MONASH UNIVERSITY
THESIS ACCEPTED IN SATISFACTION OF THE
REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

ONuvverrrrenennsraes 17 ary 2004 ....oooeeveeeiniins

Sec. Research Graduate School Committee
Under the Copyright Act 1968, this thesis must be used only under the
normal conditions of scholarly fair dealing for the purposes of
research, criticism or review. In particular no results ar conclusions
should be extracted from it, nor should it be copied or closely
paraphrased in whele or in part without the written consent of the
author. Proper written acknowledgement should be made for any
assistance obtained from this thesis.




STRESS-STRAIN BEHAVIOUR OF CONFINED HiGH

STRENGTH CONCRETE UNDER MONOTONICALLY

e

INCREASING AND CycLic LOADINGS

BY

W. P. LOKUGE
B.Sc(ENG) HONORS II, ML.ENG

A THESIS SUBMITTED IN FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

DEPARTMENT OF CIV1l, ENGINEERING

MONASH
UNIVERSITY

OCTOBER 22, 2003




DECLARATION

I, W. P. Lokuge, hereby declare that this thesis contains no material which has been
accepted for the award of any othe: degree or diploma in any university. Further to the
best of my knowledge and belief, this thesis contains no material previously published or

written hy another person except where due reference is made in the text of the thesis.

22-10-2003
date




Contents

List of Tables ix
List of Figures ' X
Abstract xvii
Acknowledgements xix
List of publications from this study XX
Acronyms and Symbols xxii
Introduction : 1
1.1 Background . ... . . . .. ... e 2
1.1.1 Definition of high strength concrete . . . . . . ... ... .. ... .. 2

1.1.2 Applications . . . . . . . . . L e e e 3

1.2 Research significance and project objectives . . . .. . ... ... . .. .. 4
1.2.1 Objectivesofthethesis . . . .. .. .. ... ... . ... ...... 5

1.3 Structureof thethesis . ... ... ... ... ... .. . ... ... 6
1.3.1 Monotonically increasing loads . . . . . .. ... ... ... . ... 6

1.3.2 Cyclicloads . .. ... .. e e e e e e e e e 7

1.4 Contributionstoknowledge . .. ... ... ... ... ... .. .. ... 8
1.4.1 Importantobservations . . . . . . . . . . . .« . v .- 9

MONOTONICALLY INCREASING LOADS:
Lateral reinforcement requirement in high strength concrete columns

using existing model 10




2.1 Introduction . . . . . . . . . . e e e e e e e 10

22 Ductility . . . . . .. e e e e e e 11
2.2.1 Ductility improvement . . . . .. ... . ... ... ., 12
222 Measure of ductility . . . . ...\ 12

2.3 Axial load versus curvature relationship . . . . . . ... ... oL 13

2.3.1 Stress-strain model for concrete proposed by Mander et al. (1988b) 14

2.3.2 Stress-strain model forsteel . .. ... .. ... ... . ... ... 15

23.3 Load-curvature analysis . . ... .. ... ... ... .. ... 15
24 Example . . . . . . . e e e e e e 17
241 Results. . . . . . . . .. e e e 18
25 Conclusions . . . . . . . . L e e e e e e e 20

ST TR e i T TP B W T Py Trsy—y
Rl i g e o A s B,

3 MONOTONICALLY INCREASING LOADS:

Development of a constitutive model for confined concrete 21

_ 3.1 Introduction . . .............. [P 21
3.2 BExisting stress-strainmodels . . . .. .. ... ... o 0 oL, 22
3.2.1 Sarginet al. (1971) typemodels. . . . . . .. ... ... ... 23
_ 3.22 Kent and Park (1971) typemodels . . . . .. ... ... .. .. .. 25
- 3.2.3 Popovics (1973) typemodels . . . . . . .. ..o L., 27
E 3.24 Models capable of predicting lateral strain . . ... ......... 31
3.2.5 Axial strain at peak axial stress {€¢c) - . - . .. ... oL 33
: 3.2.6 Peak axial stress for confined concrete (feo) . . . . . . . .. ... .. 35
!f 3.2.7 Experimental investigations on high strength concrete . . . . . . . . 36
3.3 Damagemodels forconcrete . . . . ... .. ... L L. L. 37
3.4 Effect of strain rate on stress-strain behaviour . . ... .. ... ... ... 37
; 35 Gapsinknowledge . . .. .. . . . . .. e e 37
3.6 Model formulation . . ............... . ... ... ... 38
3.6.1 Experimentalresults .. ... ... ... .. ... o0 0L 38
3.62 Basis of model formulation . . . . . .. .. ... ... ... ... 39

3.6.3 Developing a relationship between axial strain and lateral
17 Y |+ O 40

3.6.4 Lateral strain at peak axial stress {¢/)) . . .. ... ... .. .... 43

il




3.6.5 Relationship between axial stress, axial strain and lateral

7 1 o

3.7 Model application in columns with passive confinement . . . . . ... ...
3.7.1 Experimental program . . . . . .. . .. ..t e
372 Results. . . . .. .. .. . e e .
373 Discussion . . .. .. ... oL e e e
3.8 Conclusions . . . . . .. . . e e e e e e e e e

MONOTONICALLY INCREASING LOADS:

Development of load-deformation characteristics of columns
41 Introduction . ... ... ......... e e e e e e e e
4.2 Previous work on eccentrically loaded columns . . . . . ... .. ... ...
4.2.1 Analytical model used by Saatcioglu et al. (1995) . . ... .. ...
43 BExperimental program . . . .. . . ... oL oo e e
431 Shortcolumntests . .. .. .. ... ... ... ... ...,
432 Slendercolumntests .. ... ... ... .. ...
4.4 Stress-strain model forconcrete . . . . . ... ... L L.
441 Coverconcrete . . . . . . . . e e
4.4.2 Effective lateral confining pressure . . ... ... ... ... ....
443 Effect of straingradient . . ... ... ... ... ... ... ..
4.5 Stress-strain model forsteel . . . . ... .. ... . L
4.6 Load-deformationanalysis . .. . . ... ... ... ... ... ... .
4.6.1 Ductility measurement . . . . .. ... ... .. oL
462 Analysisofslendercolumns ... ................ ...
4.7 Analytical findings . .. ... ... .. ... . oo L

4.7.1 Comparison with experimental results of Attard and Foster (1995) .
4.7.2 Comparison with experimental results of Saatcioglu et al. (1995) . .
4.7.3 Comparison with experimental results of Lloyd and Rangan (1995)

4.8 Conclusions . . . . v v v v e e e e e e e e e e e e e e

MONOTONICALLY INCREASING LOADS:
Application of the constitutive model to estimate the strength of high

iii

61
61
62
64
65
66
69
70
70
72
76
76
7
79
79
82
82
91
94
99




strength concrete column-slab joints 101

5.1 Imtroduction . . . .. .. . . .. . . e 101
52 Background . . . .. .. .. L. e e e 102

5.2.1 Reported work on the behaviour of column-slab joints . . . . . ... 103
5.3 Experimental program . .. ... .. ... .. o 105
5.4 Application of the constitutive model for the confined column-slab interface 107
5.5 Analytical procedure . . . . . . . ... e e 107

55.1 Unloadedslab .. .. .. .. ...t 107

552 Loadedslab . .. .. ... .. ... . ... o oL 108
5.6 Comparison of the model predictions with reported experimental results . . 109
57 Conclusions . . . . . .. .. .. e e e e e e 115

CYCLIC LOADS:

Previous works on constitutive models of concrete and steel 117
6.1 Introduction . . . . . .. .. .. .. e 117
6.2 Previous work on models for cyclic loading of concrete . . ... .. .. .. 120
6.2.1 Experimentalwork . . ... ... ... ... . .. . 120
6.3 Envelope curve . . . . . . . . . . e e e e e e e e e e e e 121
6.4 Plasticstrain . . . ... .. .. . e e 122
6.4.1 Plastic strain based on unloading strainonly . . . ... ... .. .. 122
6.4.2 Plastic strain based on unloading stress and strain. . . . . ... .. 123
6.4.3 Plastic strain based on unloading strain and number of cycles . . . 124
6.4.4 Summary of plasticstrainworks . . . .. ... ... ... ... ... 125
6.5 Unloadingeurve . . . .. . . . . . e e e e e e 125
6.5.1 Unloading curve as a parabolic function . . ... ... . ... ... 126
6.5.2 Unloading curve as a bilinear function . ... .. ... ... ..., 127
6.5.3 Unloading curve as a trilinear function . . .. ... ......... 128
6.5.4 Unloading curve as a power function . . . . . ... ... ... ... 132

6.5.5 Unloading curve as a modified form of ascending branch of mono-
tonic loadingcurve . . . . ... ... oL oo 132

6.5.6 Summary of models for unloading curve . . . ... ... ... ... 134

6.6 Damageduetoeachcycle . .. .. .. ... ... ... .. ... ... 134




6.7 Reloadingcurve . . . . ... ... ... . L e 135
6.7.1 Reloading curve as a straight line . . . . ... . ... ........ 136
6.7.2 Reloading curve as a parabolic function . . . . . ... ... .. ... 137

6.7.3 Reloading curve as a combination of straight line and a parabolic

function . . .. ... ... ... ..., e e e e e e e e e e e 137

6.7.4 Reloading curve as a power function . . .. .. ... ... ..... 139
6.75 Commonpoints . ... .......... e e e e e e e 139
6.7.6 Summary of the models for reloading curve . . . . . . ... .. ... 140

6.8 Partial unloading andreloading . . . ... ... ... . ... ... ... 140
6.8.1 Location of reloading point for partial unlcading . . . . . . ... .. 141

6.9 Unloading/reloading cycles in the elasticregion . .. ... ......... 142
6.10 Validationof themodels . . . . .. ... ... .. ... .. .. ... .. 142
6.11 Previous work on models for cyclic loading of reinforcing steel . . . .. .. 143
6.12 Conclusions . . . . . . . . . .. e e e 145

CYCLIC LOADS:

Experimental program 147
7.1 Introduction . [ PSP 147
7.2 Testvariables . . . . . . . . e e 148
7.2.1 Compressive strength . . . . ... .. .. e e e e e e e e 148
7.2.2 Confining pressure . . . . . . ... e e 148
723 Loadingregime . . . .. .. ... .. ... e 149
7.3 Concrete mixes and specimen preparation . . . .. .. .. ... .. .... 149
7.3.1 Detailsofconcretemixes . . . ... .. ... .. ... ... ... 149
7.3.2 Specimen preparation. . . . ... . ... . oo, 151
7.3.3 Uniaxial compressive strengths . . . . ... .. .. ... .. .... 153
7.4 Thetestequipment . . . .. .. ... ... . . . i 185
7.4.1 Triaxialcell . . . . . . . . . ... . 155
7.4.2 Application of confining pressure . . . .. ... ... 000 L 155
7.4.3 Measurement of axial and lateral strains . . . . ... ... ... .. 157
7.5 Experimentalsetup . . . . . . . . . ... .. e 158
76 Testprocedure . . . . . . . v i v i e e e e e e e e 158




e}

7.7 Trial tests . . . . . o o e e e e e e e e e e e e 161
7.7.1 Problems encountered . . . . . . . . . . . i i i 166
7.8 Conclusions . . . . . . . 0 e e e e e e e e e e e e e e e 168

CYCLIC LOADS:

Experimental results and analysis 170
81 Introduction . .. . . . ... . . .. . e e 170
82 Calibrations . . . . .. ... ... ... ..., e e e e e e e 170
8.2.1 Calibrationof LVDTs . . ... ... .. .......... A 170
8.2.2 Calibrationof clipgauge . . . . . .. ... .. oL 171
83 Experimentalresults . ... ... ... ... ... ... .. .. . .. 172
831 GradedOtestseries . .. .. ... . i i ittt 174
832 GradeGOtestseries. .. .. ... ... .. .. .. ..., 179
833 GradeB80testsertes . . . . . . . o i i i it e e 184
834 GradelOOtestseries . . ... .. ... ... ... ... . 189
84 DISCUSSION . . . . . v e e e e e e e 194
84.1 Envelopecurve .. ... ... .. .. ... ... 194
842 Hysteresisloops . . . . . . . .« . . i e 194
8.4.3 Stress loss during hysteresis loops (damage) . ... ... ... ... 194
844 Poisson’sratio. . . . . . ... e e 199
85 Conclusions . . . . . . . .. e e e e e 204

CYCLIC LOADS:

Development of a constitutive model for confined concrete 205
9.1 Introduction . . . . . . . . . .. 205
9.2 Comparison of the experimental results with the existing models . . . . . . 206
021 GradedD conerete . . . . . . v v i vt e e e e e e 207
022 Gradeb60concrete. . . . . . . . . . e 207
923 Grade80concrete. . . . . . . .. i e 208
9.24 Gradel00concrete . . . . . . ..o e 208
9.3 Preliminary medelling process . . . . . . .. ..o oo 208
9.3.1 Different attempted approaches . . . ... ... ... .. ... ... 208

0.3.2 Shear failure approach . . . . .. .. ... ... .00, 217




9.4 Description of the proposedmodel . . . . . . .. ... ... ... ...... 218

9.4.1 Ascending branch of monotenic loading curve (AB) . . . ... ... 221

9.4.2 Determination of plasticstrain (e} . . . . .. . ... ... .. ... 224

94.3 Unloadingecurve (BC,GH) . . . ... ... ... . ... ...... 225

9.44 Reloadingcurve (DE,HJ) . .. .. ... .. ... ... L. 230

9.4.5 Parabolic trausiticn curve (EF, JK) . . . . ... ... ... .... 235
9.4.6 Modified monotonic loading curve for the descending

branch (FGorKL) . .. .. .... .. e e e e 236

0.5 Poisson’sratio . . . . . ... e e e e e 236

06 Results. . . . . . . . . .. e e e e e e 237

9.6.1 Comparison of the proposed model with the experimental results. . 237
9.6.2 Comparison of the proposed model with experimental results re-

ported in the literature . . . . . .. ... . o0 oL L. 251

9.7 Conclusions . . . . . . . .. e e 253

10 CYCLIC LOADS:

Prediction of load-deformation characteristics of columns 255
10.1 Introduction . . . . . . . . . L e e e e e 255
10.2 Examples for poor design of columns . . . . ... ... ... ... ... .. 256
10.3 Previous work on the behaviour of columns under cyclic flexure and con-
stant axial Jload . . . . ... .. ... ... 257
10.3.1 Experimental programs. . . . . . . . . .. . 0 oo 258
10.3.2 Effect of concrete compressive strength . . . . . . .. .. ... ... 258
10.3.3 Effect of transverse reinforcement . . . .. ... .. ... ... ... 259
1034 Effect of axialload . . ... ... ... .. ... ... .. ... 260
103.5 Ductility . . . . . o v e 261
10.3.6 Lengthof plastichinge . . . . . . ... ... ... .. ....... 262
10.3.7 Spallingofcover . . . .. . ... L e r;2.63
10.3.8 Code provisions . . . . . . . .« oo o i it i e e 263
10.3.9 Behaviour of HSC columns under cyclic loading . . . . . ... . .. 264
10.4 Computational procedure . . . . . .. . ... L 265

10.4.1 Basic assumptions . . .. . . . . ... e 265




10.4.2 Methodology . . . . . . . . ... . 265

10.5 Computer Program . . . . . . . . o v vt v v e e e 268
10.5.1 General description . . . . . .. .. .. ... L 268
10.5.2 Programoutline. . . .. ... ... ... . . L o L 268

10.6 Comparison with experimentalresults. . . . . . ... ... ... ... ... 285
10.6.1 Experimental program ... ... . e 285
10.6.2 Load versus displacement relationship . . . .. . .. ... .. ... 286
10.6.3 Predicted and experimental behaviour . . . . . ... . ... .. .. 289
10.6.4 Discussion . . . ... ... e e e e e e e e e 290

10.7 Conclusions . . . . . e e e e e e e e e 297

11 Conclusions and recommendations 299

111 Conelusions . . . . . . . .. L o 299
11.1.1 Monotonically increasing loads . . . . . e e e e e e e 299
1112 Cyclicloads . . . . . .. . o 300
11.1.3 Important features of bothmodels . . ... .. .. .. ... .... 301

11.2 Recommendations . . . . .. .. . . . . e 302

A Comparison of experimental results with the existing models for mono-

tonically increasing loads 304




List of Tables

1.1 Development of concrete strength in Chicago (Laogan and Elnashai 1999). 3
3.1 Stress-strain models for confined concrete based on Sargin et al. (1971). . . 24
3.2 Stress-strain models for confined concrete based on Kent and Park (1971). 26
3.3 Stress-strain models for confined concrete based on Popovics (1973). . . . . 29
3.4 Material parameters in Equations (3.50) and (361). . . . .. ... ... .. 43
3.5 Mix proportions for carbon fibre wrapped specimens. . . . . ... ... .. 30
3.6 Uniaxial strengths (specimens to be wrapped by carbon fibre). . . . . . .. 51
4.1 Details of column specimens (Foster and Attard 1995). . .. ... ... .. 67
4.2 Details of column specimens {Saatcioglu et al. 1995). . . .. .. ... ... 68
4.3 Details of column specimens (Lloyd and Rangan 1995). . . . .. ... ... 70
4.4 DPeak loads of eccentrically loaded reinforced concrete columns reported by
Attard and Foster (1995). . . . . . . ... ... .. 89
4.5 Ductility of eccentrically loaded reinforced concrete columns reported by
Attard and Foster (1995). . . . . .. ... ... ... oL 90
4.6 Peak loads of eccentrically loaded reinforced concrete columns reported by
Lloyd and Rangan {1995). . . . .. . .. .. ... . ... ... 94
5.1 A summary of previousresearch. . . .. . ... . ... ... .o 104
5.2 Provisionsofdesigncodes. . . . . .. ... oo oLl 105
53 Detailsofthespecimens. . . . .. ... ... .. ... ... ... ..... 106
6.1 Terminology used in the stress-strain curve for cyclic loading of concrete. . 119
7.1 Gradings of fine and coarse aggregate. . . . .. .. ... .. ... .., 151
7.2 Mix proportions. . . . . . . . i e e e e e e e e 151
7.3 Uniaxial strengths at 28 days and at time of testing. . . . . . ... ... .. 155
7.4 Planning of testing for Grade 40 (44 MPa) concrete. . . . . . .. ... . .. 162
7.5 Planning of testing for Grade 60 (58 MPa) concrete. . . . . . ... ... .. 163
7.6 Planning of testing for Grade 80 (83 MPa) concrete. . . . .. .. ... ... 164
7.7 Planning of testing for Grade 100 (106 MPa) concrete. . . . . .. .. ... 165
10.1 Details of test specimens. . . . . . . . . . . . . . e 287
10.2 Plastic hinge length for selected specimens. . . . . . .. ... .. ... ... 290

ix




List of Figures

2.1 Load versus curvature relationship with ultimate and yielding points. . . . 13
2.2 Crosssectionanalysis. . . . ... .. ... ... e 16
23 Sectiondetails. . . . . .. ... e 18
2.4 Load-curvature curve for 40 MPa and 100 MPa with same stirrup spacing

(B00mm). . ... e e e 19
2.5 Load-curvature curve for 40 MPa and 100 MPa with same ductility 5.8. . . 19
3.1 Typical stress-strain relationship for Sargin et al. (1971) type models. . . . 23
3.2 Typical stress-strain relationship for Kent and Park (1971) type models.. . 25
3.3 Typical stress-strain relationship for Popovics (1973) type models. . . . . . 28
3.4 Typical stress-strain relationship for confined and unconfined concrete. . . 41
3.5 Normalised lateral strain versus normalised axial strain. . . . . ... .. .. 42
3.6 Poisson’s ratio for concrete (Rashidet al. 2002). . . .. ... ........ 43
3.7 Normalised volumetric strain factor versus normalised axial strain factor

(The “x” marked on the curves indicate peak stress points). . . ... ... 44
3.8 Normalised shear stress factor versus normalised shear strain factor. . . . . 46
3.9 Stress-strain curves for Grade 40 concrete. . . . .. ... ... ... .... 47
3.10 Stress-strain curves for Grade 60 concrete. . . . .. ... ... ... ..., 48
3.11 Stress-strain curves for Grade 75 concrete. . . . . . .. .. ... ... ... 48
3.12 Stress-strain curves for Grade 100 concrete. . . . . . . . .. ... ... ... 49
3.13 Carbon fibre tensile test specimen. . . . . .. ... .. ... .. ... ... 51
3.14 Tensile stress-strain curve for carbon fibre composite. . . . . . ... .. .. 51
3.15 Carbon fibre wrapped specimen. . . . . . . .. ... ... . 0L, 52
3.16 Clip gauge system used to measure lateral strains. . . . . . ... ... ... 53
3.17 Confinement action in FRP composites.. . . . ... ... ... ....... 54
3.18 Stress-strain curves for Grade 30 concrete with 1 carbon fibre wrap. . . . . 55
3.19 Stress-strain curves for Grade 30 concrete with 3 carbon fibre wraps. . .. 55
3.20 Stress-strain curves for Grade 60 concrete with 1 carbon fibre wrap. . . . . 56
3.21 Stress-strain curves for Grade 60 concrete with 3 carbon fibre wraps. . .. 56
3.22 Stress-strain curves for Grade 100 concrete with 1 carbon fibre wrap. . . . 57
3.23 Stress-strain curves for Grade 100 concrete with 3 carbon fibre wraps. . . . 57




3.24 Procedure in drawing stress-strain curves for confined concrete (given &,

and fo). .. .. ... L oL e e e 59
4.1 Confined concrete model proposed by Saatciogiu and Razvi (1992). . ... 64
4.2 Lateral pressure and the strain gradient (Saatcioglu et al. 1995). . . . . . . 66
4.3 Detailsof column specimens. . . . . .. .. ... .. .. .. ... ..., 67
4.4 Details of column specimens (Lloyd and Rangan 1995). . . .. . ... ... 70
4.5 Mechanicsof coverspalling. . ... ... ... ... .. .. ... ... ... 71
4.6 Effectively confined core area of a square column. . .. .. ... .... .. 73
4.7 Confining pressures for some common configurations. . . ... .... ... 74
4.8 Lateral confining pressure. . . . . . . . . 0 i e e e 76
4.9 Procedure used in drawing moment-curvature curves for laterally confined
COMCIEEE. . « « v v v v i e e e e e e e s et e e e e e e e e e e e 78
4.10 Combined ductility ratio in eccentrically loaded column. . .. ... .. .. 80
4.11 Standard pin-ended column (Lloyd and Rangan 1995). . ... .. .. ... 81
4,12 Load versus average strain -+ curvature X eccentricity for 212030 and
2L2060 Specimens. . . . . . . v i e e e e e e e e e e e e 83
4.13 Load versus average strain + curvature X eccentricity 2L.5030 and 2150120
SPECIMENS. . . ¢ v v v vt ettt s e e e e e e e e e e e 84
4.14 Load versus average strain + curvature X eccentricity 41,860 and 4L20120R
SPECIMIENS. . & . v v v v v e e e e e e e e e e e e e e e e e 85
4.15 Load versus avérage strain + curvature X eccentricity 4L5060 and 2M2030
SPECHTIENIS. & & v 4 v v v v e v e e e e e e e e e e e e e e e e e e 86
4.16 Load versus average strain + curvature X eccentricity 2M5030 and 2M50120R,
SPECIMENIS. . « ¢« v v b v vt e e e e e e e e e e e e e e 87
4.17 Load versus average strain -+ curvature x eccentricity 4M5030 and 4125030
SDECIITIENS. . & v 4 v v v v e v e e e e e e e e e e e e e e e e 88

4.18 Comparison of moment-curvature relationships for C4-2 and C5-2 columns. 92
4.19 Comparison of moment-curvature relationships for C8-1 and C10-2 columns. 93

4.20 Moment-curvature relationships for series V specimen A, . . . . . ... .. 95
4.21 Moment-curvature relationships for series V specimen B. . . . . . .. ... 95
4.22 Moment-curvature relationships for series V specimen C. . . . . .. .. .. 96
4,23 Moment-curvature relationships for series VII specimen A. . . . . .. . .. 96
4.24 Moment-curvature relationships for series VII spectmen B. . . . . . . . .. 97
4,25 Moment-curvature relationships for series VIl specimen C. . . . . . .. .. 97
4.26 Moment-curvature relationships for series XI specimen A. . . . . ... ... 98
4.27 Moment-curvature relationships for series XI specimen B. . . . . . . . . .. 98
4.28 Moment-curvature relationships for series XI specimen . . . . . .. .. .. 99
5.1 Column-slab connection. . . . . . . . .« .. L Lo 103




5.2
5.3
5.4
5.5
5.6
5.7
5.8
59
6.1
6.2
6.3
6.4
6.5

6.6
6.7
6.8
6.9
6.10
6.11
6.12
7.1
7.2
7.3
74
7.5
7.6
7.1
7.8
7.9
7.10
7.11
8.1
8.2
8.3
8.4
3.5
3.6

Details of specimens (Ospina and Alexander 1998). . .. ... . ... ... 106
Behaviour of joint concrete in an unloaded slab. . e 108
Behaviour of joint concrete in aloaded slab. . . . . ... ... .. ..... 109
Stress-strain curves for unloaded slabs A1-A and A2-A. . . . .. ... ... 111
Stress-strain curves for unloaded slabs A3-A and A4-A. . . . .. .. .. .. 112
Stress-strain curves for loaded slabs A2C and A3B. . .. ... ... .. .. 113
Stress-strain curves for loaded slabs A4B and A4C. . . .. ... e 114
Effect of slab load on interior joint strength. . . . . ... ... ... .... 115
Stress-strain curve for cyclic loading of concrete. . . . . . . ... .. ... 118
Envelope curve for cyclic loading of concrete. . . . . . . . ... .. ... .. 122
Stress-strain curves for unloading and reloading. . . .. .. .. ... .. .. 124
Stress-strain behaviour of concrete with cyclic loading (Park et al. 1972). . 127

Proposed cyclic stress-strain curve for concrete in compression (Elmorsi et

al. 1998). . . . . L e e e 128
Scheme of focal points model (Darwin and Pecknold 1977). . . . .. .. .. 129
Model for plain concrete under ¢yclic load (Yankelevsky and Reinhardt 1987).131
Damage due to loadingcycle. . . . .. .. ... . L L oo 134
Control points for hysteresis loops (Darwin and Pecknold 1977). . .. . .. 140
Interpolation of reloading point for partial unloading. . . . . ... ... .. 141
Interpolation of plastic and envelope strains for partial reloading. . . . . . 142
Hysteresis behaviourofsteel. . . . . . . .. .. ... ... ... ...... 144
Considered loading regimes. . . . . ... ... .. ... ... .. ... 150
Specimen before testing. . . . . . ... .. ... L L 153
Tested specimens for uniaxial compressive strengths. . . .. ... ... .. 154
Schematic diagram of triaxial cell. . . . . . . .. . ... oL 156
Photoof triaxial cell. . . . . . . . ... o v 157
Schematic diagram of lateral strain measuring device. . . . . .. .. .. .. 159
Photo of lateral strain measuring device. . . . ... .. .. ... ... ... 160
Schematic diagram of experimental setup. . . .. ... .. ... ... ... 160
Photo of experimental setup. . . . . . . . ... .. .. .. L .. 161
Comparison of average strain gauge and clip gauge readings. . . . . .. .. 166
User interface of the data acquisition program. . . . . . ... ... ... .. 168
LVDT calibration. .. . . .. .. . . .. . e 171
Clip gauge calibration. . . . .. ... .. ... ... ... .. ... ... 172
Unfiltered stress-straincurve. . . .. . .. .. ... .. .. ... ... 173
Filtered stress-straincurve. . . . . . . . . .. . . . i 173
Tested specimens for Grade 40 concrete. . . . . . . .. .. ... ... ... 175
Grade 40 concrete with 4 MPa confining pressure. . . . .. .. ... .... 176

xii




8.7
8.8
8.9
8.10
8.11
8.12
8.13
8.14
8.15
8.16
8.17
8.18
8.19
8.20
3.21
8.22
8.23
8.24
8.25
8.26
8.27
8.28
9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9
9.10

9.11

9.12

Grade 40 concrete with 8 MPa confining pressure. . . . . .. .. ... ... 177
Grade 40 concrete with 12 MPa confining pressure, . . . .. ...... .. 178
Tested specimens for Grade 60 concrete. . . . . . . ... .......... 180
Grade 60 concrete with 4 MPa confining pressure. . . . . ... ... .... 181
Grade 60 concrete with 8 MPa confining pressure. . . . . . . PR 182
Grade 60 concrete with 12 MPa confining pressure. . . . ... .. ... .. 183
Tested specimens for Grade 80 concrete. . . . . . . ... 185
Grade 80 concrete with 4 MPa confining pressure. . . . . . .. e e 186
Grade 80 concrete with 8 MPa confining pressure. . . . . .. ... ... .. 187
Grade 80 concrete with 12 MPa confining pressure. . . . ... .. ... .. 188
Tested specimens for Grade 100 concrete. . . . . . . . . ... ... ... .. 190
Gradeé 100 concrete with 4 MPa confining pressure. . . . .. ... ... .. 191
Grade 100 concrete with 8 MPa confining pressure. . . . ... .... ... 192
Grade 100 concrete with 12 MPa confining pressure. . . . . . . ... .. .. 193

Comparison of monotonic and cyclic loading curves for 44 MPa concrete. . 195
Comparison of monotonic and cyclic loading curves for 58 MPa concrete. . 196
Comparison of monotonic and cyclic loading curves for 83 MPa concrete. . 197
Comparison of monotonic and cyclic loading curves for 106 MPa concrete. 198

Behaviour of Poisson’s ratio for 44 MPa concrete. . . . . . .. ... .. .. 200
Behaviour of Poisson’s ratio for 58 MPa concrete. . . . . .. . .. ... .. 201
Behaviour of Poisson’s ratio for 83 MPa concrete. . . . . .. .. ... ... 202
Behaviour of Poisson’s ratio for 106 MPa concrete. . . . . ... ... ... 203
Poisson's ratio versus axial strain for monotonically increasing loads. . . . 210
Normalised total energy versus strain for unloading branches. . . . . . . .. 212
Normalised total energy versus strain for unloading branches. . . . . . . . . 213
Definitions used in energy approach. .. . .. e e e e e 214
Energy duringunloading. . . . .. .. ... ... . o oo oL, 215
Dissipated energy during unloading. . . . . .. ... ... ... .. .. ... 216
Stress-strain state of a laterally confined concrete cylinder. . . . .. . . .. 217
Mohr’s circle for a stress/ strainfield. . . . ... ... . ... ..., .. 218
Failure sections in concrete under compression. . . . . . . ... .. ... .. 21$
Shear stress factor versus shear strain factor for unloading branches of

Grade d0 concrete. . . . . . . . . e e e e e e e e e e e 219
Shear stress factor versus shear strain factor for unloading branches of

Grade B0 concrete. . . . . . . ... e 220
Shear stress factor versus shear strain factor for unloading branches of

Grade 80 comerete. . . . . . v v v i e e e e e e e e e e e 220

xiii

S o




9.13 Shear stress factor versus shear strain factor for unloading branches of

Grade 100 concrete. . . . . . . . . o i e e 221
€14 Key components in cyclic stress-strainmodel. . . ... ... ........ 222
9.15 Shear stress factor versus shear strain factor for 72 unloading branches. . . 226
9.16 Ncrmalised lateral strain versus normalised axial strain for 21 unloading

curves in Grade 40 concrete. . . . . . . . . ... ..o e 228
9.17 Normalised lateral strain versus normalised axial strain for 22 unloading
curves in Grade 60 concrete. . . . . . ... .. .. .. e 228
9.18 Normalised lateral strain versus normalised axial strain for 9 unloading
curves in Grade 80 concrete. . . . . . . . .. .. ..o 229
9.19 Normalised lateral strain versus normalised axial strain for 20 unloading
curves in Grade 100 concrete. . . . . . . . .. . . . ... ... 229
9.20 Shear stress factor versus shear strain factor for 65 reloading branches. . . 232
9.21 Normalised lateral strain versus normalised axial strain for 21 reloading
curves in Grade 40 concrete. . . . . . . . ... Lo Lo, 232
9.22 Normalised lateral strain versus normalised axial strain for 8 reloading
curves in Grade 60 concrete. . . . . . .. L. . Lo o e 233
9.23 Normalised lateral strain versus normalised axial strain for 8 reloading
curves in Grade 80 concrete. . . . . . .. .. .. . oo, 233
9.24 Normalised lateral strain versus normalised axial strain for 18 reloading
curves in Grade 100 concrete. . . . . . . . . .. ... oo e 234
9.25 Variation of Poisson’s ratio during hysteresis loops. . . . . ... ... ... 237
8.26 Procedure in drawing stress-strain curves for cyclically loaded concrete. . . 238
9.27 44 MPa with 4 MPa confining pressure. . . . . . . ... .. ... ... ... 239
0.28 44 MPa with 8 MPa confining pressure. . . . . . . ... ... .. .. .... 240
9.29 44 MPa with 12 MPa confining pressure. . . . . . . ... . ... ... ... 241
9.30 58 MPa with 4 MPa confining pressure. . . . . . . ... ... ........ 242
0.31 58 MPa with 8 MPa confining pressure. . . . .. ... ... ... .. .... 243
9.32 58 MPa with 12 MPa confining pressure. . . . . . . . . .. ... .. .... 244
0.33 83 MPa with 4 MPa confining pressure. . . . . . . . .. ... ... ... .. 245
9.34 83 MPa with 8 MPa confining pressure. . . . . .. .. ... ... ...... 246
3.35 83 MPa with 12 MPa confining pressure. . . . . . ... .. ... .. .... 247
9.36 106 MPa with 4 MPa confining pressure. . . . . . ... .. ... . ... .. 248
9.37 106 MPa with 8 MPa confining pressure. . . . . . . . . .« o .. 249
G.38 106 MPa with 12 MPa confining pressure. . . . . . . ... .. .... ... 250
9.39 Model comparison with previous work (Desayi et al. 1979) for concrete

With f=22.3 MPA. .« oo oo e e e 251

X1y




9.40 Model comparison with previous work (Desayi et al. 1979) for concrete

with =23 MPa. . . . . . .. . . 252
9.41 Model comparison with previous work (Desayi et al. 1979) for concrete

with fe=178MPa. . . .. ... . . ... . - 252
9.42 Model comparison with previous work (Desayi et al. 1979) for concrete

with =187MPa. . .. ... ... . . ... 253 -
10.1 Column failures in Kobe 1995 earthquake (EQE 1995). . .. ... ... .. 257
10.2 Section ductility parameters. . . . .. .. .. ... ... e e 261
10.3 Basis for thecolumn analysis. . . . ... .. .. . ... ... . ... .... 266
10.4 Flowchart for the column analysis. . . ... .. ... .. ... ....... 269
10.5 Structure of subroutines for the computer program. . . .. ... ... ... 270
10.6 Userinterface. . . . . . . . . . . . . 270
10.7 Loading history. . . . . .. ... ... .. ... e e e e e e 271
10.8 Convergence algorithm in finding axialload. . . ... ... ... ... ... 272
10.9 Storing unloading and reloading coordinates. . . . . . ... ... ... ... 273
10.10Axial load caleulation. . . . . . ... .. . o e 275
10.11“cc” values for each loading path in concrete. . . ... ... .. ... ... 276
10.12Determination of stress in concrete from different loading paths. . . . . . . 277
10.13 Assigning the loading path for each slice of concrete. . . . . .. e 278
10.14"“mm” values for each loading pathinsteel. . . . ... ... ... ... ... 282
10.15Assigning the loading path for each layerof steel. . . . . .. .. . .. ... 283
10.16Procedure used in calculating steel stresses. . . . .. .. ... ... .. .. 284
10.17Details of column specimens. . . . . . .. . .. .. L o L. . 287
10.18Typical column section used in the analysis. . . . ... ... ... .. ... 288
10.19Curvature and displacement relationships. . . . . ... ... ... ... .. 289

10.20Comparison for C7010 column reported by Matamoros and Sozen (2003). . 291
10.21 Comparison for C100B60N15 column reported by Legeron and Paultre (2000).292
10.22Comparison for C100B130N15 column reported by Legeron and Paultre

A.l Loading regime 1 of Grade 40 concrete with 4 MPa confining pressure. . . 305
A.2 Loading regime 2 of Grade 40 concrete with 4 MPa confining pressure. . . 306
A.3 Loading regime 1 of Grade 40 concrete with 8 MPa confining pressure. . . 307
A.4 Loading regime 2 of Grade 40 concrete with 8 MPa confining pressure. . . 308
A.5 Loading regime 1 of Grade 40 concrete with 12 MPa confining pressure. . . 309

xv

AT P

o




i

S
.II|'..
a0
i
I

P TATD,

A6 Loading regime 2 of Grade 40 concrete with 12 MPa confining pressure. .
' .. 311

.. 312
. 313
.. 314
. 315
. 316
.37
.. 318
. 319
.. 320
.. 321
. 322
. 323
.. 324
. 325
. 326
. 327
. 328

A.7 Loading regime 1 of Grade 60 concrete with 4 MPa confining pressure.
A8 Loading regime 2 of Grade 60 concrete with 4 MPa confining pressure.
A.9 Loading regime 1 of Grade 60 concrete with 8 MPa confining pressure.
A .10 Loading regime 2 of Grade 60 concrete with 8 MPa confining pressure.

