural reinforcement tube

= bond stress between reinforcment and concrete

= ultimate bond stress between reinforcement and concrete

= total shear stress resisted by concrete and transverse reinforcement
= Member shear strength

= transverse reinforcement shear contribution

= concrete shear contribution

= shear contribution from axial force component

= position of flexural compression centroid, measuring from the extreme
compression edge

= position of flexural tension centroid, measuing from the extreme compression
edge

= angle between member longitudinal axis and the line of externally applied axial



XVI

action

P, = empirical factor dicting the slope of descending branch of the tension stiffening

¢l

9.

9,

model

average principal tensile strain

average principal compressive strain

concrete compressive strain

concrete strain at f

ultimate concrete compressive strain

concrete compressive strain at f,

concrete compressive strain at 0.5}

concrete tensilestrain at £,

reinforcement tensile strain

reinforcement tensile strain at the begining of strain hardening
average member strain in transverse direction

reinforcement tensile strain at f,,,

average member strain in longitudinal direction

reinforcement yield strain

Poisson ratio

angle between diagonal concrete strut and member longitudinal axis;
ratioof 4,,74,,

ratio of 4,,/4,

ratio of 4,/4,

peak stress in concrete being transferred from the rebars through bonding
average stress in concrete being transferred from the rebars through bonding

half angle of the fan shaped compression sector, measured to the circular section
edge

= half angle of the fan shaped compression sector, measured to the centre line of

imaginary flexural reinforcement tube

0.85, efficiency factor for evaluating the concrete compressive strength under
cyclic loading

= 4/3, over strength factor for evaluating the effective strength of flexural rebar

ties in circular columns for monotonic models

3/4, reduction factor for evaluating the effective area of flexural rebar strut-tie