A.11 Loading regime 1 of Grade 60 concrete with 12 MPa confining pressure. .
A.12 Loading regime 2 of Grade 60 concrete with 12 MPa confining pressure. .

A.13 Loading regime 1 of Grade 80 concrete with 4 MPa confining pressure.
A.14 Loading regime 2 of Grade 80 concrete with 4 MPa confining pressure.
A.15 Loading regime 1 of Grade 80 concrete with 8 MPa confining pressure.
A.16 Loading regime 2 of Grade 80 concrete with 8 MPa confining pressure.

A.17 Loading reginie 1 of Grade 80 concrete with 12 MPa confining pressure.
A.18 Loading regime 2 of Grade 80 concrete with 12 MPa confining pressure. .
A.19 Loading regime 1 of Grade 100 concrete with 4 MPa confining pressure. .
A.20 Loading regime 2 of Grade 100 concrete with 4 MPa confining pressure.
A.21 Loading regime 1 of Grade 100 concrete with 8 MPa confining pressure. .
A.22 Loading regime 2 of Grade 100 concrete with 8 MPa confining pressure. .
A .23 Loading regime 1 of Grade 190 concrete with 12 MPa confining pressure.
A.24 Loading regime 2 of Grade 100 concrete with 12 MPz confining pressure.

xvi

. 310

o e i e T




Abstract

The use of High Strength Concrete (HSC) in structures has signiﬁcant technical and
economical advantages. Its use however, demands additional care due to the decreased
ductility compared to Normal Strength Concrete (NSC). Ductility improvements can be
achieved by using adequate lateral confinement. Confining pressure exerted by the lateral
reinforcement depends on the lateral dilation of concrete. Lateral dilation of HSC is less
than that of NSC under similar stress conditions. Therefore effective confining pressure
from the confining steel is reduced in HSC. Knowledge of the constitutive hehaviour of
HSC is essential to estimate the confining pressure required to provide a sufficient level
of ductility.

Based on shear stress versus shear strain of concrete, a constitutive model is developed
iu this thesis for the behaviour of confined HSC subjected o monotonically increasing
loads. The model is innovative in using the concepts of shear fajlure of concrete and is
strain-based ensuring ease of application. Application of this novel constitutive model
is demonstrated by establishing the behaviour of concentrically or eccentrically loaded
confined HSC columuns and column-slab joints. The comparisons of the results from this
model with the experimental results show reasonably good correlation.

An experimental program was conducted as part of this study to establish the axial
stress, axial strain and lateral strain relationships for confined HSC under cyclic loading.
Four grades of concrete (Grade 40, 60, 80 and 100 MPa) were investigated with three
levels of active lateral confinement (4, 8 and 12 MPa) and two loading regimes (with
unloading strain as a variable and constant unloading strain and number of cycles as a
variable). The cylindrical specimens (100 mm diameter and 200 mm high) were tested in
a triaxial cell. A total of 24 tests were carried out.

Using the experimental results, the strain-based model developed for the behaviour of

xvil




laterally confined HSC subjected to monotonically increasing load has been further devel-
oped for cyclic axial compression. The concepts used in establishing a constitutive model
for confined HSC under monctonically increasing load mentioned above were extended in
implementing this model. The stress-strain curve for monotonically increasing loading of
concrete forms the envelope curve for the ascending branch of the cyclically loaded HSC.
However unlike in NSC, the descending branch of the envelope curve for HSC was found
to be affected by the damage to concrete due to cyclic loading.

The constitutive model developed for cyclically loaded HSC can be utilised to esti-
mate the required ductility to design structures against earthquake loadings. Poor column
behaviour is one of the main reasons for most of the structural failures during recent earth-
quakes. Application of the constitutive model for cyclically loaded HSC is demonstrated
by predicting moment-curvature relationships for HSC columns subjected to axial load
and cyclic flexure. Analytical findings are in good agreement with the experimentzl re-
sults.

Several important observations are made during the analyses of the test results. Vol-
umetric strain is zero at peak axial stress thus lateral strain at the peak axial stress is
half of the corresponding axial strain. Unloading in the “initial elastic region” results in
a decrease in the Poisson’s ratio below the initial Poisson’s ratio.

Both the constitutive models developed in this thesis are based on triaxial test results,
which are conducted under well-controlled conditions, where direct measurements of axial
and lateral strain have been possible. Ability to establish axial as well as lateral strain in
confined concrete is a superior attribute of the proposed models. They are fundamentally
more reliable and more likely to work for a wide range of column configurations and sizes

than the models that are based on back-calculated results from reinforced column tests.
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Chapter 1

Introduction

The use of High Strength Concrete (HSC) in structural systems is increasing around the
world due to economic and technical advantages it offers. Main advantages of HSC are its
higher strength and stiffness per unit cost and higher strength per unit weight than those
for Normal Strength Concrete (NSC). High load carrying capacity per unit weight has
proven economic benefits in the construction of high-rise buildings and long span bridges.
It offers excellent mechanical performance and durability. The use of HSC column sections
in high-rise buildings, especially in lower stories, results in additional savings. Further it
permits early removal of formwork thus increasing the speed of construction. In buildings,
significant reduction in column sizes can be achieved by using HSC which ultimately result
in eccnomic benefits associated with increased floor area for rental.

As a result of ongoing progress in concrete technology, HSC is used in various other
practical applications apart from buildings. In bridge design, the number of beams can
be reduced and the loss of prestress due to creep in prestressed concrete is smaller if
HSC is used. HSC is also used successfully in offshore platforms, maritime structures and
piles. Often HSC is used not for its strength but for its superior durability in aggressive
environments.

Reduction of ductility with the increase in concrete compressive strength is well known.
The issue of ductility of concrete columns has become increasingly important with the
introduction of HSC with compressive strengths from 50 to 100 MPa. This has led to
many research programs worldwide to investigate methods of overcoming the problems of

limited ductility. The strength and ductility improvements are important considerations

in designing reinforced concrete columns especially in the areas requiring design for seismic
loading.
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Constitutive models for the behaviour of laterally confined concrete are widely avail-
able. They have been used in the modelling of the load-deformation characteristics of
columns. In them, it is assumed that confining pressure applied .y the lateral reinforce-
ment corresponds to the yielding of the lateral reinforcement. However, the confining
pressure depends on the lateral dilation of concrete. Therefore development of relation-
ships between axial stress, axial strain and lateral strain for confined HSC is 2 timely
concern.

The weight of the structures can be reduced with the use of HSC when compared to
NSC. Since lighter structures attract less forces than heavier structures in an earthquake,
the use of HSC can be beneficial in seismic regions. Behaviour of concrete (NSC or HSC)
subjected to cyclic loading, needs to be known when a structural analysis is performed
for earthquake loadings. Therefore it is imperative to develop a constitutive model for

confined HSC subjected to cyclic axial compression.

1.1 Background

1.1.1 Definition of high strength concrete

There is no single definition of HSC. According to a study by Chan and Anson {1994),
Grade 35 concrete was considered as high strength in 1950s, Grade 40 to 50 in 1960s and
Grade 60 has been accepted as HSC since 1970s. ASTM defines Grade 41 and above as
HSC while FIP/CEB (1990) defines Grade 60 concrete for the same.

I Australia, HSC is defined as concrete with a characteristic compressive strength
from 50 MPa to 120 MPa (Hadi and Ai-samaraie 2001). In Europe and North America
the lower strength limit is 60 MPa and 42 MPa respectively (Diniz and Frangopol 1997).
In general, concrete of strength greater than 40 MPa is considered to be HSC in the
southeast asian region. Grade 80 concrete has been used in Asia for high-rise buildings
(Rashid et al. 2002). However, in areas where 60 MPa concrete is used extensively, the
compressive strengths in the range from 80 to 140 MPa.are considered to be HSC.

Throughout this study, the lower limit of HSC is used as the 28-day characteristic com-
pressive strength of 50 MPa. Generally for concrets with uniaxial compressive strength
greater than 50 MPa, special admixtures are required. As a result that concrete has a

different, class of material. Therefore the definition for the lower limit of HSC is pertinent.
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1.1.2 Applications

In the 1960s, Grade 60 concrete was used on tall buildings such as Water Place in Chicago
(Chan and Anson 1994). Seattle and Washington, which are among the regions of high
seismicity in United States, used HSC in many structures (Ghosh 1997). In late 1980s
in Seattle, the First Pacific Centre utilised concrete with compressive strength of 115
MPa (Laogan and Elnashai 1999). Two Union Square used 97 MPa in-situ concrete in
its columns and the compressive strength increased to 131 MPa at the age of one year
(Ghosh 1997). Ghosh (1997) reported that although Two Union Square is said to have
the highest strength of any in-situ concrete ever made, the First Pacific Centre achieved
even higher compressive strength in one year. Laogan and Elnashai {1999) documented
that Two Prudential Plaza (281 m) and South Wacker Drive (205 m), both located in
Chicago, used a mix with compressive strength of 83 MPa. Chan .:~d Anson (1994)
reported that the 578 m high Central Plaza used HSC of Grade 60. An example for the
highly developed city centres with high-rise structures using high strength materials is
Chicago, Illinois where the development of the high strength followed the trend shown in
Table 1.1 (Laogan and Elnashai 1999).

Table 1.1: Development of concrete strength in Chicago (Laogan and Elnashai 1999).

Year Building name Strength (MPa)
1962 Outer Drive East 41
1965 Lake Point Tower 52
1972 Mid-Continental Plaza 62
1976 River Plaza 76
1982 Chicago Mercantile 96
1988 Construction Tech. Labs 117

HSC is used in many parts of the world apart from the United States. Melbourne
central building in Australia used 60-65 MPa concrete (Lloyd and Rangan 1993). Rialto
tower in Melbourne and R & 1 tower in Perth are some other examples of HSC applications
in Australia. Two uses of HSC for tall buildings in China, The New Century Hotel
and Sichuan Mansion, were documented by Hu and Zhu (1994). Both buildings used
Grade 60 concrete. The BfG building in Frankfurt (186 m) used concrete of 85 MPa
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compress?«e strength (Laogan and Elnaghai 1999). The 1,483 feet tall Petronas tower in
Kuala Lumpur, Malaysia, the tallest building in the world, utilised Grade 80 concrete.

Ghosh (1997) stated the widespread applications of HSC (compressive strengths greater
than 40 MPa) in buildings in high seismic regions in the United States. However, the use
of HSC is still limited in many other seismic regions such as Southern California (Mazr-
tirossyan and Xiao 2001).

Despite the lack of design rules for HSC in the design standards, HSC has been ex-
tensively used in the construction projects all over the world. Present design methods
are based on the design specifications for NSC, which are not suitable enough for HSC
specielly in seisruic regions. The design of reinforced concrete columns is based on a
rectangular stress block which is assumed to represent the actual compressive stresses in
concrete. It has a uniform stress intensity of 0.85f. and a depth less than neutral axis
depth. Many researchers (Rangan 1991; Rangan 1998; Attard and Stewart 1998) have
modified this stress block to extend its applicability in the design of HSC columns. How-
ever, the deign ruies may need further modifications for HSC to be used in earthquake

regions.

1.2 Research significance and project objectives

Poor column behavicur in inelastic deformation was the cause for most of the structural
failures due to earthquakes. When a structure is analysed for earthquake loadings, it
is necessary to regard the effect of cyclic lateral forces on the structure. Therefore a
thorough knowledge of the material behaviour of the constituents (such as concrete and
steel) subjected to cyclic loading is of great importance.

There are experimental studies reported in the literature for the behaviour of uncon-
fined (Sinha et al. 1964; Karsan and Jirsa 1969; Desayi et al. 1979) or confined (Desayi
et al. 1979; Shah et al. 1983; Mander et al. 1988a; Watanabe and Muguruma 1988;
Sakai and Kawashima 2000) NSC (20-49 MPa) subjected to cyclic axial compression. No
experimental studies as such has been reported for HSC in the literature. The existing
stress-strain models for the cyclic behaviour of confined NSC are based on column tests.
Concrete is passively confined in these tests and several assumptions are used for the

effectiveness of the confinement. Instead of using passive confinement, as in the case of
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column tests, if active confining pressure is applied, then the pressure can be measured
accurately. Therefore a suitable experimental program needs to be conducted to record
the axial stress, axial strain and lateral strain for HSC subjected to cyclic loading.

The available constitutive models for NSC, are capable of predicting only the axial
stress versus axial strain relationships. However, the confinement provided by lateral steel
reinforcement depends on the lateral dilation of concrete. Therefore it is a timely concern
to develop a complete deformational behaviour including both axial and lateral strains of
laterally confined HSC with c¢yclic axial compression.

It is widely believed among the researchers (I arsan and Jirsa 1969; Desayi et al. 1979;
Mander et al. 1988b; Cheong and Perry 1993) that the stress-strain curve corresncuding
to monotonically increasing loads, forms the envelope curve for cyclic loading. Therefore
envelope curve plays an important role in the stress-strain curve for cyclic loading. A
detailed study of the behaviour of HSC subjected to monotonically increasing loads was

carried out first before the cyclic loading was investigated in this thesis.

1.2.1 Objectives of the thesis

The main objective of the thesis is to develop constitutive models for the behavior of
confined HSC subjected fo

o Monotonically increasing loads
e Cyclic loads.
The specific research aims are as follows:
Monotonically increasing loads
¢ To investigate how the ductility can be improved in HSC using lateral confinenent

¢ To develop a strain-based constitutive model for the behaviour of aciively confined
HSC

¢ To apply and verify the model in column analysis

s To apply and verify the model in column-slab joint analysis

L::_'.;r.-'-._n;g..:z.'nm‘ e b T L e L,
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Cyclic loads

¢ To conduct an experimental program to measure the axial stress, axial strain and

lateral strain of HSC confined in & triaxial cell

¢ To use the experimental results to develop a constitutive model for actively confined
HSC

¢ To validate the model in column analysis

1.3 Structure of the thesis

Major advantages of using HSC in structural systems are described in this current chapter.
The two main parts of the investigations presented in this thesis are the development of
constitutive models for confined HSC subjected to monotonically increasing and cyclic
loadings. Chapters 2 to 5 deals with monotonically increasing loads. Chapters 6 to 10

deals with cyclic loads. A chapter by chapter summary of the thesis follows.

1.3.1 Monotonically increasing loads

e Chapter 2 demonstrates a method to calculate the load-deformation or moment-
curvature curves of eccentrically loaded columns. Using an existing stress-strain
model, it illustrates that the low ductility levels observed in the stress-strain curves
are translated into low ductility in column behaviour. Further, the use of confine-
ment to improve the ductility of columns is demonstrated with this model. The
examples provided in this chapter form the instification to investigate confinement

as a means of improving ductility of columus.

e Chapter 3 reviews the existing constitutive models developed in the past for the
behaviour of confined HSC subjected to monotonically increasing loading. Having
identified the gaps in knowledge in these mcd=.s, a novel approach is proposed
to develop a model for the stress-strain relationship ¢f HSC subjected to lateral
confinement. Previously reported experimental results for circular HSC columns

with passive confinement were used to verify the model.
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e Chapter 4 uses the constitutive mode! proposed in Chapter 3 in developing a
methodology for the load-deformation behaviour of eccentrically loaded HSC columns,
The analytical work thus obtained are compared with the experimental observations
reported in the literature. Further, it is demonstrated that the model proposed in
Chapter 3 is superior to the current models in predicting the behaviour of eccentri-

cally loaded HSC columns.

e Chapter 5 demonstrates another application of the constitutive model proposed in
Chapter 3. It is used to model the behaviour of the weaker layer of slab concrete
within an interior high-strength concrete column. The model is proven to be giving

satisfactory comparisons with the experimental observations reported for unloaded
and loaded slabs.

1.3.2 Cyclic loads

e Chapter 6 presents & literature review of the previous work on the behaviour of
unconfined and confined concrete as well as reinforcing steel subjected to cyclic
loading. Based on the review, research significance in establishing a constitutive

model for confined HSC under cyclic loading is highlighted.

e Chapter 7 describes the experimental program carried out to obtain the axial stress
versus axial and lateral strain relationships. The development of the triaxial testing
equipment, problems encountered in the tests, measures taken to overcome them

and an outline of the experimental procedure carried out are explained in detail.

o Chapter 8 presents the results obtained from the experimental program described
in Chapter 7.

¢ Chapter 9 presents a constitutive model developed for confined HSC subjected to
cyclic loading, based on the experimental results reported in Chapter 8. Chapter 9
also presents various attempts made hy the author to develop this model by different

approaches.

o Chapter 10 presents the previous work for the experimental and analytical behaviour
of confined concrete columns subjected to constant axial load and lateral load re- :

versals. An analytical procedure is developed to calculate the behaviour of HSC
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columns subjected to combined axial load and cyciic flexure. This chapter describes
a computer program to implement this procedure. The model proposed in Chapter

9 is validated by comparing it with some of the reported experimental results of

confined HSC columns under axial load and cyclic flexure.

¢ Chapter 11 presents the conclusions and suggestions for further research work.

1.4 Contributions to knowledge

The research work reyported in this thesis makes several contributions to the field of

structural behaviour of HSC and its applications. These are listed below:

¢ A comprehensive review of the constitutive models for concrete subjected to mono-

tonically increasing and cyclic loading.

» A novel constitutive model based on the shear failure of concrete for HSC subjected
to monotonically increasing loading. The model can establish the axial stress, axial
strain and lateral strain relationships for HSC. It can be applied to concrete with

active as well as passive confinement.

o An analytical procedure for using the constitutive model to predict the behaviour

of laterally confined HSC columns subjected to eccentric static loading.

¢ An analytical procedure for establishing the behaviour of reinforced concrete column-
slab interface when a weaker layer of slab concrete is embedded in a HSC column,

based or the proposed constitutive model.

¢ Experimental results for the axial stress, axial strain and lateral strain relationships

for confined HSC subjected to cyclic loading.

¢ A novel strain-based constitutive model for confined HSC subjected to cyclic loading.

‘This model can be applied to concrete with active as well as passive confinement.

e A computational method based on the constitutive model for the analysis of columns

subjected to axial load and cyclic lateral loads.
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1.4.1 Important observations

It is worth noting the following observations from the experimental results reported in
this thesis.

» When confined concrete is stressed, initially it contracts (reducing in volume). After

_ a certain stress, it starts to expand (increasing in volume). The maximum volumetric
' strain occurs at this point where the contraction turns into expansion. This point
occurs at an axial strain of 0.5¢, for 40 MPa concrete and 0.7¢.. for 100 MPa

concrete; where £, is the axial strain at peak axial stress.

o At the time of peak axial stress, the volume of concrete is back to its original
unloaded volume. That is, the volumetric strain is observed to be back to zero at
peak axial stress. This means that the magnitude of lateral strain at peak axial
stress is half of corresponding axial strain. This is a very useful observation for

constitutive models which has not been reported in the literature.

e It is reported in the literature that the monotonically increasing loading curve forms
an envelope of curves for cyclic loading for unconfined and confined NSC. From the
results of the experimental program carried out by the author, it is cbserved that
this is valid only in the ascending branch of the stress-strain curves of HSC and not
valid for the descending branch of HSC. Descending branch of the envelope curve

has to be modified by sealing down the corresponding stresses for HSC.

o Poisson’s rotio is constant in the initial elastic region, and rapidly increases when

loaded beyond this region.

o When unloading occurs in the initial elastic region, the Poisson’s ratio decreases
and increases back to the same value when reloading occurs. The proposed model

is capable of modelling this decreasing phenomenon of Poisson’s ratio.




A H RO e s

Chapter 2

MONOTONICALLY INCREASING
LOADS:

Lateral reinforcement requirement in
high strength concrete columns
using existing model

2.1 Introduction

High strength concrete (HSC) can lead to significant cost savings in columns. One ma-
jor concern with HSC columns is an increased brittleness compared to normal strength
concrete {(NSC). It is well established that the ductility of HSC columns can be increased
by confinement of the core of the column using lateral steel reinforcement. However, the
lateral dilation of concrete under axial Icad has been observed to be less in HSC compared
to that of NSC, which may cause a reduction in effectiveness of lateral steel when used in
HSC columns.

This chapter examines the available ductility in HSC columns and compares them with
NSC columns. A numerical method developed to establish the load-deformation charac-
teristics of eccentrically loaded columns is presented. The method uses a widely accepted
stress-strain curve for concrete subjected to lateral confinement. Using an example of a
typically reinforced 100 MPa column, it demonstrates how ductility of a column can be
estimated. The example also demonstrates that by increasine the lateral confinement,

the available ductility can be increased. By comparison with a typical 40 MPa reinforced
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concrete column, the example presents a method to estimate the required lateral rein-
forcement for a 100 MPa column for the same level of ductility available in a 40 MPa
column.

However, in the modelling of the load-deformation characteristics of column, it is as-
sumed that the confining pressure corresponds to the yielding of lateral confining steel. In
reality, confining pressure increases with the 1. +ral dilation (strain) of concrete. There-
fore a constitutive model for concrete including lateral strains is necessary to establish
the load-deformation characteristics of column accurately.

The outcomes of this chapter are published in Lokuge et al. (2000a) and Lokuge et
al. (2000b).

2.2 Ductility

In order to study the ductility of columns, it is important to define the term ductility and
how it will be measured. Ductility is the ability of the structure or structural member to
undergo substantial deformations without losing the capacity to resist loads.

Ductility is an essen*ial characteristic of a well designed structure. Present design
methods for reinforced concrete members involve an elastic analysis of structures to de-
termine the maximum design actions followed by an ultimate strength calculation for the
section using the full-range stress-strain curve of the material. The actual behaviour of
structures does not exactly match the model on which the design is based. Ductility is
the characteristic of the structures which enables the structure to redistribute the forces
in the stractures so that the design load capacity cen be reached without any premature
local failures. If the reinforced concrete section is subjected predominantly to a bend-
ing moment, a redistribution of bending moment is allowed depending on the available
ductility in the section. For the members subjected to predominantly compressive forces
and small bending moments {columns}, design includes allowance for secondary bending
moments by increasing the bending moment determined from an elastic analysis. In these
members, re-distribution of bending moment is not allowed and the failure is expected to

be fairly brittle. Lateral confinement is expected to improve the failure to a fairly ductile
mode.
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2.2.1 Ductility improvement

From the recent research work reported (Lloyd and Rangan 1993; Azizinamini 1995;
Biolzi et al. 1997; Liu et al. 1998), it is evident that ductility improvement in HSC
has been a major issue. The ductility level is important as it safeguards the structure
against unforseen overloading (Hadi 2601). The traditional method used to overcome
this effect is to have proper confining reinforcement. Using high strength steel as the
confining material will further increase the reaction force for the lateral dilation of HSC
columns thus increasing the strength and ductility (Hadi and Ai-samaraie 2001; Han
et al. 2003). Hadi and Ai-samaraie (2001) tested HSC columns with helical reinforcement
and in\}estigated the effect of pitch size and the distribution of longitudinal reinforcement.
They concluded that the smaller the pitch size the larger the ductility of the HSC columns
which was also consistent with the findings of Razvi and Saatcioglu (1994).

Current Australian design standard for concrete structures (AS3600 2001) gives the
requirement of lateral steel in the form of the size of lateral confining steel, the configura-
tion of confining steel in the section and the spacirg of confining steel. For HSC columns

such design guidelines are not available.

2.2.2 Measure of ductility

There is no consensus on the best method of measuring ductility. Most widely accepted
definition of ductility is the ratio of curvature of the section at the end and the beginning
of the plastic plateau of the load-curvature curve. The definition has been modified
sometimes as the ratio of curvature corresponding to 80% of the load capacity on the
cdescending portion of the load-curvature curve and the curvature correspohding to the
80% of load capacity on the ascending porticn of the load-curvature curve. The second
definition is more indicative of the softening slope of the load-curvature curve than the
first definition. However, an accompanied reduction in load capacity to 0.8P,, (Figure

2.1) is used with the second definition of ductility. Ductility factor (1) (Figure 2.1) is

»

defined as,
= -— (2.1)

where, ¢, i3 the curvature at the ultimate point which is defined as the point in the

descending branch of the curve in which the load is equal to 80% of the peak inad (Joen
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Figure 2.1: Load versus curvature relationship with ultimate and yielding points.

and Park 1990) and ¢, is the curvature at the point in the ascending branch of the curve
in which the load is equal to 80% of the peak load. P,, is the maximuin load reached in
the load-curvature curve.

This definition is used in this study to compare ductility of NSC and HSC columns.

2.3 Axial load versus curvature relationship

Force versus deformation characteristics of an eccentrically loaded column can either be
described by axial force versus axial deformation curve or axial force versus curvature
curve. The curvature is the result of the moment created by the eccentricity. The axial
force versus curvature relationship is chosen to estimate the ductility, because the cur-
vature is the deformation more likely to be associated with redistribution of loads in a
structure than the axial deformation.

The following sections describe the method involved in calculating this relationship.
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2.3.1 Stress-strain model for concrete proposed by Mander et
al. (1988b)

There are several models reported in the literature to illustrate the stress-strain behaviour
of concrete with passive confinement. Among them, the one proposed by Mander et
al. (1988b) has several advantages. They proposed a strain-based model for concrete
confined by transverse reinforcement. It has one continuous function for both ascending
and descending branches. It can be applied to any general type of cross section such as
circular or rectangular. The model has been found to be useful in the development of full-
range moment-curvature behaviour of H3C flexural members with a reasonable accuracy
(Setunge et al. 1994; Mendis et al. 2000). Because of “it’s” wide acceptance for NSC,
Mander et al. (1988b} model has been used here to develop the analytical procedure for
predicting the behaviour of eccentrically loaded, laterally confined columns. It is believed
that once the analytical procedure is established, this model can be replaced by complex
constitutive models.

For a slow strain rate and monotonic loading, the longitudinal compressive stress o,
is given in terms of f.., maximum stress of confined concrete, z, strain parameter and r,

modulus parameter,

Fe T
= e 2.2)
e g (2.2)
Strain parameter x is given by,
=5
= (2.3)
where,
]

£, is longitudinal compressive strain, f, is unconfined concrete strength, ., is strain at
maximum concrete stress {f..) and &, is strain corresponding to the unconfined concrete
strength, assumed as 0.002. Modulus parameter r is given in terms of E,, modulus of

elasticity of concrete and Ey, secant modulus of confined concrete at maximum stress,

r=s ———— (2.5)

where,

E. = 5000v/f. MPa (2.6)
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and
f:
=i 2.7)

Peak stress of confined concrete (f..) is defined as,

/
foo= fo k-1.254 +2.254,[1+ 7—9;—1"— —~ f}‘—) : (2.8)

fie is the effective lateral confining pressure and is given by,

Aapf ay

fle= Sd_g

(2.9)

where A,, is the total area of lateral reinforcement, f,, is the yield strength of lateral
reinforcement, s is the spacing of lateral reinforcement and d, is the distance from centre-
to-centre of the lateral reinforcement.

Further details of this stress-strain model for conerete can be found in Mander et al.
(1988b).

2.3.2 Stress-strain model for steel

The relationship between the steel stress, f, and steel strain, &; is,

Eges if 0<e, ey,
fe = (2.10)
foy if e,> ¢, ‘

where F,, is the modulus of elasticity of steel, f,, is the yield strength of steel and ¢, is

the corresponding steel strain.

2.3.3 Locad-curvature analysis

Load-curvature relations for rectangular columns subjected to combined axial load and

flexure are obtained using the following assumptions:
» Plane sections remain plane after bending.
o Perfect bond between the longitudinal steel ana the concrete.

e Concrete does not resist any tensile force.
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For the purpose of the analysis, the cross section of the column was divided into a
number of slices. In order to calculate points on the load-curvature curve (P, ¢,), for
the specified eccentricity (e*), the strain on the extreme compression side (¢;) was varied
through the entire possible range of valiles, and the corresponding P,, and ¢,, values
were calculated. For each value of ¢, an iterative procedure was used to calsulate the
corresponding P, and ¢,,. The iterative procedure involved starting with an assumed
value of ¢,, and calculating the corresponding P, and the eccentricity. The iieration
was continued until the calculated eccentricity matched the specified eccentricity with a
certain tolerance.

The following equation should be satisfied for equilibrium (Figure 2.2):

-_ ) ' e
“ FY ] 1 !
d
e o [~ =
c - r4-—F
P—»
> dz N 1
eutralaxisy |/ _____ _ | ___.
.o - A
Y
(a). Strains {b). Forces
Figure 2.2: Cross section analysis.
P = chiAci + fc,sAc.s - ftsAt.s- (2-11)
i=1

A and A,, are area of compression and tension steel respectively, A.; is area of it
concrete slice, f.; is stress in %" concrete slice and n, is the number of concrete slices in
compression side. f, and fg, are the stresses in compression and tension steel respectively
which can be calculated using Equation (2.10) with the use of corresponding strains as

given below:

Ees = fci(c —dy) (2.12)

i
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and
€
Eig = -c-:'(dz - C) (213)

where, ¢ is the neutral axis depth from extreme compression side, d; is the distance to
compression steel and d; is the distance to tension steel.

For moment equilibrium (Figure 2.2),

P(e + d/2 - dl) =M= (Z fmAm) (dg -c n) + fcsAc_g(dz - dl) (214)
i=1
where, d is the depth of the considered section and n is the distance from the neutral axis

to the place at which the resulting concrete compressive force acts and is given by,

T,
D imy JeiAcilei
n= e £ AL
ie=1 Jeifci

(2.15)

where, ¥ is the distance from the neutral axis to the centroid of the #** concrete slice.
Simplex method was used as a way of organising the procedure so -hat a series of

combinations was tried until calculated e equals the assumed minimum eccentricity e*

with a certain tolerance. MATLAB software was used in implementing this. The method

1s explained in a step by step procedure below.
step 1 set the initial value of ¢,

step 2 st = ¢, /2

step 3 calculate ¢

step 4 if |e — e*| < tolerance stop

step 6 ife>e*, ey =¢, +stelseg, =g - st

step 6 st = st /2 go to step 3

2.4 Example

The cross section details of the selected column are given in Figure 2.3. Compressive
strengths of 40 MPa for NSC and 100 MPa for HSC were used in the calculations. Grade
300 and 400 of steel were used for transverse and longitudinal steel respectively. The

column was assumed to be loaded at its minimum eccentricity of 25 mm (AS3600 2001)
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500

d

Al dimensions in mm

B=300

Figure 2.3: Section details.

from the centre line of the specimen towards y direction. Distance to the centre line of
either the compressive or tensile steel from the face of the specimen {d;) was taken as 50

wnm. Diameter of longitudinal steel was taken as 32 mm.

2.4.1 Results

Initially the load-curvature curves were obtained as in Figure 2.4, with 10 mm diameter
stirrups at 300 mm (AS3600 2001 code minimum spacing) spacing for both NSC (40 MPa)
and HSC (100 MPa). NSC column shows a fairly ductile behaviour than the HSC column.
Ductility factors were calculated using Equation (2.1). The values obtained for 40 MPa
and 100 MPa columns were 5.8 and 1.9 respectively.

It is widely accepted that the ductility in HSC columns can be improved by increasing
the lateral confining pressure using proper confinement. According to Equation (2.9),
the lateral confining pressure can be increased by reducing the spacing of the stirrups or
increasing the diameter of the stirrups or using high yield strength lateral steel.

The level of confinement of 100 MPa column was increased until the ductility of this
column matched the 40 1Pa column with confinement mentioned above (10 mm diameter
stirrups at 300 mm spacing). The level of confinement needed in 100 MPa column was

found to be either,

e 12 mm stirrups at 48 mm spacing or

¢ 10 mm stirrups of 500 MPa yield strength at 77 mm spacing.

The corresponding curves are shown in Figure 2.5.
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2.5 Conclusions

Work reported herein outlines a numerical procedure for the load-curvature behaviour of

; eccentrically loaded columns.
]

e Analysis perfcrmed in this chapter clearly indicates that a significant reduction in

% ductility is possible with increase in compressive strength of concrete.

o Ductility of the HSC column can be increased to that of the NSC column by in-
; creasing the diameter of confining steel, reducing the spacing or using high yield

strength steel as the confining reinforcement.

1 ¢ In this work, the confining pressure provided by the lateral confining steel is calcu-
lated assuming that confining steel vields before the maximum stress of the column
(Equation 2.9). However, in reality, the stress in lateral steel will be increased grad-
ually with the increase in axial force in the member and the corresponding lateral
dilation. Therefore for any axial load before it reaches its maximum, if the lateral
dilation of concrete is known, the confining pressure can be calculated using the

corresponding stress in confining steel.

o In order to develop an understanding of the actual behaviour of the column, a
congtitutive model for confined HSC, which is capable of predicting both axial and

lateral stress-strain behaviour is needed.

B T o i R 7 e T e i e S 10

e Upon developing a constitutive model, the analytical procedure developed in this

chapter can be used to predict ductility.
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Chapter 3

MONOTONICALLY INCREASING
LOADS:

Development of a constitutive model
for confined concrete

3.1 Introduction

The traditional method of improving ductility of columns by lateral confinement with
steel reinforcement has been found to be less effective in high strength concrete (HSC)
due to a reduction in lateral strains observed under axial load. The reduced effectiveness
of the confining steel combined with increased brittleness of HSC raised concerns about
the ductility of HSC columns and has led to a number of research programs in the field
(Martinez et al. 1984; Pessiki and Fieroni 1997). However, there is no general agreement
about the amount of lateral steel required in HSC columns to provide a required level of
ductility.

The experimental studies reported so far, covered the behaviour of small-scale circu-
lar or square columns with a limited configuration of steel reinforcements, tested under
laboratory conditions. One disadvantage of these types of experiments is that the value
of the minor principal stresses cannot be controlled, since the confinement provided by
lateral steel is passive. Passive confinement (using lateral reinforcement such as spirals,
ties, steel tubes or other form of material like carbon fibre) depends on lateral dilation of
the concrete under axial load and the stress-strain relationship of the confining material.

Most of the existing models for the stress-strain behaviour of confined concrete are based

21
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on column tests. Several assumptions have to be made in these experiments to calculate
the effective confinement stress provided by the steel at various stages of the loading. In
the previous studies as well as in the column analysis reported in the previous chapter, it
is assumed that the confining pressure corresponds to the yielding of the lateral reinforce-
ment. However, the confining pressure applied by the lateral reinforcement is a function
of the lateral strain of concrete.

Candappa {2000) conducted an experimental program to investigate the complete axial
stress, axial strain, lateral strain behaviour of HSC using active confinement. In active
confinement, the confiring pressure is applied directly on the specimen without relying
on the lateral strain to induce the confining stress. Therefore, the confining pressure can
be independently controlled and accurately known at any time during the tests.

This chapter surveys the existing stress-strain models for the behaviour of unconfined
and confined NSC. It then identifies the necessity of developing axial stress, axial strain
and lateral strain relationships for confined HSC. A novel approach based on shear failure
of concrete is utilised in the model formulation. It is based on the experimental results
for concrete with active confinement reported by Candappa (2000).

Subsequently, an iterative procedure for modelling columns subjected to passive con-
finement is developed. The chapter concludes with a comparison of model predictions
with the experimental results for HSC confined by carbon fibre wraps.

The results presented in this chapter will be published in Lokuge et al. (accepted for
publication in 2003 by Journal of Materials in Civil Engineering, ASCE).

3.2 [Existing stress-strain models

Based on the test results, various stress-strain models for confined concrete have been
proposed by many researchers, such as Sheikh and Uzumeri {1982), Mander et al. (1988b)
and Cusson and Paultre {1995). Existing stress-strain models for confined, unconfined
NSC as well as HSC can be divided into three broad categories with few exemptions. One
group of researchers used a form of equation proposed by Sargin et al. (1971) (Table 3.1).
Another group of researchers proposed a second order parabola for the ascending branch
and a straight line for the descending branch and their studies were based on equations
proposed by Kent and Park (1971) (Table 3.2). The other group developed stress-strain
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relationships based on equations suggested by Popovics (1973) (Table 3.3). In all these
models, selected parameters were included in the stress-strain curves and then they were

calibrated using the test results.

3.2.1 Sargin et al. (1971) type models

The first group of researchers used a form of equation proposed by Sargin et al. (1571} for
the behaviour of concrete. The stress-strain curve for unconfined and confined concrete

has the general shape as shown in Figure 3.1. Various versions of this form of equation

fcc

T

[r]

Confined concrete

Stress

| Unconfined concrete

| .
Eeo Eecc Strain

Figure 3.1: Typical stress-strain relationship for Sargin et al. {1971) type models.

were proposed by many researchers for the stress-strain curves of unconfined and confined
concrete (Table 3.1). In these equations, f; is the confining pressure, (o,,&;) are the
coordinates of any point in the stress strain curve, €., is the peak axial strain of unconfined
concrete strength, f., €. is the peak axial strain of confined concrete strength, f., E. is
the elastic modulus of concrete, E; is the initial tangent modulus and E; is the secant
modulus of concrete measured at peak stress.

Wang et al. (1978) used a similar form of an equation but the parameters were differ-
ent for ascending branch and the descending branch. Ahmad and Shah (1982) proposed
another version of the same form of equation for concrete confined by steel reinforce-
ment. Ahmad and Mallare (1994) performed a comparative study of the available models
for concrete confined by circular spirals. They concluded that the model predictions by
Ahmad and Shah (1982) were in close agreement with the experimental results for wider
range of concrete (26-68 MPa). Later El-Dash and Ahmad (1995) and Attard and Setunge
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Table 3.1: Stress-strain models for confined concrete based on Sargin et al. (1971).
AX +(D-1)X*

Researcher Y=1+(A-—2)X+DX2
A D
Sargin et al. (1971) Ececo/k ] 0.65 — 7.25f. x 10~2
Wang et al. (1978) Different parameters for ascending and descending branches
Ahmad and Shah (1982) Ei/E, 1.111 + 0.876A ~ 4.08831}1‘
165 [ fi Ym
El-Dash and Ahmad (1995 E.JE — (———
(1998) Bl By VT \G/d
. _ 132 201
Attard and Setunge (1996) gj%g-"—c (4-1) + 2A (-
« a(t-£) e (1-£)
Ecte (80/€cc)? — (0.2A + 1.6)(gs0/€cc) + 0.8
Assa et al. (2001a -_—
(20012) o 02(es0/ee)?

(1996) modified this form of equition and calibrated the model parameters by using con-
fined and unconfined HSC. Attard and Setunge (1996) model was shown to be applicatle
for a wide range of concrete strengths (20-130 MPa). Peak stress, strain at peak stress,
elastic modulus a..d the stress and strain at the inflection point on the descending curve
were required to establish the stress-strain curves for unconfined concrete. For confined
concrete, stress and strain at one other point on the descending curve was additionally
required.

Assa et al. (2001a) proposed stress-strain relationships, using two parameters and
validated it using test results for confined concrete with a strength range of 20-90 MPa.
They first developed this for spirally confined columns and then extended to concrete
confined by rectangular ties (Assa et al. 2001b). The inost recent version of the model
proposed by Sargin et al. (1971), is the one developed by Assa et al. (2001a). A sum-
mary of that model is presented here. The generic equation for stress-strain behaviour of

confined concrete (for ascending and descending) proposed by Sargin et al. (1971) is as

follows:
AX 4+ BX?

T1+CX+Dx?

(3.1)
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Y =01/ fec and X = ¢; /e, and the model parameters are given as,

A= E}Em
B (esg;::./az.gc)2 - (0.20 + 1.6)(es0/€cc) + 0.8 ]
0.2(es0/€cc)? (3.2)
C=(A-2)
D=(B+1)

where o, and €, are the axial stress and strain, €. is the axial strain corresponding to the
peak stress of confined concrete { f..), €s0 Is the axial strain of confined concrete at 0.8 fe.
on descending branch and E; is the initial tangent modulus. It is proposed by Assa et al.
(2001a) as,

E; = 4700+/7.. (3.3)
Parameter A controls the stiffness of the ascending branch and B controls the slope of

the descending branch.

3.2.2 Kent and Park (1971) type models

The model proposed by Kent and Park (1971) was the basis of the second group of
researchers in predicting the behaviour of concrete. Kent and Park (1971) suggested a
second-degree parabola for the ascending branch (independent of the confinement) and
a linear descending branch (depending on the confinement) as shown in Figure 3.2 for

concrete confined by rectangular hoops.

F

fo L

f

Conlined concrete

r]

Stress

-
Eeo Eee Strain

Figure 3.2: Typical stress-strain relationship for Kent and Park (1971) type models.

A numnber of models reported in the literature either used the similar equations or

modified these equations as shown in Table 3.2. In these equations, (oy,&;) are the
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cocidinates of any point in the stress strain curve, €., is the peak axial strain of unconfined
concrete strength, f., €. is the peak axial strain of confined concrete strength, f.. and

Zm, is the slope of the descending branch.

Table 3.2: Stress-strain models for confined concrete based on Kent and Park (1971).

Researcher Ascending branch (o) Descending branch (oy)
, €1 ) _(_E1 \? _ _
Kent and Park (1971) foe [2 ( 0‘002) ( 555 2) ] Fooll = Zm(e1 — 0.002)]
2
Sheikh and Uzumeri (1962) Kf, |:2 (f-l-) - (;‘_1) ] Jee[l = Zm(e1 — €ce)]
[ 54
of S _Y_ (%1 2] - -
Park et al. (1982) KJ. [H ( s K) ( Gooor) | KA1~ Znler - 0002K)
Scott et al. (1982) same as Park et al. (1982)
Samra (1990} same as Kent and Park (1971)
' 21 1/(1+2K)
Saatcioglu and Razvi (1992)  f.. [2 (fi) - (-?—) J feell = Zm(€1 — €cc)]
cc [=s3
Saatcioglu et al. {1995) same as Saatcioglu and Razvi (1992)
. . fccmr
Razvi and Saatcioglu (1999) oy gy Jeell = Zm(e1 — &cc)]
£1 £1 2
Mendis et al. (2000) Kf.|2 (——) - (-——-) Kfell = Zn(e1 — €o0)]
£ A 1.16
Shah et al. (1983) Jec 11— (1 - E—) foce™klE1—E)"
L=

Park et al. (1982) modified this model by including strength and strain increase due
to the confinement. Scott et al. (1982) and Sheikh and Uzumeri (1982) also used 2 similar
kind of equation for parabolic ascending branch and linear descending branch and it was
validated for NSC. Samra (1990) used the model proposed by Kent and Park (1971) and
developed a new approach for the behaviour of confined concrete. They showed that the

new approach is more realistic than the ACI Building Code for detailing columns for
ductility.
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Saatcioglu and Razvi (1992) suggested an analytical model for confined NSC and
validated it for circular, square and rectilinear columns. This model consists of a parabolic
ascending branch, linear descending branch and a constant residual strength. Ascending
branch was a modified version of Hognestad et al. (1955}’s curve. The model proposed
by Saatcioglu and Razvi (1992) is presented here.

g V(2K
o1 = foc [2 (f_‘_’c_) - (Ecﬁ) ] if o1 < fcc (3°4)
6co 600

o) is the axial stress at axial strain level ¢; and f. is the peak axial stress and the
corresponding axial strain is €., of confined concrete, and parameter K is defined by,

67585
fo

Application of this model was confirmed for NSC and it overestimated the initial modulus

K=

(3.5)

of elasticity when applied to HSC (Razvi and Saatcioglu 1999). Therefore a relationship
first proposed by Popovics (1973) and later used by Mander et al. (1988b) for NSC was
used by Cusson and Paultre (1995) and Razvi and Saatcioglu (1999) for HSC. Mendis et
al. (2000) later modified Scott et al. (1982) model for the behaviour of normal and hi'gh
strength confined concrete.

Shah et al. (1983) developed a stress-strain equation for confined concrete in an
attempt to observe the envelope curve of cyclically loaded columns. They pointed out
that Kent and Park (1971) model has a discontinuity between the ascending and the
descending branches and using a linear relationship for the descending branch is not
accurate. By noting that the curve proposed by Sargin et al. (1971) does not give good
descending branches for unconfined concrete, Shah et al. (1983) proposed a different
form of equation for the ascending branch and an exponential equation for the descending

branch.

3.2.3 Popovics (1973) type models

The third group of researchers developed stress-strain curves for concrete based on an
equation suggested by Popavics (1973). The typical stress-strain curves for unconfined
and confined concrete are shown in Figure 3.3.

Table 3.3 shows a summary of the modifications made by other researchers for Popovics

(1973) model. In these models, (a1, ;) are the coordinates of any point in the stress strain
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A
f ce I~ —~ Confined concrete
N I
fe I\
o /11
= I\
» | Unconfined concrete
|
L 1
€co €cc Strain

Figure 3.3: Typical stress-strain relationship for Popovics (1973) type models.

curve, £., is the peak axial strain of unconfined concrete strength, f., .. is the peak axial
strain of confined concrete strength, fe., z is the strain parameter and 7 is the modulus
parameter.

Carreira and Chu (1985) proposed a model for plain concrete in compression. Mander
et al. (1988b) developed a similar relationship which was extended to establish the stress-
strain curves for confined concrete subjected to cyclic loading. The major difference
between Popovics (1973) type model and the other reported models is that it has one
continuous function for both ascending and descending branches. The ascending branch
of Cusson and Paultre (1995) model is a relationship originally proposed by Popovics
(1973) and the descending branch proposed was a modified version of Fafitis and Shah
(1985). The model was proven to be valid from the experimental studies carried out for
a wide range of concrete (60 to 120 MPa). The ascending branch of Chung et al. {2002)
and Han et al. (2003) models was similar to that proposed by Cusson and Paultre (1995),
but the descending branch was a straight line.

Wee et al. (1996) proposed a modified version of Carreira and Chu (1985) model
noting that Wang et al. (1978) model is complicated for routine use and that Carreira
and Chu (1985) model does not represent the descending branch of the curve for a wider
range of concrete strength. For the ascending branch of the stress-strain curves, Wee et
al. (1996) used the equation proposed by Carreira and Chu (1985) but for modelling

the descending branch, two correction factors were introduced. Hsu and Hsu (1994) used
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Table 3.3: Stress-strain models for confined concrete based on Popovics (1973).

Researcher Ascending branch (¢;)  Descending branch (o)
- El n
Popovics (1973) fe Eeo (n -1+ (a/eco)“)
' fcc(51/5co)ﬁ
Carreira and Chu (1985) B=1+(c1/€co)®
fec(€1/€co)r

Mander et al. {1988b) r =1+ (61/%co)”

feen(€1/€00)B ~0.8((€1/€co)~2a)00
0‘ cc v 1/€ca} Id)
Hsu and Hsu (1994) B — 1+ (61 /ea) P 3fce
Cusson and Paultre (1995) fec [ : ;;(j_l(/:cjl )k] Focekr(E1-8ce)*2
’ - 1/&ce
: fee(€1/€c0)B k1fec(e1/ec0)B
Wee et al. (1996) Fo1t (/e B 1+ (er/ec)
1 E]_ -1
Hoshikuma et al. (1997) Ee |1 - - (E—-) See — Eqes(€u — €cc)
(2
Martirossyan and Xiao (2001) . );“_’(e(lge;:)r) =
= " A&l / 5o
k £, 0.15fcc
e cc

a modified version of Carreira and Chu (1985) model for the ascending branch and an
exponential function for the descending branch. Later Mansur et al. (1997) used the
same equations as Wee et al. (1996) and concluded that they give good agreement for
the stress-strain response of high strength plain and fibre concrete.

Hoshikuma et al. (1997) developed a new model after observing that a second order
parabola for the ascending branch can reflect only three boundary conditions of the four
boundary conditions which should be reflected by the ascending branch of the stress-strain

curves. In that model, ascending branch is given by,

ON

where €, and o, are the axial strain and axial stress respectively, F. is the modulus of
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elasticity of concrete and

Eceee
=" 3.7

where (f.,€cc) is the peak point. The descending branch is given by,
o = fcc - Edes(scu - Ecc) (3.8)

where Fy., is the deterioration rate and e, is the ultimate strain.

Martirossyan and Xiao (2001) tested fifteen HSC columns (compressive strength 69
MPa) under concentric compression. Further they prepared a database of eighty six
axial compression test data, carried out by different researchers. Thirty seven of the
specimens had high strength lateral reinforcement having yield strength of 690 to 1380
MPa.. Compressive strengths of concrete had a wide range of 40 to 140 MPa. Based on
the extensive analysis of the data, Martirossyan and Xiao (2001) proposed a constitutive
mode} for HSC columns. It is a modified version of Mander et al. (1988b) model which was
originally proposed by Popovics (1973). Studies by Martirossyan and Xiao {2001} showed
that. widely used equation originally proposed by Popovics (1973) may yield inaccurate
results for the descending part of the curve and modified chat equation as follows:

fom I (39)

r=1~— grr’

Strain parameter z is given by,

_a
T=— (3.10)

Modulus parameter r is defined by using Esg, instead of E, used by Mander et al. (1988b)
and Ey is defined similar to previous resea:chers (Mander et al. 1988b).

Eso

= 3.1
B~ B, (3-11)

T

The new term Fjg controls the stiffness of ascending branch and makes it more accurate

than the term E.. It is defined as,

Eso = 3820 x ka» X /7. (3.12)

and coefficient &k, is calculated as,

o (fess 0.2
2=\, : (3.13)
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The coefficient k3 in Equation (3.9) controls the descending branch of the stress-strain
curve and given by,

4

1 | for 0<e; < e,
1.25¢, <r
ka:WIn 1—'r+—8— (3.14)
P = for €. <€ €.
<ln |-==
, r lEmJ

Martirossyan and Xiao (2001} reported that above stress-strain relationships provide sat-
isfactory comparisons with the available experirnental results.
Using a strain and stress ratio Desayi et al. (1979) reported stress-strain curve for

concrete under monotonic loading.

Ec&'l
g = DT(Z) (315)
where,
1-2kB+ kBB, 28+1]  [B+2 21—k E] (&)’
b =1+ [ St - 5 [ - el (2) a16)

" [A(;sili 2 g ﬁ] (s)

3.2.4 Models capable of predicting lateral strain

Ottosen (1979) proposed a model based on nonlinear elasticity where the secant values
of Young's modulus (£,) and Poisson’s ratio (v*} are changed accordingly. However,
Ottosen (1979) model gives the parameter values only for the ascending branch of the
stress-strain curves. It has the capability of modelling axial stress, axial strain and lateral
stiain behaviour. Candappa (2000) used Ottosen (1979) model and developed a stress-
based model which was proven to be valid for HSC. Candappa (2000) model is presented
here in detail as it is the only available model which can predict lateral strains as well.
The model] proposed for concrete confined by square transverse ties, includes the basic

nonlinear elastic rejationships,

_oa=v{fi+f)
= 5
_Si= v (fit o)
= 5

(3.17)
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where, ¢, is the axial stress, f is the effective lateral confining pressure, E, is secant value
of Young’s modulus, €1,€&; are axial and lateral strains respectively. v, is secant value of

Poisson’s ratio for the ascending branch. It is defined as,

U‘? . if 18 S 513
vt = 3 (3.18)
v-uyfi-(5%) i B>4
Non linearity index @ is defined as,
=L 3.19)
=7, (
where, f.. being the peak stress of confined concrete.
0.7 fo €40 MPa,
Bi=40.7+0.005(f, — 40) 40 MPa < f. < 60 MPa, (3.20)
\0.8 fe > 40 MPa.

f. being the strength of unconfined concrete, »/¢ is the initial Poisson’s ratio and v is the

secant value of Poisson’s ratic at peak stress.

8 x 107%(f.)? + 0.0002f, +0.138 active confinement,
v =

0.15 passive confinement, (3.21)
vi=0.5.

Secant value of Poisson’s ratio for the descending branch () is expressed as,

0.5+ 1.294/(1 — ) active confinement,
Y2 = (3.22)

0.5 +243+/(1 ~ 3) passive confinement.

Secant value of Young's modulus {E;) is defined as,

E, = 1{2—2{ - (%Ei ~ E,e) + \/ [%2 - (%E‘,— - Ef)r + E2B(D(1 - B) - 1] (3.23)

where, E; is the initial tangent modulus of concrete, E is the secant value of Young'’s

modulus at peak stress which is defined as,

E; = (3.24)

E.

E,
Ep (VJ2)f 1
1ae950 Y 2
s (fc \/3)
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E, and E, being the initial and peak uniaxial secant value of Young’s modulus respectively
and (v/J2) ; is the square oot of invariant at failure. D is a parameter added to fit the

post peak shape of the curve and defined as,

2
D=-31 (%) +19.3 (M ~0.1. (3.25)

Further details can be found in Candappa (2000).

3.2.5 Axial strain at peak axial stress (e.)

Several expressions for the axial strain at peak axial stress are available in the literature.
They are based on the relevant experimental results for confined NSC and HSC. Many of
the researchers defined &, using the peak axial stress, uniaxial strength and axial strain
corresponding to uniaxial strength. Mander et al. (1988b) proposed

Ece == €co [1 + 5(% - 1)] (3.26)

where f.. and f, are the compressive strength of confined and unccrfined concrate respec-
tively and €., is the strain at peak stress {f.) of unconfined concrete. Martirossyan and
Xiao (2001) modified Mander et al. (1988b)} equation by introducing a new parameter,
kll

e = 0o [1 +hy (f,i-‘ - 1)] (3.27)

where coefficient k) depends on the concrete strength (f,), lateral steel yield strength (fs,)

and lateral reinforcement ratio {p;).

by =5+13 p-’}ﬁ (3.28)
Unconfined concrete peak strain (g.,) was defined as follows:
0.9 0.27
e, = L) (3.29)

1000
Issa and Tobaa (1984) proposed an expression using high strengths (83 MPa) which

has a similar form of Equation (3.26). The major difference in this expression is that it

includes the confining pressure.

d
=ikl h=c(4) (3.30)
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c and d are material parameters. A similar approach was taken by Saatcioglu and Razvi

(1992),
6. 7 0.83
Ecc = Eco [1+5( f )], (3.31)
and Assa et al. (2001a),
S 14215 ( J{‘) (3.32)

in defining axial strain at peak axial stress. Cusson and Paultre (1995) proposed an

expression for €., using an effective confinement index (fi.),

f\ M
€ec = £co + 0.21 ( ) . (3.33)
Je
A similar form of equation was proposed by El-Dash and Ahmad (1995) as,
Ece = Eco + kp e j:‘ (3.34)

where k; is a function of unconfined concrete strength and the diameter and spacing of
the transverse reinforcements.
Hoshikuma et al. (1997) defined strain corresponding to peak axial stress for circular

sections and square sections separately.

0.00218 + 0.03323’%?-, for circular sections;

Eec =

(3.35)

0.00245 + 0.0122%1?-—33, for square sections.

s is the volumetric ratio of steel and f,, is the yield strength of lateral reinforcement.
Shah et al. (1983) first proposed,
f le

fe
and later Diniz and Frangopol {1997) used it in confined HSC. This is not a function of

= 1.491 x 1078f, 4 0.296== + 0.00195 (3.36)

Eco, Strain at peak stress of unconfined concrete.
Setunge (1993) and Attard and Setunge (1996) suggested equations for axial strain

corresponding to peak axial stress €.,

S _ 14 (17 — 0.061.) (ii) (3.37)

Eeo Je
where f; is the confining pressure and ¢, is the axial strain corresponding to peak uniaxial

compressive strength (generally assumed to be 0.002).
In this study Equation (3.37) is used to define the axial strain corresponding to peak
axial stress { f..), which is determined by Equation (3.46) in the next section.
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3.2.6 Peak axial stress for confined concrete (f.)
Many researchers defined the peak axial stress for confined concrete using uniaxial concrete
strength and confining pressure. Shah et al. (1983) suggested,

2100
fe

where f, is the unconfined concrete strength and f; is the confining pressure. Diniz and

foc = fc+(1.15+ ) fi kPa (3.38)

Frangopol (1997) also used the same equation.

Saatcioglu and Razvi (1992) proposed a different form of equation as follows:
foe = fe+ 6.7 (3.39)

A similar form of equation was suggested by Cusson and Paultre (1995),

fcc (fl)o"?
—=10+4+21|= ; 3.40
7. 7. (340
Assa et al. (2001a)
fee=fe (1 + 3.36%‘-) , (3.41)
and Martirossyan and Xiao (2001}
fee = fe+ 3.96 . (3°42)

Issa and Tobaa (1994} defined similar form of an equation proposed by Saatcioglu and
Razvi (1992) but the parameters involved were obtained using high strengths (upto 83
MPa).

fcc fl
= =14k 3.43
7. ' (3.43)
k, was given as,
1
k) = ——. (3.44)
' at+b if-
fe

El-Dash and Ahmad (1995) suggested a similar equation as Equation (3.43). However in

their study, k; is a function of unconfined concrete strength, diameter and yield strength

of lateral reinforcement and volumetric ratio. k; was based on the experimental results of
several other researchers (Mander et al. 1988b; Ahmad and Shah 1982; Issa and Tobaa
1994; Martinez et al. 1984).
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Hoshikuma et al. (1997) defined peak axial stress for circular sections and square

sections separately.

1.0+ 3.83-8’—f-’-1—’ for circular sections;
fec S (3.45)
fe 1.0+ 0.73811;1, for square sections,
Je

where p, is the volumetric ratio of steel and f,, is the yield strength of lateral reinforce-

ment.
Peak axial stress for confined concrete (f.) was defined by Attard and Setunge {1996)
as, .
fcc (fl )
fc ft ( )
where & is a constant given by,
k=125 (1 + 0.062%-) (f.) %% (3.47)

and f, is the tensile strength. As silica fume was not used in this project tensile strength
is given by,
fi=0.9 x 0.32(f.)*¥. (3.48)

In this study equation proposed by Attard and Setunge (1996) is used as the peak axial

stress of confined concrete.

3.2.7 Experimental investigations on high strength concrete

Martirossyan and Xiao (2001} conducted an experimental program to establish the re-
sponse of HSC columns, confined with steel spirals and subjected to short term com-
pressive loadings. The main variables considered were compressive strength of concrete,
amount of confinement and specimen size. They concluded that compressive strength and
strain at maximum stress of normal weight and light weight spirally reinforced columns
increase with increase in confinement stress irrespective of the concrete strength. Liu et
al. (2000) tested twelve HSC columns (60 to 96 MPa compressive strength) under axial
compression to study the effect of concrete strength, tie spacing or the pitch of the spiral,

the diameter of the tie or spiral reinforcement and the cover to the ties.
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3.3 Damage models for concrete

An elastoplastic constitutive model for damaged concrete materials based on 2 thermo-
mechanically consistent mechanical model was proposed by Peng et al. (1997). Since the
concrete is generally subjected to triaxial loading, the coupling between volumetric and
deviatoric responses were considered in the model formulation. The effect of hydrostatic

stress on the inelastic deviatoric deformation was considered as follows:

» Hydrostatic stress is introduced into the stiffness of the springs and the damping
coefficients of the dashpot-like blocks.

Proposed model has been validated by comparing with the experimental results of concrete

subjected to triaxial stress histories with cyclic loading and unloading.

3.4 Effect of strain rate on stress-strain behaviour

In severe earthquake ground motions, cyclic loading with high strain rates is imposed on
structures. Behaviour of HSC loaded with high strain rates, such as those that would
resemble the earthquake ground motions, has been studied by only a few researchers
in the literature (Fu et al. 1991a; Fu et al. 1991b; Bing et al. 2000). Bing et al.
(2000) conducted an experimental program to investigate the behaviour of short columns
subjected to concentric loads at different strain rates. Thirty reinforced concrete columns
(240 mm diameter circular or 240 mm square and 720 mm high) with different confining
reinforcement configurations, yield strengths of confining reinforcements and concrete
compressive strengths were investigated. Stress-strain curves for confined HSC loaded at
high strain rates were proposed and compared with the same for NSC. Bing et al. {2000)
concluded that high strain rates seem to have a less effect on stress-strain relationships
of HSC than on NSC.

3.5 Gaps in knowledge

Most of the constitutive models available in the literature for monotonically increasing
loading are for NSC. Only a few researchers (Martirossyan and Xiao 2001; Liu et al.
2000) reported this behaviour for HSC. For both NSC and HSC, the reported models are
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based on column test results which need assumptions about the confinement effective-
ness. None of the above models recorded the volumetric strain of concrete. Furthermore
in load-deflection analysis of columns, lateral confining pressure was suggested to be cor-
responding to the yield strength of steel. However, use of steel yield strength in these
models predicted unconservative results (Sheikh and Yeh 1992). In reality, the confining
pressure or the stress in lateral reinforcement increases gradually with lateral dilation of
concrete until the confining steel yields, after this point, the confining pressure remains
constant (neglecting strain hardening). Therefore the behaviour of confined concrete can
be established accurately if the lateral dilation of concrete is known.

The only exception to all these models is the constitutive model proposed by Candappa
(2000) for confined HSC subjected to monotonically increasing load. It is based on the
triaxial tests which are conducted under well controlled lateral confinement. It has the
capability of establishing axial stress, axial strain as well as lateral strains. Howaver, it is
a stress-based model and involves iteration procedure when applied to passively coniined
concrete. Due to the complexity of that model and further the inability to extend that
model for the cyclic behaviour of concrete, led the author to develop another constitviive
model for HSC using the experimental triaxial test results of Candappa (2000). The

formulation of the model is presented in the next section.

3.6 Model formulation

The model formulation is based on the experimental results reported by Candappa (200b),

which were obtained under active lateral confinement.

3.6.1 Experimental results

Candappa et al. (2001} used four grades of concrete (40, 60, 75 and 100 MPa) and three
confining pressures (4, 8 and 12 MPa) as test variables in the experimental program. Since
the tests were performed in duplicate, a total of 24 tests have been reported. Further
details of the experimental program can be found in Candappa et al. (1999), Candappa
(2000) and Candappa et al. (2001). However, for the convenience of the reader, a brief
outline of the experimental set up and procedures are presented here.

Cylindrical specimens (98 mm diameter and 200 mm high) were prepared according to
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AS1012, Part 2 (2000) and cured according to AS1012, Part 8 (2000). Having both ends
properly ground, pores filled with plaster, two strain gauges were placed longitudinally in
two diametrically opposite sides. Similarly, another two strain gauges were placed laterally
at the middle third in two diametrically opposite sides. The specimen thus prepared was
then accommodated in a triaxial cell. Details of the triaxial cell are explained later in
Chapter 7. The required pressure was applied to the specimen using oil through a flexible
polyurethane membrane. A bleed valve was utilised to maintain the required confining
pressure.

The two strain gauges placed longitudinally were used to measure the axial deforma-
tions. Since the strain gauge readings are unreliable after reaching the peak strength,
Linear Variable Displacement Transducers (LVDTSs) were also used to measure the axial
deformation of concrete. In all the experimental curves, axial strains were verified using
these two methods of measurements. Similarly, lateral strains were also measured by

strain gauges as well as clip gauge.

3.6.2 Basis of model formulation

The proposed model formulation hés scveral novel key aspects, based on following obser-

vations.
o Lateral strain versus axial strain relationship:

— Normalised lateral strains were plotted against normalised axial strains for all
four concrete strengths and for all confining pressures. It is clearly seen that
for a particular concrete strength, these curves have a similarity in the shape
irrespective of the confining pressure applied. The gradient of these curves is

directly related to an important parameter, Poisson’s ratio.
o Shear stress versus shear strain relationship:

— In an attempt to develop a stress-strain model, normalised shear stress versus
normalised shear strain were plotted. Further analysis indicatcd that these
curves coincide for a particular concrete compressive strength with different
confining pressures. This observation is consistent with the theory that con-

crete failure is a shear type failure (Nielsen 1999).
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e At the peak axial stress volumetric strain becomes zero:

— Volumetric strain is an important factor, especially when lateral confinement
is involved. Normalised volumetric strain versus normalised axial strain curves
have a similar shape. The author found that the volumetric strain is close to

zero at peak axial stress.

The model requires the uniaxial compressive strength of concrete, f., as an input
variable. Corresponding axial strain &, is assumed to be 0.002 and can be made as input
variable if required. The strain-based model is formulated based on theory of shear failure

with three relationships as follows:

1. Relationship between peak axial stress, corresponding axial strain and lateral strain
2. Relationship between axial strain and lateral strain

3. Relationship between shear stress and shear strain which is used to find a relation-

ship between axial stress, axial strain and lateral strain

In the reported studies so far, a second order parabolic curve, or a form of an equation
was proposed for the ascending branch of the stress-strain curves of confined concrete. For
the descending branch, previous researchers proposed a linear relationship or an exponen-
tial function. However in some models, at the peak point the peak stress calculated using
ascending branch and descending branch were incompatible. Some models were unable
to establish the behaviour of HSC. They are important issues in establishing behaviour of
confined HSC. The author proposes complete stress-strain curves based on a basic theory
of shear failure of concrete. At the peak stress, the ascending and descending branches are
compatible. The proposed stress-strain relationship consists of different exponential func-
tions for ascending branch and descending branch for unconfined and confined concrete

as illustrated in Figure 3.4.

3.6.3 Developing a relationship between axial strain and lateral
strain

In order to find a relationship between axial strain and lateral strain, the curves shown in
Figure 3.5 were developed based on experimental results reported by Candappa (2000).

Each line in these graphs represents average of two test results.
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Figure 3.4; Typical stress-strain relationship for confined and unconfined concrete.

The curves are for normalised lateral strain (with respect to lateral strain at peak

stress), €, versus normalised axial strain (with respect to axial strain at peak stress), £,.
- €2 - €] .

g == -ET. and £ = —, (649)

oo cC

e, and g4 are axial and lateral strains respectively, €. is the axial strain corresponding to
peak axial stress and e, is the corresponding lateral strain. The gradient of these curves
will be related Lo the Poisson’s ratio. It will be a constant at the beginning and increases
gradually. Therefore the observed behavior can be approximated by a pair wise equation.
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(3.50)

v¢ is the inttial Poisson’s ratio, my is a material parameter which depends on the uniaxial
concrete strength. The value of rny for each concrete strength was found using the best-fit

curves and summarised in Table 3.4.
my = 0.0177f, + 1.2818 (3.51)

g can be obtained by equating the right hand side of Equation (3.50). Rashid ¢t al.
(2002) reported experimental values of Poisson’s ratio of concretes in the clastic region
from the available data in the literature (Figure 3.6).

Based on these data, the initial Poisson's ratio for HSC secmns to be marginally higher

than those for NSC. Rashid et al. (2002) found that Poisson’s ratio changes from 0,15 to
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v® =0.15.

0.25 and an average value of 0.2 was justified for a compressive strength range of 20 120
MPa. Initial Poisson’s ratio (vf) is defined by Candappa (2000).

(3.52)

In this study Equation (3.52) is used for the initial Poisson’s ratio. Therefore if axial
strain (..} and lateral strain (¢,) corresponding to peak axial stress can be expressed,

the relationship between axial strain and lateral strain at any stress-strain state is fully
defined by Equation (3.50).
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Table 3.4: Material parameters in Equations (3.50) and (3.61).

Parameter 40 60 75 100 General equation R?

m, 20 24 2.5 3.1 0.0177f. +1.2818 0.9717
my 6.0 53 44 3.5 —0.0427f. 4+ 7.7381 0.9899

ma -.020 -.025 -.030 —-.040 —0.0003f, — 0.0057 0.9873
0.3§
& Corrasquille st al, (1881)
0309 © Chin, M. S. (1998)
> & Iravan! {1998)
g o Jerath & Yamens (1587)
5 s G a8 Komandantatal, (1978)
'g u?'? o 1 a ': ¥ Hlon & Sists (1979)
% 018 4 ° + Paranchio & IGiegar (1979}
0 3540 - 4 A Radaln etal (1999)
o Swartz at ol. (1905)
0.05 - e Polanon's ratio =0.20
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Compressive strength, f'. (MP2)

Figure 3.0: Poisson’s ratio for concrete (Rashid et al. 2002).

3.6.4 Lateral strain at peak axial stress (¢’)

In order to find a relationship between axial and lateral strain at peak axial stress, nor-
malised volumetric strain factor (£,) versus normalised axial strain factor (€1) graphs were
plotted for all grades of concrete and all confining pressures. Normalised volumetric strain

factor {(£,) is defined as,
€y €1+ 26

(3.53)

Ey =
Ev,maz Evmax

where €, maz 18 the maximum volumetrie strain.

Normalised axial strain factor (£,) is the same defined in Equation {3.49). The curves
are shown in Figure 3.7. The normalised volumetric strain factors and axial strain factors
corresponding to the peak point are marked as a “x” in each curve. It is clearly seen that
there is a similarity in all the curves irrespeetive of concrete strength or confining pressure.
Initially volumetric strain increases gradually and then starts ducreasing. That is, with

the increasing axial stress, the concrete first contracts and then gradually it expands. Ata
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Figure 3.7: Normalised volumetric strain factor versus normalised axial strain factor (The
“x” marked on the curves indicate peak stress points).

particular point the contraction changes to expansion. At this point the volumetric strain
is maximum. This maximum value (€, mez) IS approximately close to the point where
axial strain is half of that at the peak axial stress. However, this point changes with the
concrete strength and for the concrete (40, 60, 75 and 100 MPa) considered in this study,
- volumetric strain becomes maximum when 0.5, 0.6, 0.63 and 0.7 of the respective axial
strain at peak stress.
Lt is interesting to note that there is a point where volumetric strain changes its sign.
That is, at this point the volume of concrete comes back to its original volume. When
the experimental data are carefully analysed for the peak axial stress, it is observed that

volumetric strain becomes zero when peak axial stress is reached. Normalized volumetric
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strain factor and axial strain factor corresponding to the peak stress is marked as “x” in

each curve in Figure 3.7. Therefore at peak stress,

g =8t _g (3.54)
Eymaz
and
Eoe = 26, (3.55)
By introducing Poisson’s ratio, Equation (3.55) can be written as,
V}l = 0.5 (356)

where v} is the secant value of Poisson’s ratio at peak stress. This has been addressed
in the literature by few researchers {Ottosen 1979; Madas and Elnashai 1992; Dahl 1992;
Cusson and Paultre 1995; Candappa et al. 2001). Ottosen (1979) suggested a value of
0.36 for v§ and his study is said to be valid up until failure. He further stated that
secant value of Poisson’s ratio must always be less than 0.5. Madas and Elnashai (1992)
proposed that Poisson’s ratio can reach and exceed the value of 0.5 at high compressive
stresses near failure. Dahl (1992) proposed 0.5 for »% for triaxial tests and later Cusson
and Paultre (1995) and Candappa et al. (2001} found that it is approximately 0.5. Based
on the experimental results by Candappa {2000) and observing the volumetric behaviour
for both normal and high strength concrete (Figure 3.7), it can be confirmed that secant

value of Poisson’s ratio at peak stress is 0.5.

3.6.5 Relationship between axial stress, axial strain and lateral
strain

Maximum shear stress (Tma) @and maximum shear strain {yn..) are defined as,

€1+ &9
2

where o, is the axial stress, f; is the lateral stress (confining pressure), ¢, is the axial

_oa-fi

max —

and Yo = (3.57)

strain and ¢4 is the lateral strain. Shear stress factor is defined as,

_ maximum shear stress Tmazx
7= : = ] (3.58)
maximum shear stress at peak 7,
Similarly shear strain factor is defined as,
_ maximum shear strain a
'Y —_ — 'Ym T (3.59)

maximum shear strain at peak ~ Yy
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Shear stress factor (Equation 3.58) against shear strain factor (Equation 3.59) graphs were
plotted for all the grades of concrete and for all confining pressures. They are shown in

Figure 3.8. The relationship between these factors can be approximated by the following
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Figure 3.8: Normalised shear stress factor versus normalised shear strain factor.

exponential functions,

1 — e~™2%} before peak
F= (1 =em) P (3.60)

e™7V — 1,  after peak
where mo and mg are material parameters. They depend on the uniaxial concrete
strength. Their values for each concrete strength were found using the best-fit curves
and summarised in Table 3.4. Substituting shear stress (¥) and shear strain factors ()
in terms of axial stress (1), axial strain (¢,), lateral strain (e,), maximum shear stress at

peak (7mp) and maximum shear strain at peak (ymy), complete deformational behaviour
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of concrete can be expressed as,

:l+£2
2r..(1 — e ™ Fimp ) 4 before peak
Crl = 1111}( ) u’} I) (:;_(i]_)

Z'rm,,,(tz"""‘(%ﬁﬂz)2 —mga) + ft after peak.
Thus, having established the axial strain and lateral strain relationship and shear strain
factor and shear stress factor relationship, the actual stress versus strain curves for the
different specimens under various confining stresses are computed and compared to ex-
perimental results. The curves for Grade 40, 60, 75 and 100 concrete are shown in Figures
3.9-3.12 respectively. Each figure includes 3 sets of results for the three different confin-
ing pressures applied (4, 8 and 12 MPa). Due to the lack of experimental data for the
behaviour of actively confined HSC columns, it is unable to apply the model for a similar

situation.
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Figure 3.9: Stress-strain curves for Grade 40 concrete.

The model developed in this chapter is based on experimental results for HSC sub-
jected to active lateral confinement and monotonically increasing axial load. However, it

can easily be extended to predict the performance of passively confined HSC columns as

shown below.
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Figure 3.10: Stress-strain curves for Grade 60 concrete.
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Figure 3.11: Stress-strain curves for Grade 75 concrete.
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Figure 3.12: Stress-strain curves for Grade 100 concrete.

3.7 Model application in columns with passive con-
finement

In the literature, many experimental results on eylindrical concrete columns subjected to
passive confinement are available. Such studies are based on concrete confined by spirals
end hoops {Ahmad and Shah 1982; Martinez et al. 1984; Pessiki and Pieroni 1997),
rectilinear ties (Sargin 1971; Sheikh and Uzumeri 1980; Cusson and Paultre 1995) and
concrete filled steel tubular columns (Shams and Saadeghvaziri 1997). In the last two
decades, the use of fibre reinforced polymer composites as the method of confinement has
been gaining increasing popularity. Experimental results on cylindrical columns confined
by fibre reinforced plastic sheets would be ideal for verification of the proposed model
in this chapter. From the many available experimental results, it was decided to use
the experimental resulits reported by Candappa (2000), who used carbon fibre reinforced

plastic sheets as the method of confinement. There were two reasons for this selection.

e The complete experimental data in electronic form was easily available for the author
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e Candappa \(2000) reported axial stress, axial strain and lateral strain relationships

Since the experimental program carried out by Candappa (2000) has not been published

elsewhere, it is described here in detail.

3.7.1 Experimental program

The main aim of the experimental program was to study the behaviour of confined HSC
columns with monotonically increasing loads. The confinement was provided using carbon
fibre wraps. There were two test variables, namely the compressive strength of concrete
and the level of confinement provided. Three compressive strengths (30, 60 and 100 MPa)
and three levels of confinement (1, 2 and 3 wraps) were investigated. Tests were performed
in duplicate for each wrapping configuration and each compressive strength. All together

18 specimens were tested in the experimental program.

Details of concrete mixes

Concrete mix proportious for the carbon fibre wrapped festing program are given in Table
3.5. '

Table 3.5: Mix proportions for carbon fibre wrapped specimens.
Material (for 1 m?) CF30 CF60 CF100
Cement (kg) 305 360 500
Water (kg) 150 180 140
Coarse aggregate (kg) 1500 1130 1340
Fine aggregate (kg) 806 830 520

Superplasticiser (kg) - - 8.7
W/C ratio 0.7 05 0.3
Slump (mm) 100 100 150

Table 3.6 gives the 28-day strengths and the strength and the age at time of testing

for all three grades of concrete.

Properties of fibre wraps

Tensile test specimens were prepared in order to determine the stress-strain properties of

the fibre composites. The prepared tensile test specimen is shown in Figure 3.13. The
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Table 3.6: Uniaxial strengths (specimens to be wrapped by carbon fibre).
CF30 CF60 CF160

28-day strength (MPa) 20.31 60.95 94.18
Strength at testing (MPa) 28.90 66.03 101.86
Age at testing (days) 78 96 119

Figure 3.13: Carbon fibre tensile test specimen.

tensile stress-strain curves obtained for carbon fibre composites are linear until failure.
They are shown in Figure 3.14. The average tensile strength of carbon fibre composites
was 741.3 MPa (standard deviation of 72 MPa} and the average Young’s modulus was
101,920 MPa (standard deviation of 5830 MPa).
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Figure 3.14: Tensile stress-strain curve for carbon fibre composite.
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Specimen preparation

Specimen preparation method plays an important role in fibre wrapped concrete. The
method used by Candappa (2000) is described here in detail.

The cylindrical specimens (150 mm diameter and 300 mm high) were allowed to air
dry for about a week after taking out from the curing bath. They were then sand blasted
to remove any loose particles and the dust was wiped off thoroughly. Any surface pores
were filled with a quick setting fillex. Having applied an epoxy-based primer onto the
concrete surface, it was allowed to cure overnight. Before fibre wrapping, the concrete
specimen surface was slightly sanded.

The required length of fibre wrap was cut with an allowance of 30 mm for overlapping.
Laminating resin of equal mass as the weight of the fibre wrap was applied on the surface
of the fibre wrap using a soft brush. Distributing laminating resin and squeezing any
excess resin out was performed using a bubble breaker. The composite fibre was then
wrapped tightly around concrete specimen and allowed to cure for two weeks. All the
specimens were prepared using this method and one such specimen is shown in Figure
3.15. The concrete specimens were wrapped in one, two or three layers of carbon fibre

composite.

LB LS v e ey, AR L

Figure 3.15: Carbon fibre wrapped specimen.
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Test procedure

The fibre wrapped specimens were then tested in a compression testing machine which
was set to displacement control at the rate of 0.25 mm vertical displacement per minute.
LVDTs were used t¢ measure the axial deformations. The clip gauge used to measure
the lateral deformations in actively confined concrete was modified to measure the lateral
strains in passively contined concrete columns. A custom made chain was wrapped around
the specimen and connectea to the arms of the clip gauge. The clip gauge system is shown

in Figure 3.16.

Figure 3.16: Clip gauge system used to measure lateral strains.

Confining pressure

The confining pressure exerted by the fibre reinforced plastic sheets on the concrete core is
of passive type. As the axial stress increases, the corresponding lateral strain in concrete
increases and a tensile hoop stress is developed in the confining sheets which is balanced
by the uniform radial pressure due to the lateral expansion of concrete (Figure 3.17).

Confining pressure can then be found by the equilibrium of forces.

.

Jfixds = fepnates (3.62)
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g

Figure 3.17: Confinement action in FRP composites.

fi is the confining pressure, d, is the diameter of the cylinder, f.s is the hoop stress of the
carbon fibre sheet, ny is the number of sheets and £ is the thickness of a sheet. Therefore

confining pressure is given as,

- of Tt tc
o= Lot (363)
L
;{, The hoop strength of the carbon wrap was assumed to be the tensile strength of the

carbon fibre composite {741.3 MPa). The diameter of the specimen wa: 150 mm and the
thickness of one layer of carbon fibre was 0.24 mm. It resulted in the following maximum

pressures.

e 1 Wrap: 2.37 MPa

o 2 Wraps: 4.74 MPa

f; ¢ 3 Wraps: 7.11 MPa

.

g 3.7.2 Results

E’.

i The constitutive model for HSC presented in this chapter (Section 3.6}, is applied to-
obtain the behaviour of carbon fibre wrapped concrete columns. The analytical findings
are compared with the experimental results cutlined above. Comparisons are shown in
Figures 3.18-3.23.

#, 3.7.3 Discussion

L Tiie general shapes of the stress-strain curves obtained for carbon fibre wrapped columns

are significantly different to the curves for concrete confined by lateral steel reinforcement.

Continuously increasing stress versus strain curves can be seen for all specimens except
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Figure 3.18: Stress-strain curves for Grade 30 concrete with 1 carbon fibre wrap.
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Figure 3.20: Stress-strain curves for Grade 60 concrete with 1 carbon fibre wrap.
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Figure 3.21: Stress-strain curves for Grade 60 concrete with 3 carbon fibre wraps.
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Figure 3.22: Stress-strain curves for Grade 100 concrete with 1 carbon fibre wrap.

140 L] F 1 T F L

Axial stress (MPa)
3

Ja
L=

20 .
—— Experimental
------ Model prediction
-—0[.)008 -0.006 -0.004 --0.002 0 0.002 0.004 0.006 0.008
t.ateral strain Axial strain

Figure 3.23: Stress-strain curves for Grade 100 concrete with 3 ca hon fibre wraps.




2 AR I S IR o | e TR A ey

Tk

Chapter 3: Development of a constitutive model for confined concrete 58

Grade 50 and 100 concrete with 1 wrap (Figures 3.20 and 3.22). This behaviour is due
to the linear behaviour (without any yield points) of carbon fibre compesites. After the
initial linearly elastic phase, steel displays a yielding plateau. Therefore after reaching
the maximum stress corresponding to yielding, the confining pressure remains constant.
When high confining pressure is applied to HSC (100 MPa concrete with 3 carbon fibre

wrap), there may be bond failure {bond between concrete and carbon fibre). However,

' in the model prediction it is assumed a perfect bond between concrete and carbon fibre.

This may be the reason for the difference in model prediction and the experimental curve
for 100 MPa concrete with 3 carbon fibre wraps (Figure 3.23). Apart from this, all the
other specimens are in good agreement with the model predictions.

All three grades of concrete specimens show a ductility improvement with the increas-
ing level of confinement.

_ Many researchers (Lorenzis 2001) have noted that the strain measured in the confining
FRP at rupture is in many cases lower than the ultimate strain of FRP tested for tensile
strength. The recorded hoop strains corresponding to rupture had a range of 50 to 80%
of the failure strain obtained in the tensile tests (Xiao and Wu 2000). This phenomenon

considerably affects the accuracy of the model.

3.8 Conclusions

The following conclusions can be drawn from the work reported in this chapter.

1. The proposed stress-strain model for confined concrete is summarised as shown in
Figure 3.24.

2. Volumetric strain is close to zero at peak axial stress. Thus it can be concluded
that the lateral strain at peak axial stress is half of axial strain at the same point
(t.e. €2 = 0.5¢; when o1 = f..). € and €2 are axial and lateral strains, o; is the

axial stress and f,. is the peak stress of confined concrete.

3. Volumetric strain reaches its maximum value at the exial strain, g, where pa-
rameter ¢ is approximately 0.5 for 40 MPa and increases with increasing concrete
strength to a value of 0.7 for 100 MPa.
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Figure 3.24: Procedure in drawing stress-strain curves for confined conerete (given £, and
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4. The proposed strain-based stress-strain model is a new approach in establishing the
behaviour of confined H3C.

5. The constitutive model for confined concrete subjected to concentric monotonically
increasing loading developed in this chapter is extended to establish the complete
stress-strain curves for HSC with passive confinement. [t is proven to be generally in
close agreement with the experimental test results for concrete confined by carbon

fibre wraps.

. ; —




Chapter 4

MONOTONICALLY INCREASING
LOADS:

Development of load-deformation
characteristics of columns

4.1 Introduction

The analysis method for concrete columns subjected to concentric or eccentric axial loads
can be found in standard text books (Warner et al. 1998). The standard method of column
analysis does not explicitly take into account of the effect of confining reinforcement when
the column is subjected to eccentric loading. This type of analysis is the subject of this
chapter.

Based on the constitutive model for confined concrete subjected to monotonically in-
creasing loading presented in Chapter 3, an analytical method is developed in this chap-
ter for the behaviour of laterally confined concrete columns subjected to eccentric static
loading. The method incorporates the effect of strain gradient on the lateral confining
pressure exerted by transverse reinforcement. It includes modifications for coefficient of
effectiveness. Analysis proposed here i+ . >rified using the experimental results reported in
the literature for short columns (Attard and Foster 1995; Foster and Attard 1997; Saat-
cioglu et al. 1995) and for slender columns (Lloyd and Rangan 1995; Lloyd and Rangan
1996). Experimental results for normal, medium and high strength concrete were used.
By including the effects of confinement, the analytical procedure described in this chapter

provides a better tool for column analysis than the use of stress block for concrete under
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a strain gradient.
The results presented in this chapter has been published in Lokuge et al. (2003d).

4.2 Previous work on éccentrically loaded columns

The experimental investigations on eccentrically loaded normal and high strength con-
crete columns can be divided into two broad categories. Some researchers (Attard and
Foster 1995; Saatciogiu et al. 1995; Foster and Attard 1997; Xie et al. 1997) used short
columns. With the use of HSC in building systems, the resulting reduction in column
sizes leads to investigations of the slenderness effect on the column behaviour (Rangan
1991). As a result, a few researchers (Lloyd and Rangan 1996; Ibrahim and MacGregor
1996; Claeson and Gylltoft 1998) used full scale slender columns in analysing eccentrically
loaded columns.

Saatcioglu et al. (1995) tested 12 NSC square short columns (25-35 MPa). They
concluded that the strength and deformability of eccentrically loaded columns can be
improved with the use of well-distributed longitudinal reinforcements and closely spaced
lateral reinforcements. Foster and Attard (1997) tested 36 HSC square short columns {40-
88 MPa). They argued that the ductility measurement for eccentrically loaded columns
should be based on the applied load versus (average strain + curvature X eccentricity)
curves. They concluded that the experimental ultimate strength of HSC columns com-
pared reasonably well with the predictions based on AS3600 (2001) rectangular stress
block. Later Xie et al. (1997) presented a parametric study for 21 rectangular short con-
crete columns (37.5-75 MPa). The study was based on an elasto-plastic three dimensional
finite element model. They concluded that the rectangular stress block in the ACI 318-89
Code overestimates the flexural strength of eccentrically loaded HSC columns. '

Ibrahim and MacGregor (1996) reported test results for 20 high strength (60 to 90
MPa} and ultra high strength (115 to 13¢ MPa) concrete columns subjected to axial
loads with small eccentricities. They investigated the behaviour of plain concrete using
rectangular and triangular columns. They observed that the columns with triangular cross
sections exhibited more ductile behaviour than those with rectangular cross sections. Xie
et al. (1996) used 4 rectangular columns tested by Ibrahim and MacGregor (1996) in a

finite element model comparison. Xie et al. (1996) concluded that well-confined concrete
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columns showed a more ductile behaviour than the poorly-confined concrete columns.

Lloyd and Rangan (1995) tested 36 slender HSC columns (58-97 MPa) having rect-
angular and square cross sections under three different levels of axial loxd eccentricities.
They concluded that increasing the level of eccentricity resulted in a decrease in the fail-
ure load. Furthermore, they observed that for columns with high load eccentricities, the

lateral reinforcement was sufficient to provide some ductility whereas for columns with
low load eccentricities, the la.terall reinforcement was insufficient to provide a reasonable
ductility.

Claeson and Gylltoft {1998) tested 12 full scale slender square confined HSC columns
(43-93 MPa) under eccentric loading. They compared the test results with the analytical
findings using a finite element analysis. They observed that an increase in eccentricity will
result in a more rapid decrease in strength of HSC columns than that of NSC columns.

-Samra et al. (1996) studied the available ductility of spirally confined reinforced
concrete columns subjected to eccentric loadiﬁg. Their analysis method used the stress-
strain relationships proposed by Mander et al. (1988b) for confined concrete. Based on
the analytical findings they emphasised the need to include the effect of eccentricity of
the applied axial load in calculating the raquired amount of transverse reinforcement to
provide sufficient level of ductility.

Although many research work have been reported in the literature about eccentric
loading of confined concrete columns, there exists a controversial issue about the effect of
strain gradient. One group of researchers (Hognestad et al. 1955, Karsan and Jirsa 1970)
has shown that the use of stress-strain models developed for columns loaded in concentric
compression can be used to model the behaviour of eccentrically loaded columns. However,
Sargin et al. (1971) observed that the stress-strain relationship of concrete under a strain
gradient is different to that of uniform compression. They developed stress-strain models
specifically for the flexural stress block under a strain gradient. _

Saatcioglu et al. (1995) noted the effect of strain gradient in the section on the
confinement provided by the lateral steel, which in turn affects the coocrete stress at a

given section. Their model is described here ii: detail.
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4.2.1 Analytical model used by Saatcioglu et al. (1995)

Saatcioglu et al. (1995) used the confined concrete model proposed by Saatcioglu and

Razvi (1992) for concentric loading as shown in Figure 4.1. The axial stress in the as-

'y
fo — — —
0.85f..— :
85/ Confined concrete
fo |— |
0 | .
g ‘ Unconfined con
? |
0.2fce 7’ - _I'"i _l _______ |
|
11 | _

Eco Eec Esg5 €20 Strain
Figure 4.1: Confined concrete model proposed by Saatcioglu and Razvi (1992).

cending branch is given by,

o7 1/(142K)
1= fee [2 (:_:c) - (:T;) ] (41)

where, €., is the axial strain corresponding to peak stress of confined concrete, ¢ is the

axial stress and €7 is the axial strain. f.. is the peak stress of confined concrete.
fee=Ffot kl.f;e. (4;2)
fc is the uniaxial strength of concfete and k, is a. parameter defined as,
k= 8.7(fie) ™" (4.3)
fie is the equivalent uniform pressure,
fie = ka2 fi (4.4)

where, f; is the average pressure and k; is a parameter defined as,

wmom|(%) (%) (3) <10 a9
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s is the spacing of the lateral reinforcement in longitudinal direction, s; is the spacing of
the longitudinal reinforcement and d, is the core dimension measured centre-to-centre of

the perimeter hoops. Average pressure (f;) is defined as,

= S As :;j sin @ (4.6)

where, a is the angle between the leg of transverse reinforcement and the column side

crossed by the same leg, A, is the area of one leg of the lateral reinforcement and f,, is
the yield strength of lateral reinforcement. The axial strain corresponding to peak axial

stress is defined as,
K1.fie

fe

where, €., is the axial strain corresponding to uniaxial strength of concrete.

fee = E{l+5K); K= (4.7)

The descending branch is defined using the axial strain corresponding to axial stress
of 85% of peak stress (fu).

_ ST A,
egs = 260pe.. + cogs;  p = i 55 ) - (4.8)
322 5y

dsr and ds, are core dimensions in z and y directions respectively.

The effect of strain gradient was incorporated into this model by using an equivalent
uniform pressure {f;.) and average pressure {f;). However, by arguing that the difference
in confining pressures does not affect the behaviour of the column considerably, Saatcioglu
et al. (1995) used an average confining pressure in establishing the stress-strain behaviour
of concrete (Figure 4.2). ‘

Each of the empirical formula recommended by different researchers was based on a
particular series of tests. The applicability of these formulas to a general case is often
not well established. Therefore in this. (‘:ha.pter, an analytically based method is proposed
for the estimation of the behaviour of columns subjected to eccentrically loads. The

methodology incorporates the effect of strain gradient.

4.3 Experimental program

The results from the model proposed in this chapter are compared with the experimental
results for short HSC columns {Foster and Attard 1997), short NSC columns (Saatcioglu
et al. 1995) as well as slender HSC columns (Lloyd and Rangan 1995). The details of

each of the experimental program are presented here.
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Figure 4.2: Laieral pressure and the strain gradient (Saatcioglu et al. 1995).

4.3.1 Short column tests

Foster and Attard (1997) reports investigation of 68 end-haunched square columns (150
mm). But the detailed research report shows curves for only 50 columns. The specimens
were categorised as “L”, “M” and “H” (low, medium and high strength) according to the
strength at the time of testing In their study, strengths in the range 40 to 56 MPa was
considered as low strength, 75 MPa as medium strength and 90 MPa as HSC. However
in the study reported in this thesis, compressive strengths over 50 MPa are considered
as HSC. Therefore almost all “Medium-strength” and “High-strength” series and some of
“Low-strength” series of Foster and Attard (1997) study are considered to be HSC colurans
in this study. Designated name for each specimen relates to the stiength, reinforcement
arrangement, eccentricity and the spacing of lateral reinforcement. For example, specimen
2M20-60 has 2% longitudinal reinforcement, medium strength concrete, an eccentricity of
20 mm and a centre-to-centre tie spacing of 60 mm. The dimensions and details of the

reinforcement arrangements for the tested columns are given in Table 4.1 and Figure 4.3.
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Table 4.1: Details of column specimens (Foster and Attard 1995).

Additional Y12 bars
for 4% columns §

Specimen fe Cover A in Fig.4.3 Eccentricity Tie
(MPa) (mm) (mm) at peak load (mm) reinforcement
21.20-30 40 10 101 24.8 R6-1
21.20-60 43 12 97 26.2 R6-1
- 2L50-30 40 12 97 o9 R6-1
2L50-120 40 14 93 59 R6-1
4L.8-60 43 9 102 14 R6-1
4L20-120R 83 13 95 26 R6-2
4L50-60 40 9 102 58 R6-1
2M20-30 74 10 100 26 R6-1
2M50-30 74 11 98 59.5 R6-1
2M50-120R. 73 10 100 63.2 R6-1
4M50-30 74 18 85 59.5 R6-2
4H50-30 - 88 i1 99 60.5 R6-1
- B . B -
T — T —
=\  §

(b)

Figure 4.3: Details of column specimens.
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Dimension B was 150 mm in Foster and Attard (1997) study. Dimension A for each
specimen is given in Table 4.1. A number of low and medium strength columns were
tested in a Baldwin 2000 kN displacement controlled testing machine. It was observed
that testing machine did not have the stiffness required to obtain the descending curve for
medium strength concrete. Therefore testing was later moved onto fabricated stiff testing
frame. Loading was either stopped or decreased to make sure the lateral displacement
stability. By doing this, it was possible to obtain the descending branches for a number
of the medium strength and some of the high strength columns. A very slow loading rate
was used.

Saatcioglu et al. (1995) conducted an experimental program for 12 square columns
(210 mm) with two different levels of end eccentricities, 60 and 75 mm and two different
spacings, 50 and 100 mm. The tested specimens had compressive strengths in the range
of 25-35 MPa. Details of the specimens are given in Table 4.2 and Figure 4.3 (a) and (b).
Dimension B was 210 mm in their study. Cover and dimension A for all the specimens were
12.5 mm and 160 mm respectively. Columns were tested in a Tinus Olson universal testing
machine. Monotonically increasing compression was used at a ¢onstant end eccentricity.
Experiment was terminated when a significant strength decay was reported indicating
failure. They compared experimental observations with their analytical findings, in which

the effect of strain gradient was included.

Table 4.2: Details of column specimens (Saatcioglu et al. 1995).

Specimen fe Tie Spacing End
(MPa) reinforcement (mm) eccentricity
(mm)
) 35 Fig4.3(2) 50 75
C5-2 35 Fig.4.3(b) 50 75
C8-1 253  Fig4.3(b) 100 60
Ciu-2 274  Fig4.3(a) 100 75

In this study, the experimental results presented by Foster and Attard (1997) were
selected for comparison with the model predictions, because they tested HSC columns
and reported lateral strains in concrete as well. No other column tests reported lateral
displacements. Therefore by selecting the experiments carried out by Foster and Attard

(1997), experimental lateral strains could be compared with the lateral strains estimated.
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Further, the report obtained by the author from Foster and Attard (1997) had com-
plete information about the results, compared to other published papers which only had
condensed and limited information.

Low strength concrete columns tested by Saatcioglu et al. (1995) were also compared
with the analytical procedure proposed in this study.

The analytical method developed by Saatcioglu et al. (1995) and presented in Section
4.2.1 for eccentrically loaded short columns, is also utilised to compare the experimental
results of Foster and Attard (1997) and Saatcioglu et al. (1995).

4.3.2 Siender column tests

Lloyd and Rangan (1996) tested slender concrete columns subjected to eccentrically loads.
HSC was used in the tested columns. Detailed information about the experimental results
in a research report ‘Lloyd and Rangan 1995) was made available. Therefore, in order
to extend the model comparisons for slender concrete columns, the experimental results
reported by Lloyd and Rangan (1996) were used.

Lloyd and Rangan (1996, tested 36 eccentrically loaded slender columns. Twelve test
series were considered in their experimental pregram. Column cross sections and the
reinforcement configuration: were the test variables in each test series. Each series had 3
specimens differing from one another only by the eccentricity. Column cross sections were
either 175 x 175 mm or 300 x 100 mm. The spacing of the lateral steel was 60 mm for
all specimens. Three different levels of eccentricities 15, 50 and 65 mm were used. The _
tested specimens had compressive strengths in the range 58-97 MPa. From the 36 test
results, only square columns have been selected in this study. Details of the specimens
are given in Table 4.3 and Figure 4.4 (a) and (b).

Dimension B was 175 mm in their study. Cover and dimension A for all the specimens
were 12.5 mm and 160 mm respectively. These columns were loaded at a rate of 350 N/min
until failure. Load and the mid-height deflection were recorded for each tested specimen.

The effective length of the columns used in the analysis was 1680 mm.
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Table 4.3: Details of column specimens (Lloyd and Rangan 1395).

Specimen fe Tie Eccentricity
(MPa) reinforcement (mm)
VA 92 Fig.4.4(n) 15 -
VB 92 Fig.4.4(a) 50
V(G 92 Fig.4.4(a) 65
VIIA 92 Fig.4.4(b) 15
VIIB 92 Fig.4.4(b) 50
VIIC 92 Fig.4.4(b) 65
XIA 97 Fig.4.4(b) 15
XIB 97 Fig.4.4(b) 50
_XIC 97 Fig.4.4(b) 65
- B — - B -
DU S ——
s & 9 & ®
e ]

{a)

(b)

Figure 4.4: Details of column specimens (Lloyd and Rangan 1995).

4.4 Stress-strain model for concrete

70

The constitutive model for HSC unrder monotonically increasing load, developed by the

author and presented in the previous chapter is utilised to establish the behaviour of

columns under eccentric loading,.

4.4.1 Cover concrete

Jn analytical modelling of column behaviour, treatment of cover concrete needs careful

consideration. If the uniaxial stress-strain curve for HSC is used, cover concrete ceases to

be effective after the peak stress in uniaxial compression. Tests on conventional strength

concrete columns hy Sheikh and Uzumeri (1980) suggest that the cover continues to carry
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some load even after the peak compressive stress is attaired. Experimental studies on
HSC columns by Cusson and Paultre (1995) suggest that cover spalls suddenly with about
10-15% loss in the peak load. Candappa (2000) incorporated the effect of cover concrete
carrying some load after spalling in his model. Recently Liu et al. (2000) conducted
an experimental program giving particular emphasis to the issue of early spalling of the
concrete cover. Their study showed that the longitudinal reinforcement yielded at the
spalling load and further induce cover spalling due :> circumferential expansion of the
bars. But at the time of cover spalling, they found that the confining reinforcement had
not yielded. After cover spalled off, micro cracking of the core leads to expansion of the
core and activation of the confinement provided by the transverse ties. It will reach a
second peak load when the tie or spiral steel yields which incurs the maximum confining
pressure application to the core concrete. Figure 4.5 shows the mechanics of cover spailing.
Foster et al. (1998) showed that cracking occurs at the cover-core interface as a result of
the triaxial stress condition due to the confinement of the core. They further showed that

the interface cracking occurs regardless of the concrete strength.

Expansion of cover

= “\ [ /
e o © Gl Al
> Confined core {33{{c> P : <}:{ >

et ol p

\/

Figure 4.5: Mechanics of cover spalling.
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4.4.2 Effective lateral confining pressure

After the cover concrete spalis off, the confining restraint provided by the ties is activated.
With the increasing load, this confining pressure increases graduélly upto a maximum
value, which corresponds to the yielding of the ties. As shown by many researchers in
the literature (Sheikh and Yeh 1992; Mander et al. 1988b; Cusson and Paultre 1995),
confining pressure provided by the ties dissipates between the longitudinal bars in the
plane of cross section of the specimen and between the ties in the longitudinal direction.

As a result, only a portion of the core area is effectively confined. Therefore,
Aeff = keAcore (49)

where A.y; is effectively confined core area, k. is coefficient of effectiveness, k., < 1 and
Acore 15 the area of core (normally defined as the area enclosed by the perimeter of the

centr.iné€ of ties). The effective confining pressure fi. is given by,

fle = efi (4 10)

where f; is the lateral pressure from lateral reinforcement assuming uniform distribution
over the surface of the concrete core.

There have been different definitions for coefficient of effectiveness (k.) reported in
literature. Confining pressure distribution is assumed to be a parabolic arch between the
longitudinal bars as well as between the transverse ties, with initial tangent at 45°. For a

square column, coefficient of effectiveness at the tie level (k.;) can be expressed as,

Sof
ko = 1—-‘—‘-_“61&5"——3’5 (4.11)

where w; is the i** clear distance between longitudinal bars, = is the number of longitudinal
bars, d, is versus distance between the transverse ties and A, is cross-sectional area of
total longitudinal steel. Coeflicient of effectiveness is at its minimum at the tie level; then
it gradually increases in the longitudinal direction upto the midway between ties (Figure
4.8). Coefficient of effectiveness midway between transverse ties (k.2) can be expressed

aSl

’ 2
Koy = (1 - ;d ) (4.12)
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Figure 4.6: Effectively confined core area of a square column.

where s’ is the clear spacing between ties. ko is at its minimum at midway between the
ties; then it gradually increases in the longitudinal direction towards the tie level.

Different suggestions are reported in the literature for the effectiveness in confining
concrete, which will dominate the strength of the concrete column after spalling. Fol-
lowing the concept proposed by Sheikh and Uzumeri (1982), researchers have proposed
expressions for confining effect which are similar to Equations (4.11) and (4.12) (Cusson
and Paultre 1995; Assa and Nishiyama 1998) or a combination of those two equations
(Mander et al. 1988b; Cusson and Paultre 1995; Foster et al. 1998). Attard and Foster
(1995) suggested that confining pressure would be dominated by the larger of the values
given by Equationé (4.11) and (4.12). It is proposed that confining effect will be governed
by either the spacing and number of longitudinal bars or the spacing of the transverse
ties.

Constdering the equilibrium of half of the spiral or tie, the confining pressure exerted

by the reinforcement at yield is given by,

2y A

== (4.13)

fi
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where A, is the cross sectional area of one lateral reinforcement, s is the clear vertical
distance between the steel reinforcement, d, is the diameter of the circular hoop or versus
distance of the steel reinforcement in square columns and f,, is the yield strength of
reinforcement.

Mander et al. (1988a) reported that configuration of the transverse reinforcement
has an effect on the confinement effectiveness coefficient. It varies in the range of 0.4-
0.7 for the rectangular walls and 0.89-1.0 for circular columns. Confining pressures for
some common configurations are shown in Figure 4.7. There are several exceptions to the

normally used equation for calculation of confining pressure (Equation 4.13).

d d d
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Af, Af ‘-\/—if— Af,
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Figure 4.7: Confining pressures for some common configurations.

Assa and Nishiyama (1998b) defined the confining effect of the transverse reinforce-

ment in a different way as follows:

fi= P}’:y (-0.73) ek (4.14)

ps is the volumetric ratio of transverse reinforcement, s is the spacing of transverse re-
inforcement measured from versus, b is the least dimension of cross section, f,, is the
yield strength of transverse reinforcement and k. and k,, are the confinement effectiveness
factors. k. represents the configuration of transverse and longitudinal reinforcements.

3 ut
ke = 1-57

w; is the i** clear distance between longitudinal bars, n is the number of longitudinal

(4.15)

bars and d, is versus distance between the fransverse ties. k, represents the confinement
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effectiveness due to the presence of strain gradient along the section depth. The coefficient

is related to the applied axial load (N) and is given by,

by = (0.2 +0.8 fi‘iiﬁ) . (4.16)

k. ranges from 0.2 for beams and 1.0 for columns with concentric axial compression.

Martirossyan and Xiao (2001) defined the confining pressure as,

Ji= Psfyeff" ' (4-17)

P, 18 the lateral reinforcement ratio defined as,

- ﬂ.3A3
Ps= 15

(4.18)

where A, is the area of one leg of lateral reinforcement, d, is the diameter of the perimeter
hoops, n3 is the number of lateral reinforcement legs in the vertical cross section in spacing
s and fyess is the effective stress of confining steel at maximum compressive strength of
HSC column.

Fyers = min(foy, fye)- (4.19)
fsy is the yield strength of lateral reinforcement. f,. is calculated as follows:
1 £\
=80 x | — x —93) : 4.20
Jue (Ps fe ( )

This confining pressure calculation is contrary to the conventionally accepted approach
that the confining pressure at peak strength is related to the steel yield strength.

There will be no confining effect in the ascending branch of the load-curvature curve
(ke = 1) and it will be activated after spalling. In the descending branch of the curve,
there will be a point where the transverse steel yields (k. = k;). Beyond that point in the
descending branch, there will be a uniform confining pressure applied by the transverse
steel. Between spalling and the time of yielding of transverse steel, coefficient of effective-
ness is assumed to be varying between 1 and k). In this study it was decided that smaller
of the values given by Equations (4.11) and (4.12) will give the most suitable indication

of the confinement effectiveness.
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4.4.3 Effect of strain gradient

Effect of strain gradient has to be included in the stress-strain model for confined concrete
columns as it is basically developed based on the tests on concentrically loaded columns.
If the cross section of the column is divided into a number of slices, the lateral strain in
each slice is varied when there is a strain gradient (Figure 4.8).

_For a particular axial strain distribution, the lateral strains in each slice can be cal-
culated using the constitutive model for concrete. Using the summation of the original
and final lengths of all the strips (Figure 4.8), the average strain in transverse reinforce-
ment can be estimated. The correspouding confining pressure exerted by the ties is then
calculated using the stress-strain curve for steel. Confining pressure increases with the
increasing lateral dilation of concrete and reaches a maximum corresponding to the yield

of transverse reinforcement.

N
e«
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Figure 4.8: Lateral confining pressure.

4.5 Stress-strain model for steel

Poh (1997) has defined the relationship between steel stress (f;) and steel strain {;) as,

fs _ ((‘-gst "'ﬁp)) Ey —3 -+ Epss (421)
at — iJp €s "
(+[F==22)

where, E; is modulus of elasticity of steel, E, is plastic modulus, oy is a reference plastic
stress and m, is the shape parameter of the stress-strain curve. When establishing the
load-curvature curves of Attard and Foster (1995) and Saatcioglu et al. (1995), these
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parameters are changed in order to get the same experimental stress-strain curves for
steel obtained by each of them.
Lloyd and Rangan (1995) assumed an idealised elasto-plastic stress-strain relationship

for steel as follows:
Estes If 0 S £ S Ey:
f s = (422)
fs'y if Eg > Ey
where f, is the steel stress, ¢, is the steel strain, E,, is the modulus of elasticity of steel,

fsy 15 the yield strength of steel and ¢, is the corresponding steel strain.

4.6 Load-deformation analysis

Load-deformation relations for square columns subjected to combined axial load and
flexure are obtained assuming that the plane sections remain plane after bending. Perfect
bond-between the longitudinal steel and the concrete is assumed. Thus it is possible to
get the strain of the longitudinal steel as that of the surrounding concrete at the same
distance from the neutral axis. In the tensile zone of the cross section, it is assumed that
only tension steel resists the tensile forces and concrete does not resist any tensile force.
The stress-strain relationship for concrete is assumed to be as described in Chapter 3.
Equations (4.21) and (4.22) are used for the stress-strain curve for steel.

The cross section- is discretised into a number of slices. Each slice is composed of
either cover concrete only or cover and core concrete. With the assigned strain distri-
bution, which is defined by curvature {¢,,) and strain in extreme compression side (g;),
stresses in cover concrete in each slice and in each layer of reinforcement are calculated
using corresponding stress-strain curves. Stress calculation in core concrete requires the
estimation of the confining pressure exerted by the lateral reinforcement due to lateral
dilation of concrete. Method described in Section 4.4.3 is adopted in doing this. Therefore
stress in core concrete is calculated using this confining pressure in the stress-strain curve
for confined concrete.

In order to calculate points on the load-curvature curve (P, ¢n) for a specified
eccentricity (e*), the strain on the extreme compression side is iterated to satisfy the
condition, |especified(€%) — €cacutated] < tolerance. The procedure used in establishing

moment-curvature relationships is summarised in Figure 4.9.
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Figure 4.9: Procedure used in drawing moment-curvature curves for laterally confined
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According to the experiments carried out by Attard and Foster (1995), eccentricity at
peak load is always higher than initial eccentricity (Table 4.1). This happened due to the
lateral deflections of the specimens near failure. Therefore in the analysis of the columns
reported by them it is assumed that eccentricity varies linearly from the initial eccentricity
to the eccentricity at peak load and then remains constant. In both the column test series
conducted by Saatcioglu et al. (1995) and Lloyd and Rangan (1995), the specified level

of eccentricity was maintained throughout the experiments.

4.6.1 Ductility measurement

Ductility of the columns tested by Attard and Foster (1995) were evaluated using the two

definitions given below.

1. Commonly used definition for ductility factor is the ratio of curvature corresponding
to 80% of the moment capacity on the descending portion of th2 moment-curvature
curve and the curvature corresponding to 80% of moment capacity on the ascending
portion of the moment-curvature curve. It is described in Section 2.2.2 in Chapter
2.

2. Foster and Attard (1997) suggested a definition for combined ductility ratio by
considering the work done by a force applied at an eccentricity. It used P versus £
curve {Figure 4.10). P is the load applied and £ is (average strain (€4,) + curvature
X eccentricity). €4, is the average strain at the centroid of the section. Combined
ductility ratio {D,) (Figures 4.10) is defined as,

§u
=3 (4.23)
where, £, is the combined strain at the ultimate point which is defined as the point
in the descending branch of the curve in which the load is equal to 85% of the peak
load. &, is defined by the 3/4 rule as shown in Figure 4.10.

4.6.2 Analysis of slender columns

An equivalent standard pin-ended column as shown in Figure 4.11 can be used in analysing

slender concrete columns (Lloyd and Rangan 1995). The procedure used to obtain the
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Figure 4.1(: Combined ductility ratio in eccentrically loaded column.

mid-l{eight deflection is the one reported by Rangan (1990). It is described here in detail.

The moment at mid-height of the column, M is,
M = P(e +9) (4.24)

where ¢ is the mid-height deflection of the column and e is the eccentricity of ihe applied
load, P. In order to use the procedure explained earlier in this section (Figure 4.9), it
is necessary to find the mid-height deflection. In doing that, the deflected shape, v(z) is

assumed to be represented by a sine function as follows:

viz) = ésin (ﬁ) (4.25)
L,
where, L. is the effective length of the column. Thus the curvature is given by,

d*v

¢lz) =717
; (4.26)

=T ssin {2
Lg Le )

At mid-height, x = L./2. Therefore,

L\ _ =
¢ (-2—) =56 (4.27)
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Figure 4.11: Standard pin-ended column (Lloyd and Rangan 1995).

Mid-height deflection, J obtained from Equation (4.27) can thus be substituted in Equa-
tion (4.24) to calculate e, which is then compared with the specified value. The iteration
is then performed until the calculated e value and the specified value converge. The
procedure described in Figure 4.9 can now be used for the analysis of slender concrete
columns.

Load-deformation analysis described in Figure 4.9 was conducted for eccentrically

loaded column results made available in the liferature. These are:
1. high and normal strength concrete short columns (Attard and Foster 1995},
2. NSC short columns (Saatcioglu et al. 1995), and

3. slender HSC columns (Lloyd and Rangan 1995).
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4.7 Analytical findings

4.7.1 Comparison with experimental results of Attard and Fos-
ter (1995)

Attard and Foster (1995) investigated 68 square specimens but only 30 had the complete
ascending and descending branches. They have stated that this happened due to the
limitations of the experiment. Therefore in the present study, only those 30 experimental
observations were compared with the analysis results. Among the 30 tests, 6 of the
results showed no variation of experimental stress-strain curves with the variation of
spacing of lateral reinforcement, when the longitudinal reinforcement details and the
eccentricity were kept constant. There is obviously some faulty in these experimental
results. Therefore these six tests also were not included in the analysis for comparisons.
Consequently experimental results of 24 specimens were compared with analytical results.
The comparisons are shown only for 12 specimens. But the reliability of the analysis
was assessed using 24 specimens. The 12 comparisons shown here were selected to be
representative of the sample in terms of the eccentricity, strength etc. rather than on the
basis of the agreement between the analytical and experimental results. '

Saatcioglu et al. (1995) developed an analytical method for the behaviour of eccen-
trically loaded confined concrete columns. The method was based on confined concrete
model proposed by Saatcioglu and Razvi (1992) for concentrically loaded columns. The
model is described in detail in Section 4.2.1. Analytical model for confined concrete was
based on average confining pressure and the descending branch was a straight line. They
reported same rate of strength decay after the peak load regardless of the reinforcement
arrangement. It incorporated the significance of strain gradient in their analysis for eccen-
trically loaded columns. Therefore their procedure is also used in this study to compare
the experimental results.

Figures 4.12-4.17 show the experimental load versus (average strain + curvature x
eccentricity) curves for the eccentrically loaded columns reported by Attard and Foster
(1995). Predicted behaviour using Saatcioglu et al. (1995) method and the analytical
procedure described in this chapter is also presented in these figures.

Experimental and computed peak load and ductility values are given in Table 4.4 and

Table 4.5 respectively. A quantitative comparison has been done in terms of peak load




Chapter 4: Development of load-deformation characteristics of columns - 83

Specimen 212030
800 . 7 Y T T

L NY
L3 1014
*y

PO L L LA A R T PN T PP Hladaveas,

LA AR LE LT T

600}

z
=
< 400f
o
Q
-1
200
— Experimental (Attard and Foster 1995)
—— Model Prediction
------ Modei (Saatcioglu et al. 1995)
%0 0.002 0.004  0.006 0.008 0.01 0.012
Average strain + Curvature * Eccentricity
Specimen 2L.2060
800 T T f
600
z
<
- 400
o
o
-
200
— Experimental {Attard and Foster 1995)
—»— Mode! Prediction
o Mode! (Saatcioglu et al, 1995)
0 L L

0 0.002 0.004 0.006 0.008
Average strain + Curvature * Eccentricity

Figure 4.12; Load versus average strain + curvature x eccentricity for 2L.2030 and 2L.2060
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Figure 4.13: Load versus average strain + curvature X eccentricity 215030 and 2150120

specimens.
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Figure 4.15: Load versus average strain + curvature x eccentricity 415060 and 2M2030
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and ductility levels (Tables 4.4 and 4.5). It is evident that the methodology adopted by
Saatcioglu et al. (1995) gives a reasonable prediction for experimental load-deformation
curves of low strength concrete columns whereas analytical behaviour for high and medium
strength concrete columns gives much higher ductility than the experimental values (Fig-
ures 4.12-4.17). This can be attributed to the inadequacy of accounting for the reduction
of lateral dilation under axial load with increase in compressive strength, when using an
average confining pressure as done by Saatcioglu et al. (1995). The average confining
pressure corresponds to the yielding of transverse reinforcement. But in reality, confin-
ing pressure changes with the increasing lateral dilation of concrete and finally reaches a

maximum value.

Table 4.4: Peak loads of eccentrically loaded reinforced concrete columns reported by
Attard and Foster (1995).
Specimen Je Peak load (kN)
(MPa) Experimental Analytical
Proposed Saatcioglu
model et al. (1995)

21.20-30 40 750 732 743
2L20-60 43 700 742 735
2L50-30 40 440 405 433
2L50-120 40 440 392 376
4L.8-60 43 1150 1083 1006
4L20-120R 53 945 936 894
4L50-60 40 550 485 524
2M20-30 74 1160 1158 1190
2M50-30 74 630 603 623
2M50-120R 73 672 560 593
4M50-30 74 656 604 647
4H50-30 88 780 718 781

Fror: Figures 4.12-4.17, it can generally be observed that the experimental curves
and analytical curves match well in terms of peak load, shape of the curve and ductility
for most of the medium strength concrete. However, the experimental behaviour of the
one HSC column does not agree well with the analytical behaviour. It is noted that the

reported experimental curve has a straight portion just after the peak stress, which may
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indicate that the loading machine has been unable to follow the specimen for a short while.
In such a situation, loss of some data points may lead te a sharp change in direction of the
measured load strain curves. With the increasing eccentricity, the strength of concrete
columns decreases. This decrease in strength is higher for HSC (columns 2M2030 and
2M5030) than that for NSC (columns 2L2030 and 2L5030).

Table 4.5: Ductility of eccentrically loaded reinforced concrete columns reported by Attard
and Foster (1995).

Specimen fe Combined ductility * Ductility T
(MPa) Experimental Analytical
Proposed Saatcioglu Proposed Saatcioglu
model et al. model et al.
(1995) (1995)
2L.20-30 40 1.50 2.61 2.8 3.91 4.2
2L20-60 - 43 3.95 3.17 2.6 2.41 3.6
2L:50-30 40 4.36 3.65 24 2.8 3.2
2L50-120 40 2.76 2.79 2.3 4.15 31
4L.8-60 43 2.5 4.77 2.7 6.48 5.2
4L20-120R 53 1.86 2.41 3.4 3.93 5.8
4L50-60 40 3.26 4.25 2.3 6.74 31
2M20-30 74 2.00 1.99 2.9 2.53 5.8
2M50-30 74 245 2.32 2.1 2.94 2.8
2M50-120R 73 2.09 2.48 1.8 3.14 2.3
4M50-30 74 1.72 2.32 2.0 2.94 2.6
4H350-30 88 2.06 2.04 1.8 2.51 2.3

* Definition No.1, Section 4.6.1
t Definition No.2, Section 4.6.1




Chapter 4: Development of load-deformation characteristics of columns 91

4.7.2 Comparison with experimental results of Saatcioglu et al.
(1995) “

Saatcioglu et al. (1995) tested 12 eccentrically loaded columns. Figures 4.18 and 4.19
show the moment-curvature curves for the selected specimens from the 12 column tests
conducted by Saatcioglu et al. (1995). The figures include the experimental curves
reported by them and the analytical curves predicted by using two different methods
namely, (1). method proposed by Saatcioglu et al. (1995) and (2). method proposed in
this chapter.

Comparison of analytical findings and experimentai results of Saatcioglu et al. (1995)
column tests validates their proposed model for NSC. However, when that analytical
method is applied for the medium and high strength concrete columns of Attard and
Foster (1995), the predicted curves show a more ductile behaviour than the experimental
curves. )

The analytical findings usirg the method developed in this chapter are in reasonable
agreement with the experimental results for eccentrically loaded NSC as well as HSC short

columns.
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Figure 4.18: Comparison of moment-curvature relationships for C4-2 and C5-2 columns.
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4,7.3 Comparison with experimental results of Lloyd and Ran-
gan (1995)

From the 36 slender columns tested by Lloyd and Rangan {1995), 9 square columns
have been selected to compare with the model predictions. The experimental and the
computed peak loads and deflections at peak load are shown in Table 4.6. Moment-
curvature relationships for all the slender columns considered in this study are shown in
Figures 4.20-4.28.

Table 4.6: Peak loads of eccentrically loaded reinforced concrete columns reported by
Lloyd and Rangan (1995).
Specimen fe Peak load (kN) Deflection at
Peak load (mm)

(MPa) Experimental Analytical Experimental Analytical

VA 92. 1693 2160 6.2 4.6
VB 92 1013 1151 9.7 8.0
vC 92 795 838 12.3 11.4
VIIA 92 1733 2104 7.6 4.6
VIIB 92 906 1058 11.1 8.6
VIIC 92 663 719 15.4 12.0
XIA 97 1928 2188 5.6 4.6
XiB 97 965 1104 10.7 8.6
XIC 97 748 737 13.9 114

The analytical procedure was capable of predicting the ascending branch as well as
the descending branch for all the curves whereas it is observed that the experimental
curves are only for the ascending branch. Lloyd and Rangan (1995) commented that the
descending branches of the curves were difficult to measure and it may be due to the
stifiness of the testing machine.

Model predictions are in reasonable agreement for the low curvature values. However,
it is impossible for the author to make a judgement about the descending branches of the
curves, The predicted peak load is always higher than that in the experimental results
(Table 4.6). On the other hand predicted deflections at peak loads are always lower than

those in the experimental results. These discrepancies between the experimental results
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Figure 4.28: Moment-curvature relationships for series XI specimen C.

and the model predictions may be due to the assumed sine wave function for the deflected

shape of the column.

4.8 Conclusions

The proposed analytical procedure to model load-deformation behaviour of eccentrically
loaded NSC and HSC short columns compares well with the experimental results reported
by Attard and Foster (1995) and Saatcioglu et al. (1995). However, the model predictions
do not compare well for the slender columns tested by Lioyd and Rangan (1995). The

conclusions resulted from this chapter are summarised as follows:

o The stress-strain model developed in the - revious chapter is effective in the analysis
of eccentrically loaded columns, as it reflects both axial and lateral strain of confined

concrete,

e Proposed analytical procedure is more realistic than the previous methods where

confineinent effectiveness is estimated by assuming an effective area of confinement.
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Proposed method uses the confining pressure applied by lateral steel which changeé

with lateral dilation of concrete.

e With the increasing eccentricity, the strength of HSC columns decreases more rapidly
than that of NSC.

¢ Proposed analytical procedure is proven to be valid for NSC and HSC short columns.

e The proposed analysis has both of academic interest and practical implications.
The academic interest is mainly to develop a constitutive model based Hn triaxial
tests, which are fundamentally more solid than models that are back calculated from
columns tests: The practical implications are that this model, based on triaxial tests,
is more likely to work for a wide range of columns configurations and sizes than the
models back calculated from columns tests, which may not work for columns which

are significantly different from the original test configurations.

¢ Proposed analytical method does not provide good agreement with the experimental
results for slender columns. The results of slender columns not only depend on the
moment-curvature of cross section, but also on curvature-deflection relationship of
the column. The simplified sine-curve relationship is likely to have contributed to
the lack of good agreement between the results. Therefore it may be necessary io

consider the assumption about the deflected shape of the column.

In the columns considered in this study, lateral reinforcement has been used as the

a method of confinement. However, the proposed methodology can also be used for ec-
;‘ centrically loaded HSC columns with different methods of lateral confinement such as
l steel tubes and FRP composites. Behaviour of column-slab joints wheve jo ¢ concrete is

confined by surrounding slab concrete is another potential application of the constitutive

i model.
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Chapter 5

MONOTONICALLY INCREASING
LOADS:

Application of the constitutive model
to estimate the strength of high
strength concrete column-slab joints

5.1 Introduction

In high-rise buildings a significant cost saving can be achieved with the use of high strength
concrete in columns and normal strength concrete in slabs. Since the column load has to
transfer through a weaker layer of slab concrete, the compressive strength of concrete to
be used in design of the column is an important issue. It is termed as the “effective column
strength”. It is the uniaxial cylinder strength of hypothetical joint concrete which has the
combined characteristics of slab and column concrete. Reported experimental works to
date indicate that the effective strength of an interior column is greater than the strength
of slab concrete due to the confinement provided by the surrounding slab concrete. It
is also established that at larger ratios of concrete compressive strengths of column and
slab, the effective strength of the column is less than the compressive strength of the
column. The triaxial constitutive model developed for high and normal strength concrete
in Chapter 3 is used in this chapter to model the behaviour of the weaker layer of slab
concrete within an interior HSC column.

Using an iterative procedure to estimate the confining pressure applied by the sur-

rounding slab on column concrete, the stress-strain behaviour and failure stress of the

101
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slab layer within the column can be established. The analytical findings are compared
with the reported experimental work. When the slab is loaded, taking the stress gradiént
applied on the column into account ix calculating the confining pressure, a better estimate
of the failure stress can be obtained.

The outcomes of this chapter are published in 'Lokuge et al. (2002b).

5.2 Background

In present day construction of multi-storey reinforced concrete buildings, considerable
economy may be achieved by designing the columns with HSC (f. > 50 MPa) and the
floor slabs with NSC. The prefzrred construction technique for such buildings is to cast
the columns up ;o the soffit of the slab they will support and then to cast a continuous
slab. The columns of the next storey are then cast, resulting in a layer of slab concrete
intersecting the HSC columns at each floor level. The axial load on a column must
therefore transverse a layer of weaker floor concrete. Under some circumstances, this
layer may cause a decrease in the load carrying capacity of the column. Therefore it is
difficult to estimate the compressive strength that should be used in the design of the
column.

Current design practices in Australia and overseas in respect to the transmission of
column loads through slabs consist of three approaches. The first approach, commonly
referred to as “puddling”, involves placing column concrete within the joint region and
then designing the joint based on the cylinder strength of the column concrete. This
method carries with it unwanted logistical problems as two different grades of concreie
are required to cast the slab, thus extensive planning and a high leve! of on-site supervision
is required. Some designers avoid the difficulties associated with puddling by opting to
cast the entire slab with HSC, even though there is no need for the extra strength or the
additional associated costs which may lead to an overall less economical building design.

The second approach is based on an assumption that the strength of column concrete
is the same as the uniaxial strength of slab concrete, with the addition of vertical and
lateral reinforcement to the joint region.

The third provision is to design the column using an “effective” concrete strength,

f.., which is equal to or greater than the slab concrete strength, f.., but limited by the
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column concrete strength, f... The value of effective concrete strength of the column-slab
joint has been found by previous researchers to be predominantly dependant on the ratio
of column concrete strength to slab concrete strength, the aspect ratio of the joint, i.e.,
the ratio of slab thickness to column side dimension, and the degree of lateral confinement
offered to the joint region by the surrounding slab which will differ for each of the three

types of columns: interior, edge and corner (Figure 5.1).

_|\ T1 3 T
LI ] : 1 | I}
Comer ‘ | Normal strength
column Interior celumn | concrete slab
H i (High-strength} | 3 i1
i e \ K i
L]
K
L

Normal strength

Edge Column concrete beams

3

Figure 5.1: Column-slab connection.

5.2.1 Reported work on the behaviour of column-slab joints

A summary of previous research on transmission of column axial loads through weaker
slabs are given in Table 5.1. As seen from Table 5.1, investigations on transmission of
HSC column loads through NSC slabs, both locally and internationally have been very
limited.

Based on the test results of Bianchini et al. (1961), the American Concrete Institute
Code 318 (1999) has defined equations for the effective strength of interior and edge
columns. These are given in Table 5.2. These provisicns have not been revised for more
than 30 years. Except these three Codes mentioned above, none of the other major codes

cover trensmission of axial loads through a weaker layer.
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Table 5.1: A summary of previous research.

Investigators Range of f,, Range of f,, Comments
(MPa) (MPa)

Bianchini et al. (1961) 23 to 51 13t022  Tested 11 column-slab joint
specimens without beams.
Tested 3 column-beam joint
specimens.

Gamble and Klinar 72 to 97 17 to 43 Tested 6 column-slab joint

(1991) specimens.

Kayani (1992) - - A design equation was
proposed based on the
available test data for
interior column-slab joint
specimens.

Siao (1994) 24.4 t0 29.6' 39.4 to 50.4> Tested 6 column-beam

Ospina and Alexander 89 to 120 15 to 46
(1997)

McHarg (2000) 80.7 to 85.7 30 to 39
or
33.4 to 41.5°

specimens.

A total of 12 column-slab
joint specimens were
tested. Investigated the
effect of the aspect

ratio h/c, where

h = the slab thickness and
¢ = column dimension.

Tested 6 column-slab
specimens. Steel fibre
reinforced concrete was used
in four of six slab

column specimens.

Notes:
1 and 2: cube strength of concrete |
3: compressive strength of slab concrete with fibres
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Table 5.2: Provisions of design codes.

Interior Columns

ACI 318 (1999) i fL./fl, <14, fl.=/[f
if f/f 214 FL=075f +0.35f

CSA A23.3 (1994) if f./f' . <14; f.=f.
if flo/fls>14; fir.=025f +1.05f,

AS3600 (2001) if fl./fs <205 flo=1f

It is important to note that AS3600 (2001) adopts a critical f../f!., ratio of 2, which
exceeds the commonly accepted value amongst previous investigators and other codes of
1.4. Some work conducted at the University of Alberta {Ospina and Alexander 1998)
on HSC column-slab joints and at the University of Melbourne (Portella et al. 1999)
on corner HSC column-slab joints have shown that the recommendations given in the
American Concrete Code, ACI 318 (1999) and the Australian Concrete Structures Code,
AS3600 (2001) are unconservative. Therefore urgent attention is required to address and
resolve this important issue.

The results of an analytical procedure to model the concrete in the column-slab inter-
face accounting for the confinement provided by the slab concrete are presented in this
chapter. The method uses the triaxial constitutive model developed for confined concrete
and an analytical iterative procedure to estimate the actual confinement provided by the

slab concrete.

5.3 Experimental program

Ospina and Alexander (1997) tested thirty specimens, in four series to observe the be-
haviour of reinforced concrete column-slab joints. Eight interior colummn-slab connections
have been selected in this study. The constitutive model developed in Chapter 3 is used
to analyse the joint concrete behaviour.

Details of the tested interior column specimens are shown in Table 5.3 and Figure 5.2.
Dimensions a, b and ¢ are 1380, 1100 and 200 mm respectively for all specimens. Table 5.3

also shows the uniaxial compressive strengths of slab and column concrete separately. The
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Table 5.3: Details of the specimens.
Specimen hin Fig.5.2 Slab load Concrete strength (MPa)

¢
i
i
®
‘{l;
&

(mm) (kN) Column Slab

Al-A 100 0 105 40
A2-A 100 0 112 46
AZA - 150 0 89 2
A4-A 150 0 106 23
A2-C 100 86 112 46
A3-B 150 100 89 25
A4-B 150 932 106 23

A4-C 150 1352 106 23

Ll B T T (L T

slab loads given in the Table 5.3 is the total slab load. It is reported that the dimensions
of the slabs are selected so that the location and the magnitude of the applied slab load,

a will result in moments and shear forces at column face representing a prototype joint.

I~

High strength

e anmn
concrete column

Normal strength
3 concrete slab

Figure 5.2: Details of specimens (Ospina and Alexander 1998).
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5.4 Application of the constitutive model for the con-
fined column-slab interface

When the axial load on column is increased, the slab concrete will apply a confining |
pressure on the joint concrete as a reaction for the expansion of the joint concrete. The
estimation of the confining pressure depends on the lateral expansion (strain) of joint
concrete. Thereforé the stress-strain model for joint concrete should have the capability
of predicting the lateral strains as well, in order to find the confining pressure from the
slab concrete accurately. The constitutive model developed in Chapter 3 is used in this
chapter to model the behaviour of column-slab joint as it can establish axial stress, axial

and lateral strain relationships.

5.5 Analytical procedure

The layer of weaker slab concrete at the column-slab interface is considered as plain
concrete laterally confined by surrounding slab concrete. When the axial load of the
column increased, the concrete at the interface will try to expand and will be resisted
by the surrounding slab concrete. If the slab is not loaded, the confinement provided by
the slab concrete will be approximately uniform whereas in a loaded slab the confining
pressure will change with the strain gradient in the slab due to bending moment. The

two scenarios are considered separately and are described below.

5.5.1 Unloaded slab

When a column load is applied, there will be a lateral expansion of the joint concrete,
which is restrained by the surrounding slab concrete. Therefore the slab concrete provides
a passive confining pressure to the joint concrete. Figure 5.3 illustrates this for a column-
slab joint with unloaded slab. For this case, the confining pressure is distributed uniformly
over the height of the joint. For a particular axial strain of joint concrete, the lateral
expansion can be estimated using the constitutive model described in Chapter 3. Using
an iterative procedure, the actual confining pressure applied on the joint concrete by the
slab concrete can be calculated. Joint concrete is analysed using this confining pressure
in the constitutive model. Thus the axial column stress corresponding to the particular

axial strain can be deduced. The confining pressure applied by the surrounding concrete
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increases gradually. However, once the slab concrete cracks, the confining pressure applied
on the joint concrete by the slab will either remain same or reduce. Ospina and Alexander
(1997) reports that the slab cracked when the stress on column is about 60% of the neak
stress. Therefore in this study, it is assumed that the confining pressure will not increase

after the joint concrete has reached 60% of the peak siress.

Column load L

HSC
Column | Confining pressure
over full joint depth

Slab Joint Stab

PHb—

b

R

—I 1!

Joint expansion

Column reaclion I

Figure 5.3: Behaviour of joint concrete in an unloaded slab.

5.5.2 Loaded slab

Stress-strain relations for square columns subjected to combined axial load and flexure are
obtained assuming that plane sections remain plane after bending. Perfect bond between
steel and concrete is assumed thus it is possible to get the strain of steel as that of the
surrounding concrete. It is assumed that the concrete does not resist any tensile force.
The point slab load is applied at the beginning of the test and held constant throughout
the progress of the experiments, while the column load is increased to failure. When the
slab is loaded, bending of the slab places the top region of the joint in tension and the
bottom region in compression as shown in Figure 5.4. Therefore the joint concrete above
neutral axis of bending is not confined by the surrounding concrete, whilst concrete below
the neutral axis is actively confined by the slab concrete. In addition to this active

confinement, the slab concrete applies a passive confinement on joint concrete. This is
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due to the lateral expansion of joint concrete due to the increaéing column load.

The joint concrete is divided into a number ~f horizontal slices through slab thickness
for the modelling purpose. Each slice is subjected to constant axial strain due to the
column load. Same as for unloaded sla.bs., there will be a lateral expansion, which ulti-
mately results in a confining pressure application on this joint concrete. This confining
pressure is further increased by the effect due to bending of the slab. Due to the bending
of the slab, the bottom portion of the joint will be under compression. This results in a
compressive force (confining pressure) application on the joint concrete by the surround—.
ing siab. Joint concrete is analysed with this added confining pressure and stress-strain
relationship is established. It is assumed that the confining pressure will not increase
beyond that corresponding to 50-60% of the peak stress of joint concrete.

Column load l

HSC
Column Tension in slab top

region duse 1o bending

l Slab load / Slab load l

Slab Joint Slab

— e ——

Confining pressure over
joint bottom region

Column reaction [

Figure 5.4: Behaviour of joint concrete in a loaded slab.

5.6 Comparison of the model predictions with re-
ported experimental results

_ Ospina and Alexander (1998) reported experimental results for the behaviour of twenty
a interior column-slab joints. It consisted of two series. Series “A” had 12 interior sandwich

’ plate specimens and the aim of that series was to study the effect of slab loading on the
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joint compressive strength. Eight test specimens from series “A” have been considered
in this study which represent a sample of different slab loads, different slab and column
strengths. Model predictions are compared with the experimental observations reported
by Ospina and Alexander (1998). Figures 5.5-5.8 show the comparisons as stress in the

joint in the vertical direction versus column strain through slab for unloaded and loaded

~ glabs.”

As shown in Figures 5.5 and 5.6, aralytical findings are in close agreement with the.
experimental observations for unloaded slabs. Ascending branch of specimen A4-A devi-
ates from that of the experimental curve. It is observed that the experimental and the
predicted curves match well in terms of the shape and peak load. The only discrepancy
observed is that steeper ascending branch shown in all the predicted curves. A possible
reason for this may be the assumption made about the cracking stage. That is, in this
study, it is assumed that the slab concrete cracks before the joint concrete reaches its
peak. After this point, the confining pressure exerted by the surrounding slab concrete
will not increase.

The model comparisons with the experimental observations for loaded slabs are shown
in Figure 5.7 and Figure 5.8. Effect of slab lvad can be analysed, if the specimens A4-A,
A4-B and A4-C are considered (Figure 5.9), where the slab load increases gradually. The
higher the slab load is, tlie lower the peak stress and the strain at peak stress. This shows
that even with a high slab load, the joint benefits from some confinement. However, the

confining pressure reduces with the increase in slab load.
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Figure 5.5: Stress-strain curves for unloaded slabs A1-A and A2-A.
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Specimen A3-A
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Figure 5.6: Stress-strain curves for unloaded slabs A3-A and A4-A.
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Specimen A2-C
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Figure 5.7: Stress-strain curves for loaded slabs A2C and A3B.
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Specimen A4-B
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Figure 5.8: Stress-strain curves for loaded slabs A4B and A4C.
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Figure 5.9: Effect of slab load on interior joint streagth.
5.7 Conclusions

The analytical method developed is shown to predict the behaviour of reinforced concrete
column-slab interface when a weaker layer of slab concrete is embedded in a HSC column.

Several conclusions are drawn from this analysis.

¢ The stress-strain model developed in Chapter 3 is effective in structural analysis of
column-slab joints, as it reflects lateral strain of confined concrete. Thus the confin-

ing pressure exerted by the surrounding slab concrete can be accurately estimated.

o The developed method is shown to give good comparisons in modelling the behaviour

columnn-slab joint of interior columns with or without slab load.
o When the slab load is increased, the maximum compressive strength is decreased.
¢ In the analytical procedure presented it is assumed that

— slab concrete cracks before column concrete reaches its maximum strength and
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— confining pressure applied by the surrounding slab concrete after this cracking

stage will remain the same.

However, these assumptions reed careful irvestigations to develop the analytical

‘procedure further.

s Modelling the behaviour of reinforced concrete column-slab joint when a weaker
layer of slab concrete is embedded in a HSC column, is an issue, which has previously
only been addressed by empirical methods. It is advantageous to use analytical
methods, such as the one presented in this chapter, to estimate the strength of
column-slab joint because they would be applicable to a wide range of sitvations
than the empirical methods presented in Table 5.2.




Chapter 6
CYCLIC LOADS:

Previous works on constitutive
models of concrete and steel

6.1 Introduction

The first part of this thesis, from Chapters 2-5 focused on the behaviour of high strength
concrete (HSC) under monotonically increasing loads. The second part of the thesis
extends the underlying concept of the constitutive model presented in Chapter 3, to
develop a model for the cyclic behaviour of confined HSC. This chapter describes the
previous research work for the behaviour of uuconfined and confined normal strength
concrete (NSC) and confining steel subjected to cyclic loading.

During an earthquake, the structures are subjected to cyclic lateral forces. In per-
forming a structural analysis in & seismic region, the effect of earthquake loadings on the
structure needs tc be analysed. Therefore understanding of the behaviour of concrete and
confining material (typically steel) subjected to cyclic loading is necessary in such anal-
ysis. The stress-strain relationships for concrete under cyclic loading have been studied
from well over four decades. The experimental studies for the behaviour of unconfined
NSC subjected to cyclic axial compression by Sinha et al. (1964), Karsan and Jirsa (1969)
and Desayi et al. (1979) were the first ones to he published. Similar studies were reported
for confined NSC (20-49 MPa) by Desayi et al. (1979), Shah et al. (1983), Mander et al.
(1988a), Watanabe and Muguruma (1988) and Sakai and Kawashima (2000).

The stress-strain curve for both confined and unconfined concrete subjected to cyclic

loading has a general shape as shown in Figure 6.1. It consists of several key components.

117
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Axial stress oy

A c P J Axial strain €1

Figure 6.1: Stress-strain curve for cyclic loading of concrete.

Terminology and the description for each component or point of the stress-strain curve
(Figure 6.1) are tabulated in Table 6.1.

The envelope curve for cyclic loading of concrete is “ABEFHIM”. It is well accepted
among the research community that the stress-strain curve corresponding t¢ monotoni-
cally increasing load forms the envelope curve for cyclic loading. Unloading curve (BC)
represents the behaviour of concrete during unioading and it initiates from the unloading
point (B). Unloading stress and unloading strain are the coordinates of this point (B).
The unloading may proceed upto point “C”, where the axial stress becomes zero. This
point is called the residual strain, non-recoverable strain or the plastic strain. If unloading
reaches the plastic strain point, it is called the full unloading (BC and 14). In the progress
of unloading, if reloading initiates before unloading curve reaches the plastic strain, it is
called partial unloading (FG and KL).

Reloading curve (CDE) represents the behaviour of concrete during reloading. It
initiates from the reloading point {(C) and reaches the envelope curve at point “E” which
is named as return point (E,H and M). The coordinates of the last point of unloading
curve or the first point of reloading curve (C,G,J and L), are termed as reloading stress
and reloading strain. In the case of full unloading, reloading point is the same as plastic
strain point (C and J). If reloading reaches the envelope curve, it is called full reloading

(CDE,GNH and LM). If another unloading starts before it reaches the envelope curve, it
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Table 6.1: Terminology used in the stress-strain curve for cyclic loading of concrete.

Component Terminology and description
or point

ABEFHIM Envelope curve

B,F,ILK Unloading point

AC Plastic strain (strain at C)
Al Plastic strain (strain at J)
BC,FG,IJ KL Unloading curve

C,G,J,L Reloading point
CDE,GNH,JK,LM | Reloading curve

BD Damage due to cycle BCD
FN Damage due to cycle FGN
E.HM Return point

BC,1J Full unloading

FG,KL Partial unloading
CDE,GNH,LM Full reloading

JK Part.2’ reloading

X Common point

is called partial reloading (JK). In a particular loading cycle in concrete (BCDE), during
reloading, the stress corresponding to the unloading strain (PD) is always lower than the
initial unloading stress (PB). This loss of stress is termed as deterioration or damage in
concrete due to loading cycle (BD).

Several different definitions have been reported in the literature for the above explained
kuy components of the stress-strain curves for unconfined as well as confined NSC sub-
jected to cyclic loading. This chapter describes the experimental programs and different
definitions for those key components namely, envelope curve, unloading curve, reload-
ing curve, plastic strain point and the damage in concrete due to each cycle. It finally
identifies the need for a simple constitutive model for confined HSC subjected to cyclic

loading.
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6.2 Previous work on models for cyclic loading of
concrete |

Experimental programs to study the constitutive behaviour of unconfined or confined
NSC subjected to cyclic loading date back to the early 1960s. Major ohiectives of these

experimental programs can be summarised as follows:

¢ To compare the stress-strain curve for monotonically increasing load and the enve-

lope curve for cyclic loading of concrete.
¢ To find the behaviour of unloading and reloading curves.
o To estimate the plastic strain.

» 1o estimate the damage in concrete due to each cycle of loading.

6.2.1 Experimental work

Unconfined concrete

The research works for cyclic loading of unconfined concrete were published before that
for confined concrete. Sinha et al. (1964) found that the response of concrete to loading
and unloading cycles has not been reported in the literature. As a result, they conducted
an experimental program on twenty four 6 x 12-in cylinders of 28 MPa ccmpressive
strength and twelve 3 X 6-in cylinders of 25 and 20 MPa compressive strengths. Studying
the behaviour of plain concrete under cyclic loading was the aim of the experimental

investigation. There were several points of interest.

1. Shape of the unloading and reloading curves for different loading histories and the

possibility of representing them as a family of curves

2. A comparison of the monotonic loading curve with the envelope curve obtained from

the cyclic loading of concrete
3. Investigation of the uniqueness of stress-strain relationships

Similar to Sinha et al. (1964), Karsan and Jirsa (1969) tested 46 short rectangular columns
subjected to cyclic loading to establish stress-strain curves for plain concrete. Later Desayi

et al. (1979) also conducted few cyclic loading tests on unconfined concrete for the purpose
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of comparison with confined concrete. Instead of the circular, square or rectangular cross
sections of the specimens as carried out by other researchers, Zhang et al. (1984) tested
58 prismatic concrete specimens (10 x 10 x 30 cm). The compressive strengths used were
50 and 30 MPa and they were tested under three different loading conditions; monotonic
loading, cyclic loading with equal strain increments and repeated cycles of loading in each

strain increment.

Confined concrete

The experimental programs were then extended to observe the behaviour of confined
concrete subjected to cyclic loading. Desayi et al. (1979) performed repeated loading
tests on 150 mm diameter x 300 mm high concrete cylinders with 13-23 MPa compressive
strength and circular steel spirals confining the concrete. The loading and unloading was
performed for 6 to 10 cycles increasing the unloading strain at each c¢ycle until the load
reached 70% of the maximum load after reaching the peak. In their experimental program,
it was decided to have 2-3 cycles before peak stress, 1 or 2 cycles near peak and 2-3 cycles
in the descending branch after the peak stress. Sakai and Kawashima (2000) tested larger
confined concrete cylinders (600 mm high and 200 mm in diameter) than those used by
Desayi et al. (1979). The compressive strengths considered varied from 23 to 36.7 MPa
while the volumetric ratio varied from 0.67 to 2.67%. The specimens were subjected
to uniaxial loading under displacement control. Otter and Naaman (1983) tested 32
cylindrical spevimens of fibre reinforced concrete. The compressive strengths had a range
of 25-46 MPa.

Based on these experimental programs, several definitions were prorosed for the key

components shown in Figure 6.1. They are explained in detail in the follov;!ing sections.

6.3 Envelope curve

A definition of the envelope curve is given in Figure 6.1 and Section 6.1. Sinha et al.
(1964) were the first group of researchers to publish research work about the envelope
curve. Their definiiton is shown in Figure 6.2. They defined it as the locus of broken:
lines connecting the start of unloading curve (B or F) and the end of reloading curve (E
or H). Desayi et al. (1979) and Shah et al. {1983) superimposed stress-strain curves for

monotonically increasing load onto those for cyclic loading of concrete for comparison.
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Axial stress ¢

.

A C P Axial strain €1

Figure 6.2: Envelope curve for cyclic loading of concrete.

From the pioviously published research programs, the envelope curve was defined as the
stress-strain curve obtained under monotonically increasing load to failure for anconfined
concrete (Karsan and Jirsa 1969; Desayi et al. 1979; Perry and Cheong 1991) as well
as for confined concrete (Karsan and Jirsa 1969; Desayi et al. 1979; Maher and Darwia
1980; Shah et al. 1983; Zhang et al. 1984; Yankelevsky and Reinhardt 1987; Mander
et al. 1988b; Otter and Naaman 1988; Cheong and Perry 1993).

6.4 Plastic strain

The definition of plastic strain is provided in Figure 6.1 and in Section 6.1. However,
different estiimations of plastic strain are available in the literature. They are presented

here in detail.

6.4.1 Plastic strain based on unloading strain only

The plastic strain was considered to be a function of the unloading strain by many re-
searchers (Karsan and Jirsa 1969; Darwin and Pecknold 1977; Maher and Darwin 1980;
Zhang et al. 1984). Darwin and Pecknold (1977) established an empirical relationship
between the unloading strain in the envelope curve (€.,), and the plastic strain (e,), as

follows: )
Sl - 0.145 (Eﬂ) +0.13 (E—) . (6.1)

Eeu Ecu Ecu
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£ 1s the ultimate strain in concrete. Similar power function was introduced by Zhang et

al. (1984) for the plastic strain (e,) as follows:
X, =GXH | (6.2)

X, = i—"i and X = 22, (6.3)

cc cC

g 18 the axial strain corresponding to peak stress, G and H are material parameters.

“Otter and Naaman (1989) suggested that plastic strain for plain and fibre reinforced
concrete is a function of unloading strain. It was approximated by a generalised expo-
nential expression as shown in the Equation (6.4).

ot _ Eun _ u(l_eﬁs“i) (6.4)
€ Eco

ep Is the plastic strain, €,, is the unloading strain, & is the strain at the peak stress of

monotonic curve and k, is an unloading constant which was estimated to be 0.8.

6.4.2 Plastic strain based on unloading stress and strain

Mander et al. (1988b) defined the plastic strain, &u based on the coordinates at the
unloading point (€4, Oun), in order to establish the unloading curve from the compressive
loading curve. The procedure used by them is similar for both confined and unconfined
concrete. According to their study, the plastic strain (g,;) depends on the strain ¢, at the

intersection of the initial tangent and the plastic unloading secant slopes (Figure 6.3).

€a = G\/EynEec- (6.5)

The value of a will be,

€ 0.09¢ . .
a= ——— or =,  whichever is greater. (6.6)
Eee T Eun Eec

€c is the axial strain corresponding to peak axial stress. Plastic strain on the sezant line

between &, and ¢, is given by,

e = (Etm + 5a)0'un
i (o'un + Ecsa)

(6.7)

where, ¢, is the axial stress at unloading point and E is the modulus of elasticity of

conerete.




Chapter 6: Cyclic loads, Previous works on constitutive models of concrete and steel 124

'y
G (eumo-un)
§ (Ereso're)
= ‘h
7 !
o -
é : (Eunaonew)
i
i
1
i
i
i
i
i
i
i
!
(ET'O! q‘."O)
—O— L : .
ey Eplin Epl,n+1 Axial strain €3
i ¥
HE /l
AL
i ;
i ] ’.’ sts
[ /
[ ;
i
14
i
1y
it s
il !
if

Figure 6.3: Stress-strain curves for unloading and reloading.

6.4.3 Plastic strain based on unloading strain and number of
cycles

Sakai and Kawashima (2000) defined the plastic strain in a different way by arguing that
it increases as the number of cycles increases. They defined the term ¢, for plastic strain

after n cycles. For the first cycle (n=1) it is given by,

4

0 if 0 < eyn < 0.001,
S 0.40(cun — 0.001)  if 0.001 < e,y < 0.0035, (6.8)
0.94(yn — 0.00245) if 0.0035 < €4, < 0.03.

For two consecutive loading cycles from the same unloading point there are two different
corresponding plastic strains {(€pin~1 and €pn). # relationship between these two plastic

strain and the unloading strain {€.n), is termed as increasing ratio of plastic strain (v,).
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It is given as,
Etm - Ep!,n (6 9)
Eun — Epln-1

B
1

where,

0.945 if n=2
Tn = (610)
0.965 +0.005(n —3) if n>3

and n is the number of cycles.

6.4.4 Summary of plastic strain works

Majority of the researchers defined plastic strain using only the unloading strain {Karsan
and Jirsa 1969; Darwin and Pecknold 1977; Maher and Darwin 1980; Zhang et al. 1984).
Few others (Mander et al. 1988b; Sakai and Kawashima 2000) defined plastic strain using
unloading stress or the number of cycles together with the unloading strain. If plastic
strain depends only on the unloading strain, there cannot be different plastic strains
corresponding to many cycles originating from the same unloading strain. In this sense,
plastic strain based on unloading strain and stress and/ or unloading strain and number
of cycles seem to be more realistic than that based on only the unloading strain. As a

summary, plastic strain depends on the the following parameters.
¢ Unloading stress and strain

¢ Number of cycles.

6.5 Unloading curve

The shape of the unloading curve is normally characterised by its concavity and single cur-
vature. The mathematical expressions used to describe unloading curve include parabolic
(Sinha et al. 1964; Karsan and Jirsa 1969; Sakai and Kawashima 2000), bilinear (Park
et al. 1972; Elmorsi et al. 1998), trilinear (Darwin and Pecknold 1976; Yankelevsky and
Reinhardt 1987), power (Zhang et al. 1984) functions, combined linear and parabolic
functions (Watanabe and Muguruma 1988) and combined linear and power functions
(Otter and Naaman 1989). Each of these proposed types are discussed in detail in the

following sections.
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6.5.1 Unloading curve as a parabolic function

Sinha et al. (1964) defined unloading curve as a different curve which will be traced in the
stress-strain plane when the strain was decreased from a value above the elastic limit of
concrete. A set of unloading curves were obtained by varying the strain at the unloading
point. It was found that this set can be represented by a mathematical family of curves
named as “family of unloading curves”. The family of unloading curves obtained from
the experimental program could be approximated by a second order curve as shown in
Equation {6.11).

oy + H = -;?(61 - X)* (6.11)

H and J are experimental constants, (€;,0;) are the coordinates of any point in the
unloading curve and X is a parameter which is different for different members of the
family. For an unloading curve passing through a known point (¢, ), these coordinates

are substituted in Equation (6.11) to determine the value of the parameter X.

o+ H o+ H\*
X=c¢+ 57 —\/(s+ 57 ) — g2, (6.12)

However, the known point (g, o) was not clearly defined by Sinha et al. (1964). It may
be the unloading point or the plastic strain point. Unloading curves obtained from the
above equations compared reasonably well with the experimental results.

Similar to Sinha et al. (1964), a second degree parabola was selected by Karsan and
Jirsa (1969) to represent unloading curve. The findings of Karsan and Jirsa (1969) study
was that the shape of the loading and unloading curve is a function of plastic strain ratio.
The coordinates of the unloading point at the envelope curve (€yn,0yr), the common
point (€., 0p) and the plastic strain point (¢,,0) defined the second degree parabola for
unloading curve.

A novel method was adopted by Sakai and Kawashima (2000) in defining the unloading
curve, They first obtained a relationship between normalised stress (¢) and normalised
strain (£).

a1 €1 — Epl

f=— =

: 6.13
Tun Eun — Epl ( )

oy and ¢, are axial stress and strain respectively, (Oun,€un) are the coordinates of the

unloading point and € is the corresponding plastic strain. Therefore for an assigned
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axial strain, €, axial stress for unloading curves is given by,

€1 — &pl 2
om0 (222) 019
using the plastic strain defined in Equation (6.8).
A combination of a parabolic function and a straight line was used as the unloading
curve by Watanabe and Muguruma (1988). In their study, unloading curve is a straight
linc until it intersects common point of the unloading and reloading curves and after that

it is a parabola.

6.5.2 Unloading curve as a bilinear function

Park et al. (1972) used the idealised behaviour shown in Figure 6.4 for repeated loading
of concrete. At the beginning of unloading, it is assumed that 0.75 of the previous stress
is lost without a decrease in strain and then it follows a linear path with a slope of 0.25E.,.
E, is the tangent modulus of concrete. It is noted that the average slope of the idealised

loop is parallel to the initial tangent modulus of the stress-strain curve.

A
a1 Actual response

Idealised
| response

\Ec

I
o

£

Figure 6.4: Stress-strain hehaviour of concrete with cyclic loading (Park et al. 1972).

A different form of bilinear unloading curve was proposed by Elmorsi et al. (1998).
They defined the typical siress-strain relationship for cyclic compression of reinforced
concrete as shown in Figure 6.5. It is based on the findings of previous experimental
and analytical studies. The unloading curve is composed of two regions, initial unloading

region and the zero stiffness region. The initial unloading region is a straight line which
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starts from unloading point (€,,,0..) 2nd has a slope of E,,. The unloading stiffness,
E., is defined in terms of unloading strain and the strain at the peak stress as given in
Equation (6.15).

By _ Eun
E 1-0.3 (Ecc 1) (6.15)

E. is the tangent modulus of elasticity of concrete and is given by,
E.2 E,, £0.25E,. (6.16)

According to the studies by Elmorsi et al. (1998), the initial unloading region ends, when

concrete stress becomes zero. This zero stress is then continued until another reloading

initiates.
Compressive
Stress
(aunj Eun)
(JCP: Ec:p)
Envelope Curve
Eun

- —-

Compressive Strain

(arm €ro)

Figure 6.5: Proposed cyclic stress-strain curve for concrete in compression (Elmorsi et al.
1998).

6.5.3 Unloading curve as a trilinear function

Darwin and Pecknold (1977) showed that a model developed to simulate the cyclic re-
sponse of concrete should be capable of accounting for strength degradation, stiffness
degradation and hysteretic behaviour under loading cycles. The proposed model was
based on the experimental data on uniaxial loading of Karsan and Jirsa (1969). Typical

hysteresis curve for the proposed model is shown in Figure 6.6.
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Figure 6.6: Scheme of focal points model (Darwin and Pecknold 1977).

Straight lines are used for hysteresis loops. The size and shape of the loops were based
on several of the findings of Karsan and Jirsa (1969). At high uniaxial strains, Darwin
and Pecknold (1977) approximated the unloading curve by three straight lines; the first
with slope Ey, the second parallel to the reloading line; and the third with zero slope.
The unloading curves initially follow the line with slope Fp between the parallel unloading
and reloading lines. However in the model explanations of Darwin and Pecknold {1977),
it is not clear what should be the slope of these parallel unloading and reloading lines.

Another form of a trilinear unloading curve was proposed by Yankelevsky and Rein-
hardt (1987). They introduced several geometrical points in the uniaxial stress-strain
plane in order to define the unloading and reloading curves. The unloading curve is con-
cave from the unloading point and has a high stiffness. With the progress of unloading,
the slope of the unloading curve decreases gradually at low stress levels. A non dimen-
sional uniaxial stress-strain coordinate system was defined. The non-dimensional stress
coordinate in compression was defined as,

d1
U=— 6.17
7. (6.17)
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where o is the stress and f, is the compressive strength of concrete. The non-dimensional

strain coordinate in compression was defined as,
= — (6.18)

where € is the axial strain and e, is the strain corresponding to the peak stress in
envelope curve, In this coordinate system, the envelope curve is plotted having peak
point coordinates (1,1). As shown in Figure 6.7, the focal points E, F, G, H and I are

placed along the tangent at the origin to the envelope curve with the following coordinates.

Ug = —3.0 X Unaz (6.19)
Ur = ~Unas (6.20)
Ue = —0.75 X Unas (6.21)
Up = —0.47 X Upnag (6.22)
Ur = =02 X Ungs (6.23)

The coordinates of focal point J are

S;=-10, Ur=0 (6.24)

For a given unloading point, the following procedure is used to obtain the stress-strain

L SRS S S

relationships.

1. Connect the unloading point A(S, UU) and the focal point F by a straight line. The
line intersects the nui-dimensional strain axis at point B(Sp,0). Sp corresponds to

the plastic strain of that particular cycle.

2. Line connecting the focal point G and known point B intersects at point C(S, Uc)
with a vertical line. Point C is the intersection point of the unloading and reloading

curves,

3. Line connecting the focal point E with the known point C intersects at point D
with the line connecting focal points I and B. Three parts of the unloading branch
is now determined as AC-CD-DB and the initial region of the reloading branch is

also known, BC.
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Figure 6.7: Model for plain concrete under cyclic load (Yankelevsky and Reinhardt 1987).
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4. To complete the reloading curve, remaining part CK is obtained by connecting focal

point J and common point C. K is the intersection point with the envelope curve.

This graphical method was represented by a mathematical formulation in their study.

6.5.4 Unloading curve as a power function

Zhang et al. (1984) defined the unloading curve using the plastic strain explained earlier

in Bquation (6.2).

A S (&__"EPL)R (6.25)
Tun Eun — Spl

{€1,01) is any strain and stress level in unloading curve. n can be obtained from,

n=1+vVXun (6.26)

where, Xy, is defined in Equation (6.3).
A similar kind of power equation was combined with a linear function by Otter and
Naaman (1989) ‘o form a general polynomial for the unloading curve.
2o g (225 p (222 (6:27)
(o1,€1) is any point in the unloading curve, {(yun,€us) is the unloading point, &y is the
plastic strain, p and n,. are the unloading curve parameters and approximated as 0.9 and

3 respectively.

6.5.5 Unloading curve as a modified form of ascending branch
of monotonic loading curve

A different approach was taken by Desayi et al. (1979) and Mander et al. (1988b) in
defining equations for the stress-strain curves of repeated loading tests. They observed
a similarity between the unloading curve and the ascending branch of the monotonically
increasing loading curve.
The equations proposed by Desayi et al. (1979) were based on the stress ratio (F)
and strain ratio (S) defined as,
F=3% and s:fi- (6.28)
where (g1,01) is the strain and stress at any stress level and (e, f.) is the peak point

coordinates of confined concrete. Curves were plotted for the unloading F' — S values. It
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was found that the general shape of the unloading F — § curve is similar to the rising
branch of the monotonic loading curve. The unloading curve is defined by using the initial
slope of the unloading curve, plastic strain and an intermediate point on the unloading

curve. The unloading curve is thus defined as,

Eun(sun - 6p1)20un(€un - El)

01 = Oyn — Dr3) (6.29)
where,
Dr(3) =(€un — €51)%0un
+ [(1.353Eun(eun — €t)* — 30un(Eun — €1)))(€un — €1) (6.30)
+ [20un — 0.353Eyn(cun — €pt)](€un — €nt)®
and

Eun = fus/ (003360 + 0.06€4s) (6.31)

(01,1 is the stress and strain at any point in the unloading branch, {Gun, £.,) is the stress
and strain at the onset of unloading, (f.,.) is the peak axial stress and corresponding
axial strain and ey is the plastic strain.

A similar concept was used by Mander et al. (1988b) in defining the unloading curve.
In their study, it is a modified form of the ascending branch of the stress-strain curve
corresponding to monotonically increasing load. The unloading curve was based on the

plastic strain defined in Equation {6.7).

OunBunTun
= 0Uuyn — : 32
o1=0 = (6.32)
Tun and Ty, are given by, B
- un .33
Tun = g (6.33)
where,
a
O 6.34
E Eun — Epl ( )
and
€1 — Eun
_ , 6.35
.’Bun Epl - Etm ( )

E.. is the initial modulus of elasticity at the onset of unloading and given by,

o c 0.5
E, = (T) (E‘) B, (6.36)
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6.5.6 Summary of models for unloading curve

The unloading curve of unconfined and confined NSC is defined in many simple equa-
tions {parabolic, bilinear and trilinear) and complex equations (power). An interesﬁing
approach was used by few researchers, who found a similarity in the shape of the un-
loading curve and the ascending branch of the monotonically increasing loading curve for

concrete. The parameters defining the unloading curve can be summarised as follows:
¢ Unloading point
e Common point

¢ Reloading point or plastic strain point

6.6 Damage due to each cycle

When concrete is unloaded from the point (¢4, €un) and reloaded again, in the reloading
curve the stress value corresponding to unloading strain is always lower than the unload-
ing stress (o4,). This stress loss is called damage due to this loading cycle and this is

illustrated in Figure 6.8.

Axial stress

U

e+ e s

e

€ro Eun Axial strain

Figure 6.8: Damage due to loading cycle.
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Mander et al. (1988b) defined the damage in concrete in terms of the unloading stress

(0un) and reloading stress (ov,).
Onew = 0.9204, + 0.080,,. (6.37)

Tnew 1S the new stress level reached at the end of reloading. In order to estimate the
deterioration of stress at unloading strain, €,, after unloading and reloading, a stress

deterioration ratio, 3, was introduced by Sakai and Kawashima (2000) as given below:

Tn
B = Ue"’. (6.38)

Oun 18 the unloading stress and oy, is the new return stress. Deterioration ratio depends

on the number of cycles, n and unloading strain, £,,. If 1 <n < 2, then

’

1 if 0 < £y <0.001
Bo=C1— (10n + 22)(exn — 0.001) if 0.001 < &, < 0.0035 (6.39)
|0.92 +0.025(n — 1) if 0.0035 < g, < 0.03.
If n > 3, then
(1 if 0< e, <0.001
Brn= 01— (2n +8){€un —0.001} if 0.001 < &,, < 0.0035 (6.40)
| 0.965 + 0.005(n - 3) if 0.0035 < e,y < 0.03.

In summary, the damage due to each unloading reloading cycle has been termed as a
function of unloading stress and reloading stress (Mander et al. 1988b) or as a function

of unloading strain and the number of cycles (Sakai and Kawashima 2000).

6.7 Reloading curve

The shape of the reloading curve is more complex than that of the unloading curve.
Existing models use straight line (Sinha et al. 1964; Darwin and Pecknold 1976; Aoyama
and Noguchi 1979; Yankelevsky and Reinhardt 1987; Otter and Naaman 1989; Elmorsi
et al. 1998), bilinear (Park et al. 1972; Yankelevsky and Reinhardt 1987), parabolic
(Karsan and Jirsa 1969; Desayi et al. 1979), combination of a straight line and a parabolic
function (Mander et al. 1988b; Watanabe and Muguruma 1988; Sskai and Kawashima
2000) and a power function (Zhang et al. 1984). Each type is discussed in detail in the

following sections.
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6.7.1 Reloading curve as a straight line

Sinha et al. (1964) reported that after unloading, if the strain is increased then another
curve is traced in the stress-strain plane which will be called as a reloading curve as
described in Figure 6.1. Due to the hysteresis effect, reloading curve is different from the
unloading curve. Reloading curves starting from different stages of unloading forms a set
of reloading curves. If this set of reloading curves can be represented by a mathematical
family of curves it is called “family of reloading curves” by Sinha et al. (1964). From the
experimental results, the family of reloading curves could be represented by straight lines
as follows:

o1+ K=Y + L) (6.41)

K and L are experimental constants and Y is a parameter which could be found similar
to parameter X in Equation (6.11).

o+ K

Y=—3 (6.42)

By comparing with the experimental results, Sinha et al. (1964) concluded that the

analytical curves are sufficiently realistic.
Both Darwin and Pecknold (1977) and Yankelevsky and Reinhardt (1987) approxi-
mated the reloading curve by a straight line from the plastic strain (¢, 0) point through

the common point. Same idea was supported by Elmorsi et al. (1998) and replaced the
plastic strain point by the general reloading point (€,0,070)- In the proposed model, com-
mon point (€qp,0cp) is assumed to be the intersection of the initial unloading curve and
the reloading curve and o, is assumed to be 0.70,,. In their study, reloading point or
the plastic strain point and common point were used in defining the reloading curve.
Instead of the common point used by Darwin and Pecknold (1977), Yankelevsky and
Reinhardt (1987) and Elmorsi et ¢. (1998), return point coordinates were used by Otter
and Naaman (1989) in defining the reloading curve. Otter and Naaman (1989) selected a
linear expression for the reloading curve by arguing that it provides a good approximation

to the actual behaviour and it is a continuous function throughout. It is given by,
i T (______.5‘ ~ E“) (6.43)
Tre £re — Epl

where (o1, €1) is any point in the reloading curve, (0, &) is the return point {ie. point at

which the reloading curve reaches the envelope curve) and e, is the plastic strain. Otter
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and Naaman {1989) defined the return point as a function of unloading strain as shown
in Eguation (6.44).

Zre o fum g (6.44)

£,¢ 18 the return strain, ¢, is the strain at the peak stress of monotonic curve and constant

k. can be taken as 0.1 for both plain and fibre-reinforced concrete.

6.7.2 Reloading curve as a parabolic function

Karsan and Jirsa (1969) defined a second degree parabola for reloading curve using the
coordinates of the reloading point (gy,0), the common point (€., 0cp) and the point at
which the reloading curve reaches the envelope curve (€re, ore).

Desayi et al. (1979) defined the reloading branch using stress ratio (F') and strain ratio
(S) defined in Equation {6.28). It starts from the plastic strain of the previous unloading,
intersects the unloading branch and meets the envelope curve. F — § curve for reloading
was approximated by a second degree parabola. The reloading curve was defined by using

the initial slope of the reloading curve and an intermediate point on the reloading curve.
It was thus defined as,

0'80un - Er (5un —E )
o= [ T _f ) 22 % (61— en)’ + Enler — £p1) (6.45)
where,
Eq = E feo/ (foo +0.5EEu). (6.46)

6.7.3 Reloading curve as a combination of straight line and a
parabolic function

Mander et al. (1988b) reported that the coordinates of the reloading point (€,,,0,) may
be from either the unloading curve or from the cracked state where €,, = (e - &) and
dro = 0 as shown in Figure 6.3. £, is the tensile strain and is given by,

iy

i

Ets (6.47)

A linear stress-strain relationship which accounts for the degradation due to cyclic be-

haviour is assumed between reloading strain and unloading strain,

01 = Oro + Er(£1 — &ro) (6.48)
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to a revised stress magnitude which is denoted by 0,..,, defined in Equations (6.37) and,

E. = Oro — O'ﬂew_

—

(6.49)

€ro~ Cun

Mander et al. (1988b) intreduced a parabolic transition curve between the linear reloading
relation and the monotonic stress-strain curve return coordinates {€re,0re). The common

return strain is given by,

(Cun ~ Onew) X (2 + -‘%)
Ere = Eun t+ E LA (650)

Parabolic transition curve is defined as,

01 = Ore + Erex + Ag? (6.51)
where,
g = €1 = Epe,y (652)
- (o'new - Ure) - Er(sun - 5re)
4= (Eun — Eve)? ’ (6.53)

E.. and o, are the common return point tangent modulus and the stress calculated using
return strain, &, using the monotonic stress-strain curve.

Sakai and Kawashima (2000) defined the axial stress for reloading curves for an as-

signed axial strain, €, as,

2
2,50, (Q—-Ei’f-) if 0<& <02
o=

Eun — Epln

(6.54)
Ealey — €un) + Onew  If 0:22< 8, €10

where €, , is the plastic strain in cycle n. £; is the normalised strain defined in Equation

(6.13) and E,, is the averaged modulus of the reloading and given by,

Tnew O-IJun
= . 6.55
0-8(8un - Ep!,-n) ( 5 )

Er!

Watanabe and Muguruma (1988) used a combined parabola and a straight line to define
the reloading curve. According to their study, reloading curve is a straight line until it

meets the common point and from that point it is a parabola till it intersects monotonic
curve.
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6.7.4 Reloading curve as a power function

Zhang et al. (1979) defined the reloading curve from zero stress {€,, 0} to a tangent point

(€re» Ore) to the envelope curve. The relationship betwezn ¢, and e, was proposed as,

Xee= LX) (6.56)
where
Xee=22 and X,=-Z (6.57)
€ec Ece
L and M are material parameters. Reloading curve was thus defined as,
1.2
5 (.__.__51 i ) , (6.58)
Ore Ere — Epl

(€1,01) is any strain and stress level in reloading curve.

6.7.5 Common points

From the experimental results of Sinha et al. {1964) it is concluded that the stress-strain
relationship for concrete under repeated loading histories has a band of points which
are defined as the point of intersection of the unloading curve and the reloading curve.
Stresses above the common point curve result in additional strains while strains below
common point curve result in a loop of stress and strain during a loading/unloading
cycle. This idea was supported by Karsan and Jirsa (1969) using the tests results of 46
rectangular short columns. For the model developed by Darwin and Pecknold {1977), this
band of points was reduced to a single curve called locus of common points (Figure 6.9).
The number of cycles to failure was said to be controlled by the location of the common
points with respect to envelope curve. When the locus of the common points was lowered,
fewer cycles are needed to intersect the same stress level in envelope curve. Watanabe
and Muguruma (1988) proposed a hysteresis model for cyclic loading, defining a common
point curve by secaling down the monotonic curve by 0.9 times about stress and strain
axes.

Darwin and Pecknold (1977) reported that the energy dissipation in each cycle is
controlled by the location of the turning point. The lower the turning point is the higher
the energy dissipated per cycle. They pointed out that the model dissipates less energy
than it is for real specimen for low strains which is a common defect of many hysteresis

models and higher energy for higher strains.
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Figure 6.9: Control points for hysteresis loops {Darwin and Pecknold 1977).

6.7.6 Summary of the models for reloading curve
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According to all the reported stress-strain curves for the reloading curve for NSC, there

are several points of interest in defining the reloading curve. They are,
e Plastic strain

¢ Reloading point

5 e R R e 2 e

¢ Return point

¢ Unloading point
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i 3t

¢ Common point

6.8 Partial unloading and reloading

Otter and Naaman (1989) discussed the response of concrete to random load histories by

considering partial unloading and reloading.
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6.8.1 Location of reloading point for partial unloading

The actual reloading strain for partial unloading with full reloading is a function of the

amount of unloading. An interpolation function is proposed for the actual reloading strain
(Figure 6.10),

0-1 &

(Eun ) Utm)

(Ere: Ure)

e -

Epl €1

Figure 6.10: Interpolation of reloading point for partial unloading.

- pu
Erp = Eyn + (Ero — Eun) (M) . (6.59)

Tun

€rp i8 the reloading strain for partial unloading and full reloading, &,, is the reloading
strain for full unloading and reloading, o, is the lowest strain reached during unloading
and n,, is the partial unloading parameter. Consider the example shown in Figure 6.11
of a specimen, which had a previous loading up to point A, but now fully unloaded up to
point B. If it is fully reloaded and unloaded, it will follow the path BCD. The following
expression is proposed for the new envelope unloading point,

n
Chi — . P
Eunew = Euold + (Ere - Euold) ("_"_"'_1:2) (660)

Ore — Oro

where €014 and Eynew are the old and new values of the envelope unloading strain e,,,
(€re, Ore) is the return point on the envelope curve if full reloading occurred, op; is the
highest stress level attained during reloading, o, is the stress at which reloading began
and n,, is the partial reloading parameter.
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Figure 6.11: Interpolation of plastic and envelope strains for partial reloading.

6.9 Unloading/reloading cycles in the elastic region

Darwin and Pecknold (1977} defined at low uniaxial strains (in the elastic region) reloading
follows a single line with a slope of E;, tangent modulus of elasticity at zero stress. This
idea was supported by Eimorsi et al. (1998) who proposed that if the reloading occurs
in the initial unloading region, it follows the same unloading curve until it meets the
envelope curve. They did not comment or the slope of the unloading or reloading curves.
However, they defined the initial unloading region which is the same as the elastic region
defined by Darwin and Pecknold (1977). The initial unloading region terminates when the
stress reaches zero during unloading and then continues with zero slope and zero stress

level upto the origin.

6.10 Validation of the models

Some of the models reported in the literature for cyclic loading of concrete have been
validated using either the previously published or new experimental results. ‘
Model proposed by Yankelevsky and Reinhardt (1987) was compared with several uni-
axial cyclic tests carried out by previous researchers and shown to have a good agreement.
Similarly, the model proposed by Elmorsi et al. (1998) was compared with the experi-
mental results of Karsan and Jirsa (1969) and they concluded that although the model is

quite simple it compares fairly well with the experimental results.

L3
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Darwin and Pecknold (1976) presented numerical solutions for two shear panels tested
by previous researchers and concluded that proposed model agrees well with the experi-
mental results. They further presented model comparisons for a shear wall-frame system
loaded monotonically and a shear wall loaded cyclically. Desayi et al. (1979) concluded
that the proposed model for the cyclic loading of confined concrete represented the exper-
imental curves satisfactorily. Thirty one nearly full size reinforced concrete short columns
of circular, square or rectangular wall cross section and with different configurations of
lateral and longitudinal steel were tested by Mander et al. (1988a} in order to validate

the proposed stress-strain model for confined concrete (Mander et al. 1988b).

6.11 Previous work on models for cyclic loading of
reinforcing steel

In the literature, several models have been used to depict th= Bauschinger effect in cyclic
loading of steel, by using the Ramberg-Osgood or Menegotto-Pinto relationships (Dodd
and Restrepo-posada 1995). Ramberg-Osgood relationships were used by Park et al.
(1972) and Lim (1986). Dodd and Restrepo-posada (1995) proposed a closed form re-
lationship for any set of end conditions for steel behaviour under cyclic loading. Kwan
and Billington (2001) pointed out that a model for steel can have a significant influence
on the hysteresis behaviour of structural elements. Not having the Bauschinger effect in
steel constitutive model can lead to an overestimating energy capacity.

The hysteresis model used for steel stress-strain behaviour has a general shape shown
in Figure 6.12. Loading prior to any unlvading follows the monotonic loading curve with
slopes of Fy, modulus of elasticity of steel in the elastic region, 0 modulus of elasticity
in the plastic region and E,, strain hardening modulus in the strain hardening region.
Unloading path follows the initial elastic slope, Fy. During unloading, after first yield
excursion, the curve beconies non linear due to Bauschinger effect. Reloading after non
linear unloading follows the initial elastic slope and it becomes non linear again.

The non linear unloading and reloading parts of the steel stress-strain curves are
represented by the Ramberg-Osgood relationship as follows:

r1=-1
e,-—e,,—=-f"-(1+ s ) (6.61)

Est .f-c-h-
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Figure 6.12: Hysteresis behaviour of steel.
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£, is the steel strain, €,; is the steel strain at the beginning of loading run, f, is steel stress,
E,; is steel modulus of elasticity, r, is “Ramberg-Osgood” empirical parameter and f, is

defined by, 0.744 0.071

Jon = fou [ln(l +10006;,) 1 — exp(1000z;,)
where fs, is the yield stress of steel and &;, is the plastic strain produced in previous

+ 0.241] (6.62)

loading run.
If first yield occurs at n = 0, then n = 1 is the first post yield stress reversal, n = 2 is

the second post yield reversal .. .etc. “Ramberg-Osgood” parameter is defined for “odd”
and “even” cycles separately. “odd” cycles are odd numbered loading runs (n = 1, 3,5,...)
and “even” cycles are even numbered loading runs (n = 2,4,6,...). Ramberg-Osgood
parameter is different for odd and even cycles and are given as follows:

4.489 6.026

Todd = ln(n T 1) - exp(n) -1 + 0.297 (663)

and
2.197 0.469

In(n+1) exp(n)—1
Since the investigation of the behaviour of steel subjected to cyclic loading is beyond the

Teven =

+3.043. (6.64)

scope of this study, it was decided to approximate it by the Ramberg-Osgood relationship.
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6.12 Conclusions

A number of experimental programs have been carried out for the behaviour of unconfined
and confined NSC subjected to cyclic axial compression. Based on the results, envelope
curve, unloading curve, reloading curve, plastic strain and deterioration in axial stress due
- to each cycle have been empirically proposed. They provide a good understanding and
the background information necessary to model the cyclic behaviour of unconfined and
confined NSC. However, the reported research works to-date do not address the following

1ssues:

¢ High strength concrete
None of the experimental programs carried out so far has considered the behaviour

of unconfined or confined HSC subjected to cyclic loading.
¢ Lateral strain

— All the published models established axial stress, axial strain relationship for
unconfined and confined NSC subjected to cyclic axial compression. None of
them was capable of modelling the lateral dilation (strain) of concrete which is
essential in the confining pressure calculations, especially in HSC where lateral

dilation is expected to be less.

— None of the reported research work has addressed the effect of unloading on
lateral confining steel and the resulting effect on the behaviour of confined HSC

columns.

The issues which need to be carefully investigated for the behaviour of unconfined or

confined HSC subjected to cyclic axial compression are as follows:

o Validity of using the stress-strain curve for monotonically increasing load as the

envelope curve for cyclic loading,

e When unloaded in the elastic region, whether the unloading curve and the reloading

curve follows the same straight line as in the case for NSC.

¢ The validity of extrapolating stress-strain curves from column test resuits.
The stress-strain models were back calculated from the column results and therefore

subjected to many assumptions about the effectiveness of the confinement.
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o Complexity of using the stress-strain models for analysing reinforced concrete struc-
tures. _
Elmorsi et al. (1998) have pointed out that most of the previous analytical models
for cyclic loading of concrete give better compa;risbns in element level but their use

is limited due to the complexity in analysing actual reinforced concrete structures.

As shown in Chapters 3-5, fundamental constitutive model for confined concrete devel-
oped based on tests with controlled active confinement is extremely powerful in predicting
the behaviour of confined HSC subjected to monotonic loading. It is hypothesised that a
similar approach would lead to a good understanding of the behaviour of HSC columns
under cyclic loading. Such a constitutive model can be used in conjunction with hystere-
sis behaviour of confining steel to give a realistic prediction of the behaviour of laterally

confined HSC column under cyclic loading.




Chapter 7

CYCLIC LOADS:
Experimental program

7.1 Introduction

As identified at the conclusions of the previous chapter, there is a significant gap in
knowledge about the behaviour of laterally confined HSC subjected to cyclic loading.
Whilst column tests on NSC give an insight to the general behaviour, fundamental mate-
rial behaviour and specially the change in lateral or volumetric strains of concrete under
cyclic loading is poorly understood. The experimental program developed by the author
addresses this gap in knowledge.

This chapter describes a testing program carried out to obtain relationships between
axial stress, axial strain and lateral strain for HSC under cyclic loading and subjected
to constant lateral confining pressures. Compressive strengths of concrete tested were
44, 58, 83 and 106 MPa. Uniform confining pressures applied were 4, 8 and 12 MPa.
An introduction of the triaxial testing equipment which accommodates the specimen, an
in-house built clip gauge that is used to measure the lateral strain, experimental set up,
problems encountered in the trial tests, measures taken to overcome them and an outline
of the experimental procedure carried out are explained in detail in this chapter.

The experimental findings which resuited from this chapter are published in two re-
search papers, Lokuge et al. (2002a) and Lokuge et al. (2003c).

147
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7.2 Test variables

The major variables investigated were the compressive strength of concrete, the confining

pressures maintained on the specimen and the two different loading regimes.

7.2.1 Compressive strength

Four compressive strengths were used as testing variables, which demonstrate the be-
haviour of a range of HSC (Grade 60, 80 and 100) and Grade 40 was also used for com-
parison with NSC. The four compressive strength grades of concrete were designated as
Grade 40, Grade 60, Grade 80 and Grade 100 and they resuited in compressive strengths
of 44, 58, 83 and 106 MPa respectively.

7.2.2 Confining pressure

A review of available literature on experimental studies of confined NSC and HSC was
conducted to make a decision about the range of confining pressures. For the reported
column tests, an equivalent confining pressure was calculated using the method suggested
by Mander et al. (1988b) which is similar to that proposed by Sheikh and Uzumeri (1980).
The calculated equivalent confining pressure can be divided by the strength of concrete
under uniaxial compression to obtain the normalised confining pressure. Candappa (2000)
conducted triaxial tests on confined HSC using 4, 8 and 12 MPa confining pressures.
Majority of the column tests reported in the literature were passively confined. However,

a few studies have been conducted on column tests using active confinement.

Active confinement versus passive confinement

Where testing of laterally confined concrete is concerned, researchers tend to have a prefer-
ence in using passive confinement such as spiral reinforcement in columns. The advantage
of these kinds of column tests is that the specimens need not to be accommodated in a
Hoek type triaxial cell to apply confining pressure. As a result, measurement of sfrains is
straight forward in these tests. The disadvantage of using passive confinement is that the
stress-strain models have to be back calculated from the column fest results and there-

fore subjected to many assumptions. Constitutive models based on column tests use an
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estimate of the level of confinement. In tests with active confining pressure, level of con-
finement is determined by the test and is accurately known. The confinement provided by
spirals or ties (in passive confinement) is not uniform and hence an effective confiement
area has to be assumed. In active tests the entire test specimen is uniformly confined. In
this sense, the triaxial tests presented in this chapter are “pure” as they directly measure
the behavior of confined concrete. Constitutive models based on active tests tend to be
more repeatable and less case dependent than models based on passive test results.
Therefore it was decided to use 4, 8 and 12 MPa as the confining pressures. They
were selected to be consistent with Candappa (2000), so that cyclic loading results can
be compared with Candappa (2000)’s monotonic loading results. The confining pressures
applied are significantly higher than the pressures experienced in many columns found in
practice. The experimental program is aimed to study the effect of confining pressure on
ductility, rather than to repeat the current practice that is usually inadequate to provide

sufficient ductility.

7.2.3 Loading regime

For a particular strength and confining pressure, 2 different loading regimes were adopted.
One loading regime consisted of 3 to 4 cycles of loading at different unloading points before
and after the peak stress (Figure 7.1(a)). The other loading regime consisted of a large
number of cycles at the same unloading strain (Figure 7.1 (b)).

7.3 Concrete mixes and specimen preparation

7.3.1 Details of concrete mixes

General purpose Portland cement (Type GP) is used in the laboratories by previous re-
searchers {Candappa 2000) as well as in majority of the construction projects in producing
HSC. Therefore Type GP Portland cement was selected for all mixes. Fine aggregate used
had a fineness modulus of 2.9 and crushed basalt of maximum aggregate size of 14 mm
was used as coarse aggregate. Gradings of the fine and coarse aggregate are presented in
Table 7.1.

Superplasticiser {Rheobuild) was also used in Grade 80 and Grade 100 concrete. In a

concrete mix design, the ingredients have to be proportioned optimally and economically
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Table 7.1: Gradings of fine and coarse aggregate.

Aggregate type  Sieve size (mm) % passing

Coarse aggregate 19 100
12.7 88
9.5 38
4.76 1
Fine aggregate 4.75 100
2.36 96
1.18 77
0.600 56
0.300 40
0.150 12
0.075 1

to produce concrete with required strength and workability. Mix proportions for each

grade of concrete is given in Table 7.2.

Table 7.2: Mix proportions.
Material (for 1 m®) U40 U60 Usd U100
Cement (kg) 300 360 400 550
Water (kg) 150 180 140 138
Coarse aggregate (kg) 1307 1266 1292 1243
Fine aggregate (kg) 690 645 633 621

Superplasticiser (kg) - - 22 87
W/C ratio 0.5 05 045 03
Slump (mm) 100 100 100 150

7.3.2 Specimen preparation

A pan type mixer with a capacity of 0.08 m® was used to prepare all the concrete mixes.
Inside surface of the pan was properly moistened before mixing commenced, so that
water from the concrete mixture does not get absorbed by the pan. The steps involved in
preparing the concrete mixes are described below, which are according to AS1012, Part
2 (2000).

(a) A sample of fine aggregate and coarse aggregate were dried for 24 hours to find out
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the moisture content.
(b) Water content was adjusted by taking into account the moisture content
(c) Fine aggregate and the coarse aggregate were mixed for half a minute in the mixer.

(d) Cement was then added to the aggregate and mixed for 2 minutes. Water and the

Superplasticiser were added within the first minute.
(e) Allowed to rest for 2 minutes.
(f} Mixed again for another 2 minutes.

(g) A standard slump test was performed within the next 3 minutes to make sure achiev-
ing the expected slump. The slump test was carried out according to AS1012, Part
3 (2000).

Steel moulds (100 x 200 mm cylinders) were used to cast all specimens. The size of the
specimens cast was 95 mm X 200 mm. The 98 mm diameter of the specimen was obtained
by inserting a 1 mm thick sheet of plastic sieeve in a 100 mm diameter mould. The ratio of
the height and the average diameter of the specimen was in accordance with that proposed
in AS1012, Part 8 (2000). This reduction in the diameter eased the removal of the tested
specimens from the membrane in triaxial testing. The cylinders were filled in three layers
while being placed on a variable speed vibrating table. The tops of the cylinders were
smoothed with a trowel. The specimens were covered with a polythene sheet to minimise
the loss of moisture from the specimen. The specimens were de-moulded in 24 hours after
casting and placed under standard moist-curing conditions (23°C) according to AS1012,
Part 8 (2000).

Two different end preparation methods were used in these tests. The cylinders to
be tested for 28-day compressive strengths were capped using sulphur and the cap was
more than 2 hours old at the time of testing (AS1012 Part 9, 2000). The cylinders
to be tested in the triaxial cell had to be ground properly at both ends to obtain a
smooth surface. The grinding was done at a location away from the laboratory using a
commercial steel polishing machine. Therefore drying of cylinders could not be prevented
during transportation to the grinder. Al cylinders used in triaxial tests were air dried

one week before being tested. Any lose particles in the curved surface of the cylinders




Chapter 7: Cyclic loads, Experimental program 153

were removed using sand blasting. The specimen pores were filled with casting plaster
to prevent membrane damage. The diameter of the specimen was measured. Two strain
gauges of 67 mm gauge length were fixed at the middle third of the height of the specimen
longitudinally in “wo diametrically opposite sides. Similarly another two strain gauges
were placed laterally at the middle third in two diametrically opposite sides. All specimens
were prepared according to these procedures and one such specimen ready to be tested is

snown in Figure 7.2.

Figure 7.2: Specimen before testing.

7.3.3 Uniaxial compressive strengths

Table 7.3 gives the 28-day strengths and the strength and the age at time of testing for
all grades of concrete.

Figure 7.3 shows the tested NSC and HSC specimens for the uniaxial compressive
strengths.
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Figure 7.3: Tested specimens for uniaxial compressive strengths.
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Table 7.3: Uniaxial strengths at 28 days and at time of testing.
U40 U60 Use U100

98-day strength (MPa) 358 48.7 79.8 101.4
Strength at testing (MPa) 43.6 57.5 83.0 1059
Age at testing (days) 150 158 113 91

7.4 The test equipment

This section describes triaxial testing equipment used in the cyclic loading experiments.
It then gives a detailed description of the metiods used to measure the strains including

the clip gauge, an in house built lateral strain measuring device.

7.4.1 Triaxial cell

The set-up constitutes a triaxial cell, which can accommodate a 98 mm diameter and
200 mm high concrete cylinder encased in a polyurethane membrane. ThLese dimensions
are consistent with the widely accepted view that larger specimens better simulate the
behaviour of fuli-scale columns. In Australia, the standard tests on compressive strength
of concrete were performed using the same size of cylinders (100 diameter and 200 mm
high). The triaxial cell had a cell body thickness of 25 mm and a top cover thickness of
30 mm. It can withstand confining pressures upto 30 MPa. It was made of mild steel
with a yield strength of 250 MPa. A schematic diagram of triaxial cell is shown in Figure
7.4. The photo of triaxial cell is shown in Figure 7.5.

. .

7.4.2 Application of confining pressure

The required confining pressure was applied to the concrete specimen using oil through
a flexible polyurethane membrane (Figure 7.4). The prefabricated membrane was 2 mm
thick. It was manufactured by machining a solid polyurethane cylinder to the required
shape. It was designed to fit loosely over the specimen so that membrane did not con-
tribute towards the lateral confinement of the specimen. The application of the full
confining pressure was done before the application of the axial stress. An Enerpac hy-
draulic pump was used to apjply confining pressure. Maintaining a constant confining

pressure during loading and unloading was achieved by connecting a precharged pressure
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Figure 7.4; Schematic diagram of triaxial cell.
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Figure 7.5: Photo of triaxial cell.

accumulator to the system.

7.4.3 Measurement of axial and lateral strains

Linear Variable Displacement Transducers (LVDTs) were used to measure the axial de-
formation of concrete. They are relatively easy to set up and can be reused after testing.
They can also be used to measure the descending branch of the stress-strain curves. How-
ever, this method required the calibrations for the loading components as LVDTs would
measure the platen to platen displacement. The method used in this experimental pro-
gram was to use two LVDTs placed diametrically opposite to measure the axial strain
between platens. Although LVDTs were used to measure axial strain, each tested sample
had two strain gauges mounted across a diameter to verify the LVDT readings until the
peak stress was achieved. After the peak stress, the strain gauge reaclings were unreliable.

A strain measuring system developed in-house (clip gauge), which constitutes a piano
wire connected to two strain gauged arms was used to monitor the lateral strains during

cyclic loading. The wire was attached around the concrete specimen, touching at stud
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points penetrating the membrane. The strain measuring system was designed to function
while immersed in fluid under pressure. A schematic diagram of this device is shown
in Figure 7.6 together with a photo in Figure 7.7. The accuracy of the lateral strain
measurement was confirmed using lateral strain gauges fixed to concrete until the strain

gauges reached their limits.

7.5 Experimental setup

The specimens were prepared by grinding both ends flat and parallel and filling out any
holes on the surface so that they do not damage the membrane. The specimen was
then accommodated in the triaxial cell. The cell was mounted between the platens of
the compressive testing machine by using two steel arms. The cell was connected to
the hydraulic pump through a hole in the middle of the cell body, which was used to
apply the confining pressure. A precharged pressure accumulator connected parallel with
this was utilised to maintain the required confining pressure. A servo-controlled Amsler
Compression Testing Machine, which has a maximum load capacity of 5000 kN, was uséd
to provide the axial load. The compressive load was applied using two spherically seated
cylindrical loading blocks that were designed to fit either end of the triaxial cell. The
advantage of the testing method was the ability to do several tests at one setting. A
commercially available data logging system named “Data Taker, DT100” was used as the
data acquisition system, which required a host computer for entering commands, reading
the returned data and for managing the output channels. Experimental setup is shown

as a schematic diagram in Figure 7.8 and a photo in Figure 7.9.

7.6 Test procedure

Once the triaxial cell was in place in the 5000 kN capacity hydraulically operated Amsler
testing machine, a small vertical load was applied to make sure the cell was secured,
before applying confining pressure. The testing machine was then set to displacement
control at the rate of 0.125 mm vertical displacement per minute. The full confining
pressure was applied at the very beginning and maintained constant while the axial load
was increased and decreased through the loading unloading cycles. It is hypothesised that

the major parameters influencing the load-deformation behaviour under cyclic loading are
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Figure 7.9: Photo of experimental setup.

loading and unloading stiffness in the directions of major and minor principle stresses.
An initial experimental program was planned based on this hypothesis. The effect of
the rate of loading was not considered in this test program. Several parameters were
aimed to be studied in this experimental program. They were the change in ductility
with confining pressure, the stress reduction in each hysteresis luop, the thickness of the
loops and Poisson’s ratio.

The experimental program included four grades of concrete, three different confining
pressures applied and two loading regimes. After the uniaxial compressive strength was
determined, the peak axial stress for a particular strength with known confining pressure
was calculated using equations presented in Chapter 3 (Section 3.2.6). The expected

unloading points are shown in Tables 7.4-7.7.

7.7 'Trial tests

In order to identify any problems with either the testing equipment - 1iie methodology,

trial tests were performed on Grade 80 concrete specimens. The specimens were tested for
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Table 7.4: Planning of testing for Grade 40 (44 MPs) concrete.

Confining Expected Loading Regime 1 Loading Regime 2
pressure (MPa) peak load (kN)
4 : 534 Ascending branch
Cycle Unloading load  Cycle Unloading load
1 250 1 250
2 520 2 520
Descending branch
Cycle Unloading load  Cycle Unloading load
3 530 3 520
4 520
5 510
8 668 Ascending branch
Cycle Unloading load Cycle Unloading load
1 350 1 350
Descending branch
Cycle Unloading load Cycle Unloading load
2 655 2 655
3 650
4 640
5 630
6 610
12 815 Ascending branch
Cycle Unloading load Cycle Unloading load
1 400 1 400
Descending branch
Cycle Unloading load Cycle Unloading load
2 800 2 655
3 790
4 780
5 770
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Table 7.5: Planning of testing for Grade 60 (58 MPa) concrete.

Confining Expected Loading Regime 1 Loading Regime 2
pressure (MPa) peak load (kN)
4 630 Ascending branch
Cycle Unloading load Cycle Unloading load
1 300 1 300

Descending branch
Cycle Unloading load  Cycle Unloading load

2 615 2 615
3 600
4 580
8 760 Ascending branch g
Cycle Unloading load  Cycle Unloading load
1 380 1 380
Descending branch
Cycle Unloading load  Cycle Unloading load )
2 750 2 750
3 730 )
4 700 3
12 840 Ascending branch ;
Cycle Unloading load Cycle Unloading load !
1 450 1 450

Descending branch
Cycle Unloading load Cycle Unloading load
2 835 2 835
3 815
4 780
5 750
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Table 7.6: Planning of testing for Grade 80 (83 MPa) concrete.

Confining Expected Loading Regime 1 Loading Regime 2
pressure (MPa) peak load (kN)
4 824 Ascending branch
Cycle Unloading load  Cycle Unloading load
1 420 1 420

Descending branch
Cycle Unloading load  Cycle Unloading load

2 800 2 800
3 780
4 740
8 982 Ascending branch
Cycle Unloading load  Cycle Unloading load
1 550 1 550
Descending branch
Cycle Unloadingload  Cycle Unloading load
2 975 2 655
3 950
4 025
5 900
12 1120 Ascending branch
Cycle Unloading load Cycle Unloading load
1 600 1 600
Descending branch

Cycle Unloading load Cycle Unloading load

2 1115 2 1115
3 1080
4 1050
5 1000
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Table 7.7: Planning of testing for Grade 100 (106 MPa) concrete.

Confining Expected Loading Regime 1 Loading Regime 2
pressure {MPa) peak load (kN)
4 990 Ascending branch
Cycle Unloading load  Cycle Unloading load
1 500 1 500
Descending branch
Cycle Unloading load  Cycle Unloading load
2 900 2 900
3 300
4 700
8 1155 Ascending branch
Cycle Unloading load  Cycle Unloading load
1 600 1 600
Descending branch
Cycle Unloading load  Cycle Urloading load 3
2 1150 2 1150
3 1000 | ]
4 800
12 1295 Ascending branch :
Cycle Unloading load  Cycle Unloading load !
1 680 1 700
2 700 1
3 1000 1
Descending branch
Cycle Unloading ioad Cycle Unloading load
4 1205 2 1290

S 1220
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28-day compressive strength. Initially, the monotonically increasing axial compression test
for cite specimen was conducted to ensure that the systems work well. Then two specimens
were tested with cyclic axial loading while it was subjected to lateral confinement. In these
preliminary tests, the axial strain was measured by using strain gauges and LVDTs; and
for measuring lateral strains, strain gauges and the in-house built clip gauge system were
used.

A good comparison was observed between the average strain gauge readings and the
clip gauge reading until the peak stress (Figure 7.10). The two readings start to separate,
after the peak point indicating the failure of strain gauges. Therefore it was decided to use
LVDTs and strain ganges for axial strain measurement and clip gauge and strain gauges
for lateral strain measurement. As explained below a number of problems were identified

and corrected before proceeding with the major triaxial testing program.

0.012 -

— clip gauge
001 - —— sfrain gauge

0.008 -
0.006

0.004 -

Lateral strain

0.002 -

0 1 1 T T T 1
0 0.002 0.004 0.006 0.008 0.01 0.012

Axial strain

Figure 7.10: Comparison of average strain gauge and clip gauge readings.

7.7.1 Problems encountered

e Preparing Grade 100 concrete

The first trial mix was tested and the required 28-day compressive strength could
not be obtained. A second trial mix was prepared with the required amount of

coarse and fine aggregate sealed the day before, 0 minimise moisture loss. Using
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this mix, required 28-day compressive strength could not be achieved. Therefore

2o e

another trial mix was prepared and the compressive strengths were measured at
days 1, 3, 7, 14, 21 and 28. It was observed that the compressive strength at day 1
of this mix was as high as 73 MPa but it was about 92 MPa in 28 days. Therefore it ,

was decided that the concrete mixes were of high eariy strength type. This is likely

A ey g,

due to the variation in the cement supply in cold and hot weather. The cement
suppliers informed that the Type GP cement supplied in winter is of high early

strength type to avoid construction delays.

T intinr wermae e T ety

o Maintaining constant pressure

;

E There was a fluctuation in confining pressure during unloading and recloading due
_ i to the lateral expansion and contraction of the specimen. A precharged pressure
ﬁ l accumulator was used to overcome this difficulty. It allowed keeping the oil pressure

at a constant value throughout the experiments.

e Lack of smoothness in the stress-strain curves

The compression testing machine (Amsler) caused this problem. The proportional

gain setting of the machine was determined by the stiffness of the test specimen. The ,
gain value is normally set for a specimen based on its elastic stiffness. However, when :
the test progresses into the inelastic regions, the gain values do not match the change

in the stiffness of the test specimen. This causes load fluctuations prominently visibie

after the peak stress is reached. Therefore in these experiments it was decided to

change the gain value during the progress of the experiments in order to minimise

the lack of smoothness in the stress-strain curves. A certain level of experience was ..

needed to perform this exercise which was obtained by trial and error.

e Stopping test before the specimen fails

In the trial test conducted for cyclic axial compression, the tested specimen did not
have any cracks. When the data was carefully analysed it was realised that the
unloading reloading cycles were carried out only before the peak stress. Therefore it
was arranged to plot the axial stress and axial strain curve during the test in order
to make sure that unloading was done from the descending branch as well. A photo

of this user interface of the data acquisition program is shown in Figure 7.11.
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Figure 7.11: User interface of the data acquisition program.

¢ Strain gauges becoming dead when confining pressure is applied

Initially when the confining pressure was applied, all the strain gauges become dead
| and once the confining pressure was released, the strain gauges were normal. A coat

of insulation was applied over the surface of the pasted strain gauges as a remedial

e T R YT

measure. Furthermore, testing of a specimen was conducted after about 3-5 days of

s

strain gauge fixing. These twn methods were used to overcome this difficulty.

7.8 Conclusions

» Measurements of axial stress, axial strain and lateral strain in cyclically loaded

concrete specimens were successfully completed in this experimental program.

¢ There were number of problems encountered in the experimental program, anc zll

: of them were systematically overcome.

¢ The strain measurements were compared using alternative methods of measure-

g ———

ments. These comparisons confirmed the results and provided confidence in the

S i e s
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methods.

o The experimental procedures, including test specimen preparation and test method
and measurement system, were carefully developed and systematically tested to

ensure that the results obtained are very reliable and repeatable.

o Envelope curves were compared with the experimental curves of Candappa (2000)

for monotonically increasing loads, to ensure that the results are of correct order.




Chapter 8

CYCLIC LOADS:

Experimental results and analysis

8.1 Imntroduction

The raw data obtained in the previous chapter had to be processed and filtered in order
to get smooth curves for the constitutive behaviour of confined HSC subjected to cyelic
loading. In this chapter, firs: the calibrations of the instruments are described. Then the
experimmental results are presented and the effects of cyclic loading and confinement on
the constitutive behaviour of HSC are described. Finally several observations about using
monotonic loading curve as the envelope curve, ductility, stress loss due to hysteresis loops

and Poisson’s ratio are presented.

8.2 Calibrations

A number of calibrations were performed to interpret the experimental data correctly.
The important ones are calibration of LVDTs and the lateral strain measuring uevice,
clip gauge. The use of LVDTs required another calibration accounting for the compiiance
of all the loading components including the loading machine that influences the LVDT
readings.

8.2.1 Calibration of LVDTs

A purpose built LVDT calibrating instrument was used in doing this. LVDT was con-
nected to the output channel as well to record the readings. The readings were in milli

volts. The instrument had a micrometer from which it was possible to give a known

170
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displacement to the LVDT. The readings from the output channels of the LVDT were
recorded with a known displacement starting from 0.5 upto 10 mm with an increment of
0.5 mm. Three sets of readings were taken at the same displacement. A graph was plotted
for the actual displacement versus the relative average of these readings (Figure 8.1). The
best-fit curve was found for these data points with a correlation factor of 0.999996. The

second LVDT was also calibrated using the same method. LVDTs were setup to mea-

10 T T T T ¥ T

of .
y= 3.2211 x

Correlation factor = 0.999996

y = Actual displacement (mm}
o

L L H 1 L]

0 0.5 1 1.5 2 25 3
X = LVDT reading {mV)

Figure 8.1: LVDT calibration.

sure the platen-to-platen displacement whereas the interest of this experimental program
was to find axial displacement in concrete specimen. Therefore careful calibrations for
all the loading components that influence the LVDT readings were necessary. Deforma-
tions of the four spherically seated loading blocks will affect the LVDT readings. The
compliance of the loading blocks was determined by placing them in series without the
specimen and obtaining the load-deformation curve. It was used to make adjustments for

the contribution of the loading blocks to the actual axial strain readings.

8.2.2 Calibration of clip gauge

Extensometer calibrator was used in clip gauge calibration. Clip gauge was first connected

to the instrumentation amplifier and checked whether it recorded strains other than the

i

&
b
-t
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direct strain. Known displacement was given to the clip gauge starting from 0 upto 0.2
inches in steps of 0.025 inches and the output readings were recorded from the output
channels. Three sets of readings were taken for the same. A graph was plotted for the
actual displacement versus the relative average of these readings (Figure 8.2). The best-fit

curve was found for these data points with a correlation factor of 0.99988.

6 T T T T T
y==0.00191 x
5r J
’g Correlation factor = 0.99988
g 4 '
E
3
o
2 3 1
T
o
=2
o
> i
n 2
Ty
1 » -
0 L L L 1 1
=-3000 -2500 =-2000 -1500 -1000 =500 0

x = Clip gauge reading (mV)

Figure 8.2: Clip gauge calibration.

8.3 Experimental results

Typical stress-strain curve obtained in the experiments is shown in Figure 8.3. It can
be observed that these curves lack smoothness and difficult to read. This is due to the
fluctuations caused by Amsler testing machine under displacement control. Therefore
it was decided to remove the small cycles caused by the test machine. By filtering the
results, stress-strain curve obtained as shown in Figure 8.4 becomes more readable than

the unfiltered curves.
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8.3.1 Grade 40 test series

Grade 40 concrete specimens at the end of testing are shown in Figure 8.5. The tests
were terminated once 2-3 cycles could be established in the descending curve. Therefore
Grade 40 test specimens appear to be undamaged.

The axial stress-axial strain and axial stress-lateral strain curves for Grade 40 concrete
are shown in Figures 8.6-8.8 for both Loading Regimes 1 and 2. It is apparent from
the figures that significant strength gains has been achieved with the increasing lateral
confinement. Each 4 MPa increment in the lateral confinement has increased the peak
strength by 15-20 MPa. Axial strain corresponding to the peak axial stress, increases
with the increasing lateral confinement. Grade 40 concrete shows a good ductility for all
the three confinement levels.

In Loading Regime 1 of the experiments, it can be observed that after each cycle,
the curves do not return to the original unloading point. This loss of stress is termed
here as damage. The curves for Loading Regime 1, show that this damage varies for
different unloading points (stress and strain} and the cycle number. However the curves
for Loading Regime 1, depict that the damage cannot be a function of the unloading
strain only.

The thickness of each cycles seems to be increasing with the progressing of unloading
and reloading. In the “initial elastic region”, reloading curve follows the same unlcading
curve and this seems to be a straight line. This observation can be made only in the axial
stress-lateral strain relationships. However in the axial stress-axial strain relationships, it
can be observed that in the “initial elastic region” unloading and reloading cycles follow
different loading paths.




SRR

(b). Loading Regime 2

Figure 8.5: Tested specimens for Grade 40 concrete.
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Figure 8.6: Grade 40 concrete with 4 MPa confining pressure.
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Figure 8.7: Grade 40 concrete with 8 MPa confining pressure.
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8.3.2 Grade 60 test series

Figure 8.9 shows the tcsted Grade 60 concrete specimens. Except minor cracks, Grade

60 test specimens appear to be undamaged.

Figures 8.10-8.12 show the axial stress-axial strain and axial stress-lateral strain curves
for Grade 60 concrete. The increase in peak strength is proportional to the level of
‘confinement. Similar to Grade 40 concrete, 4 MPa increase in the lateral confinement has
increased the peak strength by 15-20 MPa. Axial strain corresponding to the peak axial
stress, increases with the increasing lateral confinement.

Ductility of the specimen with 12 MPa confining pressure in Grade 60 concrete is
higher than that of the specimen with 8 MPa confining pressure as expected.

The damage due to each cycle changes with the unloading stress as shown by the
Loading Regime 2 test series.

The thickness of the hysteresis loop increases with the increasing unloading strain for
Grade 60 concrete. When unloaded in the “initial elastic region”, a different curve is
traced in the axial stress-axial strain plane while this is not the case in the axial stress-

lateral strain plane.
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(b). Loading Regime 2

Figure 8.9: Tested specimens for Grade 60 concrete.
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Figure 8.12: Grade 60 concrete with 12 MPa confining pressure.
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8.3.3 Grade 80 test series

The tested Grade 80 concrete specimens are shown in Figure 8.13. Cracks were visible in
most of Grade 80 test specimens, When the specimens were tested with 4 MPa confining
pressure, it was impossible to get a cycle around the peak stress. When the specimen in
Loading Regime 1 was unloaded just beyond the peak point, a significant strain increment
was observed before unloading thus allowing to get only one cycle. Therefore in an attempt
to obtain few cycles in the specimen used for Loading Regime 1 with 8 MPa confining
pressure, the specimen fractured before ending the test. The failure plane for this specimen
passed through the coarse aggregate. It was observed in this specimen that the cracking
has passed through the strain gauges as well which proves the unreliability in the strain
gauges after the peak point.

Figures 8.14-8.16 show the axial stress-axial strain and axial stress-lateral strain curves
for Grade 80 concrete. The increase in peak strength is proportional to the level of
confinement. 4 MPa increase in the lateral confinement has increased the peak strength
by around 20 MPa.

From Figure 8.15, it is evident that the lateral strains do not sound correct. This
must be due to a malfunction in the clip gauge. Therefore the clip gauge was tested again
before proceeding to the next tests.

Ductility of the specimen with 8 MPa confining pressure in Grade 80 concrete is higher
than that of the specimen with 4 MPa confining pressure as expected.

The damage due to each cycle changes with the unloading stress as shown by the test
series. The observation about the thickness of the hysteresis loops is similar to that made
for Grade 40 and 60 concrete.




(b). Loading Regime 2

Figure 8.13: Tested specimens for Grade 80 concrete.
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Figure 8.14: Grade 80 concrete with 4 MPa confining pressure.
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8.3.4 Grade 100 test series

Figure 8.17 shows the tested Grade 100 concrete specimens at the end of testing. Special
care was taken in testing these specimens to make sure they do not explode inside the tri-
axial cell damaging the membrane. However, cracks propagated in some of the specimens
thus damaging the strain gauges.

The axial stress-axial strain and axial stress-lateral strain curves for Grade 100 concrete
are shown in Figures 8.18-8.20. The increase in peak strength is proportional to the level
of confinement.

In Loading Regime 1 with 4 MPa confining pressure, attempting to unload around the
peak point resulted in a dramatic increase in the axial strain thus only one cycle could
be obtained. Therefore, the experimental program was modified for Grade 100 concrete
such that a number of cycles are attempted before the peak peint is reached. This was
successful in several of the specimens.

When the stress-strain curves for Grade 100 concrete are considered, a significant
ductility improvements are not found when the confining pressures are increased.

It was observed that the observations made about the damage in concrete, thickness
of the hysteresis loop and the behaviour of unloading and reloading in the “initial elastic

region” are still valid for Grade 100 concrete.




Chapter 8: Cyclic loads, Ezperimental results and analysis

(a). Loading Regime 1

o

(b). Loading Regime 2

Figure 8.17: Tested specimens for Grade 100 concrete.
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8.4 Discussion

Several observations about ductility, shape of hysteresis loops, envelope curve, stress re-
duction due to unloading and reloading cycle and Poisson’s ratio, were made from the

experimental results reported in this section.

8.4.1 Envelope curve

“It is commonly believed that the monotonic loading curve forms the envelope for cyclic
loading curves.” This form of modelling has been developed by previous researchers for
unconfined concrete (Sinha et al. 1964 and Karsan and Jirsa 1969). Later Karsan and
Jirsa (1969) and Mander et al. (1988b) showed that it is a reasonable assumption for
confined concrete as well. However, the experimental program carried out by the author
for NSC and HSC and presented in this chapter, shows that this is valid for the ascending
branch but is invalid for the descending branch (Figures 8.21-8.24).

8.4.2 Hysteresis loops

There is a small difference in the thickness of the loops depending on the unloading stress
and the number of cycles. This is similar to the experimental results reported for NSC
(Desayi et al. 1979; Sakai and Kawashima 2000). However, some of the experimental
results for NSC show that the thickness of the loops increases with increasing unloading
strain (Sinha et al. 1964; Karsan and Jirsa 1969).

8.4.3 Stress loss during hysteresis loops (damage)

The damage can be seen to vary depending on the strain and stress value of the unloading
point. This is compatible with the experimental results reported in the literature for NSC
(Sinha et al. 1964; Karsan and Jirsa 1969; Desayi ¢t al. 1979; Sakai and Kawashima
2000). This stress reduction increases with the number of cycles. Similarly in Loading
Regime 2 of the experiments, when there are a number of cycles from the same unloading
strain, the stress reduction increases with the increasing number of cycles. This has also

been proven to be true by previous researchers for NSC (Sakai and Kawashima 2000).
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8.4.4 Poisson’s ratio

Poisson’s ratio is an important parameter specially when lateral confinement is involved.
When the monotonically increasing loading is considered, initial Poisson’s ratio was a
constant for a particular concrete strength (Candappa et al. 2001) at the “initial elastic
region”. This “initial elastic region” was defined using §; (axial stress to peak stress
ratio), which is 0.7 for compressive strengths less than 40 MPa and 0.8 for compressive
strengths greater than 60 MPa (Candappa et al. 2001). When loaded beyond the initial
elastic region, Poisson’s ratio rapidly increases to high velues (Candappa et al. 2001).
From the experimental results in this study, it is found that the Poisson’s ratio de-
creases when the unloading occurs in the initial elastic region. This can be observed in
Figures 8.25-8.28 where the unloading of axial strain curves and lateral strain curves out-
side the initial elastic region show significantly different behaviour to the ones unloaded

in the initial elastic region.
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8.5 Conclusions

The following conclusions can be made from the experimental results reported in this

chapter.

¢ [t is a generally agreed among the researchers that the monotonic loading stress-
strain curve can be assumed to form the envelope curve for the cyclic loading stress-

strain response. According to the experimental results, this needs modifications.

e When the monotonically increasing loading is considered, initial Poisson’s ratio is
a constant for a particular concrete strength (Candappa et al. 2001) in the “initial
elastic region”. If unloading occurs in this “initial elastic region”, axial strains
decrease more rapidly than the lateral strains, hence resulting in a reduction in
Poisson’s ratio. When reloading occurs after this unloading, the axial and lateral
strains and Poisson’s ratio values will return to the same values as those prior to

the unloading occurred, in the “initial elastic region”.

¢ An interesting observation in the initial elastic region is that the axial strain curves
unload parallel to the initial tangent modulus whereas the lateral strain unloads

along the same loading curve.

¢ The shape of the hysteresis loops in Loading Regime 1 of the experimental program
is in agreement with those reported for normal strength concrete in the literature
(Desayi et al. 1979; Sakai and Kawashima 2000).

e In Loading Regime 1 of experiments, the thickness of the loop, stress reduction
(damage) in each unloading reloading cycle and the slope of the unloading curves
(p'astic strain} vary depending on the unloading point (strain and stress), uniaxial

strength of concrete and applied confining pressure.

¢ In Loading Regime 2 of experiments about 20% decrease in stress occurs with about
2-3 cycles in specimens subjected to 4 MPa confining pressures whereas the same

occurs in about 10 cycles in specimens subjected to 12 MPa confining pressures.

The experimental data presented in this chapter forms the basis for the development of a

constitutive model for confined HSC subjected to cyclic loading,.




Chapter 9

CYCLIC LOADS:
Development of a constitutive model
for confined concrete

9.1 Introduction

This chapter presents a constitutive model developed for high strength concrete with
uniform lateral confinement subjected to cyclic axial compression. It is based on the
results of an experimental program carried out for normal and high strength concrete as

described in the previous two chapters. Unconfined compressive strengths of concrete were

| 44, 58, 83 and 106 MPa. Uniform confining pressures applied were 4, 8 and 12 MPa. The

stress-strain model presented in this chapter is developed using triaxial test results, which
are conducted under well-controlled conditions, where direct measurement of axial and
lateral strains has been possible. Ability to estimate the axial as well as lateral strains
in confined concrete is a superior attribute of the proposed model. When concrete is
analysed for passive confinement (such as the one provided by reinforcement), estimating
the lateral strain is important because the lateral confinement directly depends on it. The
proposed model can be used for modelling HSC in seismic analysis of structures, where
confining of concrete by reinforcement is essential for ductility.

During an earthquake, the structures are subjected to cyclic lateral forces. In per-
forming a structural analysis in such a region, the effect of earthquake loadings on the
structure needs to be analysed. Therefore understanding of behaviour of concrete and

confining material {steel) with cyclic loading is necessary in such analysis. There are
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experimental studies reported in the literature for the behaviour of unconfined NSC sub-
jected to cyclic axial compression (Sinha et al. 1964, Karsan and Jirsa 1969, Desayi et al.
1979). Similar studies were reported for confined NSC (20-49 MPa) subjected to cyclic
axial compression (Desayi et al. 1979, Shah et al. 1983, Mander et al. 1988b, Watanabe
and Muguruma 1988, Sakai and Kawashima 2000). No experimental observations as such
were reported for HSC in the literature. The available stress-strain curves for unconfined
and confined NSC represent the variation of axial stress with axial strain only.

In the seismic design of reinforced concrete structures, ensuring sufficient level of
ductility is important for energy absorption. With the increased use of HSC in structures,
the issue of ductility improvements has become a critical issue. It is 2 common practice to
use confining reinforcement in both earthquake resisting structures and other structures,
to increase the ductility of the structural members. Since the confinement provided by
lateral steel reinforcement changes with cyclic loading, developing a methodology for
the behaviour of columns under cyclic loading is difficult based on column tests only.
Therefore it is necessary to establish a complete deformational behaviour including both
axial and lateral deformation of laterally confined HSC with cyclic axial compression. The
author aimed at developing a constitutive model for the behavior of HSC with lateral
confinement subjected to cyclic axial compression.

The outcomes of this chapter are to be published in a research paper, Lokuge et al.

(accepted for publication in 2003 in Journal of Materials in Civil Engineering, ASCE).

9.2 Comparison of the experimental results with the
existing models

The mode] proposed hy Mander et al. (1988b) is the most widely used model among the
research community for cyclic loading of concrete and the model proposed by Sakai and
Kawashima (2000) is the most recent model reported in the literature for the same analy-
sis. The results from these two models are compared with the experimental observations
by the author for NSC and HSC. Appendix A reports these comparisons. Although these
models are applied for HSC, they are originally developed based on NSC. It is observed
from the study of cyclic axial load on NSC (confined or unconfined) that the experimental

curves are in reasonzble agreement with the estirnated curves from the models. But, if
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unloading starts from the latter part of the descending curve there is a difference in the ex-
perimental and estimated hysteresis loops. The comparison of experimental results from
this study with the estimated curves from the two models explained earlier (Appendix A)

are summarised for each strength grade in the following sections.

9.2.1 Grade 40 concrete

In Loading Regime 1 of Grade 40 concrete with 4 MPa confining pressure, it is observed
that the thickness of the hysteresis loops \ ere almost the same as those corresponding
to experimental results. However, it is interesting to note that the plastic strains are
overestimated in both the compared models. In Mander et al. (1988b) model, the esti-
mation of plastic strains become closer to the experimental plastic strain with increasing
axial strain. In Loading Regime 1 of Grade 40 concrete with 8 MPa confining pressure,
the estimated loop thickness using Mander et al. (1988b) model is higher than that for
experimental results. But the plastic strains were almost the same. When the results
obtained from Sakai and Kawashima (2000) model are considered, the loop thickness was
compatible but plastic strains were overestimated. In Loading Regime 1 of Grade 40
concrete with 12 MPa confining pressure, the loop thicknesses obtained from Mander et
al. (1988b) model were higher than those for experimental results. However, the loop
thicknesses corresponding to Sakai and Kawashima (2000) model were compatible. In

both models plastic strains were overestimated.

9.2.2 Grade 60 concrete

In Loading Regime 1 of Grade 60 concrete with 4 MPa confining pressure, Mander et
al. (1988b) model compares well with the experimental results. For the same Sakai and
Kawashima (2000) model overestimated the plastic strains. This was the same for Loading
Regime 1 of Grade 60 concrete with 8 MPa confining pressure. When the confining
pressure was increased to 12 MPa, the loop thickness proposed by Mander et al. (1988b)
was higher than that for experimental results. In this case Sakai and Kawashima (2000)

model overestimated the plastic strains.
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9.2.3 Grade 80 concrete

In Loading Regime 1 of Grade 80 concrete with 4 MPa confining pressure, Mander et al.
(1988b) model estimated the plastic strains to be similar to experimental results while
Sakai and Kawashima (2000) overestimated the same. This was the same for Loading
Regime 1 of Grade 80 concrete with 8 MPa confining pressure. The experimental results
for Loading Regime 1 of Grade 80 concrete with 12 MPa confining pressure do not seem

correct and therefore not compared.

9.2.4 (Grade 100 concrete

In Grade 100 concrete Mander et al. (1988b) model estimated the plastic strains to be
close to those in the experimental results. However, the loop thickness was predicted to
be higher from that model than the experimental results. Sakai and Kawashima (2000)

overestimated the plastic strains in all cases.

In all the compared results, the ascending branch of the envelope curve compares well with
those corresponding to experimental results. However for all the experiments carried out,
it is noted that the descending branch of the envelope curve does not match with those

in the experimental results.

9.3 Preliminary modelling process

The stress-strain models available in the literature for the static loading of HSC, can
model only the axial stress and axial strain relationships. All of them were based on
column tests. Therefore several attempts have been made in developing axial stress, axial
strain and lateral strain relationships for confined HSC subjected to cyclic loading. They

are described in detail in the following section.

9.3.1 Different attempted approaches

With the processed data for the 4 compressive strengths, 3 confining pressures and 2
loading regimes, the author searched for possibilities in establishing axial stress, axial
strain and lateral strain relationships for unloading and reloading cycles. At this point
it was aimed to use the stress-strain model developed by the author in Chapter 3 for

monotonically increasing loading to predict the envelope curve for cyclic loading. The
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first obvious concern was to extend the available stress-strain models for NSC to model
the axial stress and lateral strain relationship of HSC subjected to cyclic axial compression.
The second approach was to attempt extending Candappa (2000)’s model as it can predict
both axial and lateral strains. Then an attempt was made to search for a common pattern
in all the unloading and reloading curves separately. As a result, total energy was analysed
with axial strain as the third attempt. It was possible to model the required behaviour
using this method. However, an issue came up about the meaning of total energy versus
axial strain relationships and concluded that it would be more meaningful if a relationship
of total energy versus volumetric strain is considered.

Finally it was possible to find a common pattern in shear stress versus shear strain
curves for unloading and reloading respectively. The theory that concrete failure is a
Mohr-Coulomb type shear failure has been put forward by Nielsen (1999). Therefore the
final approach was compatible with the theory proposed by Nielsen (1999). The same
concept was used earlier to develop the constitutive model for confined HSC subjected
to monotonically increasing loadings. However, all the four attempts made are described

below.

Extending the available NSC stress-strain models

There are several models reported in the literature (Desayi et al. 1979; Watanabe and
Muguruma 1988; Mander et al. 1988b; Sakai and Kawashima 2000) to establish the axial
stress axial strain relationship for confined NSC subjected to cyclic loading. They are
based on column tests and are described in detail in Chapter 6. The axial stress-axial
strain relationships obtained for confined HSC from the experimental program described in
the previous chapter can therefore be compared with these models. These comparisons are
shown in Appendix A. If the same models are to be extended to model the iateral strains,
there must be a relationship for the behaviour of Poisson’s ratio. Therefore Poisson’s ratio
values were plotted against axial strain values for all 4 compressive strengths of concrete
and 3 confining pressures used by Candappa (2000} and presented in Figure 9.1.

The curves were different in each grade of concrete for each confining pressure applied.
Therefore a common pattern could not be observed. Due to these reasons the idea of
extending the available stress-strain models for confined NSC to model the constitutive

behaviour of confined HSC with cyclic loading was abandoned.
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Extending Candappa (2600) model

Candappa (2000) developed axial stress, axial strain and lateral strain relationships for
HSC subjected to lateral confinement. This model is the first and the only model among
the many models available, which can model axial stress lateral strain relationships. Fur-
thermore this model was based on the triaxial tests on HSC. The author investigated
all the stress-strain models for static loading available in the literature and found that
Candappa (2000)’s model is a possible model which can be considered to extend in es-
tablishing the constitutive behaviour of HSC with lateral confinement subjected to cyclic
axial compression. The major reason for this selection was its ability to model the lat-
eral strains. However, it is a stress-based model and therefore iterations are needed in
the calculation of stress-strain behaviour and it is unnecessarily complicated. Further,
Candappa (2000) used basic nonlinear elastic relationships as the main equations in es-
tablishing stress-strain behaviour under static loading. The validity of these relationships
in unloading and reloading cycles is uncertain. Candappa (2000) used Poisson’s ratio and
secant value of Young’s modulus to model statically loaded confined concrete. Using the
experimental results reported in previous chapter it is possible to model the Poisson’s
ratio behaviour for the unloading reloading cycles but finding secant vaiue of Young's
modulus for this is a problem. Therefore the idea of extending Candappa (2000)'s model

to estimate the behaviour of confined concrete subjected to cyclic loading was abandoned.

Energy approach

Energy dissipation in concrete has been addressed by many researchers in the literature
(Mander et al. 1988b). It is interesting to note that the normalised total energy versus
normalised strain curves for unloading branches had a similarity for a particular grade of
concrete irrespective of the confining pressure applied (Figures 9.2-9.3).

Normalised total energy, F and normalised strain, Z are defined as,

E— By and €=

€1 —Ept
Etml - Epi eun - €p;

E= (9.1)

where & is the energy at any stress and strain state in the unloading branch, ¢; is the
corresponding axial strain, By is the total energy at the plastic strain point (area under
the loading curve ABC - area under the unloading curve CD), e, is the plastic strain , and

Eyn and ey, are the total energy and strain at the unloading point. These parameters
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are defined in Figure 9.4.
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ke Figure 9.5 shows a stress-strain curve including an unloading branch. “A” is the
hisd

£153

unloading point, “C” is the plastic strain point and “B” is any stress and strain point in

the unloading branch.

R

Normalised total energy versus normalised strain curves for unloading branches are
shown in Figures 9.2-9.3. This relationship can be found in a form shown in Equation

(9.2) for a particular concrete grade regardless of the confining pressure applied.

E=f(). (9.2)

B T .

Substituting for normalised total energy, E and normalised strain, £ from Equation (9.1),

E—-E, ( €1 — Epl )
—_—=f . 9.3
Etml - Epl f Eun — €pl ( )
Rearranging Equation (9.3), a rel “ionship between £ and ¢; can be found which may be

of the form,
E = F(g,). (9.4)

Energy released in concrete during unloading will be the area under the unloading stress-

strain curve as shown in Figure 9.5.

E= / g(&1)dey x volume, (9.5)
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g(e1) is the axial stress-strain function for unloading curve. Energy at « point in the
unloading branch, E is obtained by subtracting the energy released during unloading

from the energy absorbed during loading until unloading starts. It can be defined as,

E=FE. . — / " g(€1)d€1 xV
€1 (9.6)

= Eunt = [G(euwn) — Gle)) x V

where,

f gler)de; = G(e)) +C  or

y (9.7)
E [G(El) + C] = 9(81).

In Equation (9.6), E,, is the energy at the point of unloading which is a constant for a
particular unloading curve and G(e,,) is the area under the unloading stress-strain curve
which again is a constant for a particular concrete grade and a confining pressure (Figure

9.6). Differentiating Equation (9.6) with respect to ¢,

d& d
=Vgle1)

where V' is the volume of concrete and g(e;) is any stress level in the unloading branch.
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Differentiation of Ecuation (9.3) will result in,

1 dE d d ‘
< =|=f(€ -—Z]. 9.9
Bt — By - dey (d‘e‘f (E)) X (dslg) (9:9)
Substituting Equation (9.8) in Equation {9.9)
— Eun! - Epl d - 1
gten) = 2B o (L10)) x () (©10)

In Equation (9.10), E,, is the energy at point of unloading which can be calculated from
the envelope cﬁrve, €un IS the unloading strain and &, is the plastic strain. Ejp is the
energy at plastic strain point that can be obtained by subtracting the energy released
during unloading from the energy at the point of unloading. Therefore stress-strain curve

for the unloading is completely defined by Equation (9.10).

&
Area under curve AB = [ g(ey)de; = G(e1) + C

Axial stress

Axial strain
Figure 9.6: Dissipated energy during unloading.

Several problems were identified in this approach. Energy was calculated using axial
stress and axial strain only disregarding the lateral stress and lateral sirain. However, the
work done by the lateral forces cannot be neglected for high confining pressures (Figure
9.7). Mander et al. (1988b) showed :1:at total strain energy per unit volume required
to “fail” concrete would be the area under the stress-sirain curve of confined concrete.
Nevertheless total energy will be the total work done due to axial stress, strain and lateral
stress and strain. The interpretation of the energy calculated using only axial stress and

strain is not complete. Finally it was decided that the total energy versus volumetric
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Figure 9.7: Stress-strain state of a laterally confined concrete cylinder.

strain curves are more meaningful than the curves for total energy versus axial strain.

This approach was attempted first for the monotonically increasing axial load on confined

HS5C.

9.3.2 Shear failure approach

The theory that concrete failure is a Mohr-Coulomb shear failure is widely held by many
researchers in this field. Nielsen (1999) provides the background to this theory and ap-
plications of this theory for structural analysis.

When the Mok r circle for concrete stresses as shown in Figure 9.8 touches the boundary
line corresponding to sliding failure, the failure takes place. When the shear stress |7|
in a section exceeds the sliding resistance, shear failure is assumed to occur. Cohesion,
denoted by ¢ and the internal friction denoted by ¢ form the sliding resistance. Due to
symmetry, the Mohr circle touches the boundary lines corresponding to sliding failure
at two points. Therefore sliding failure will occur in two sections that form the angle
(90° — ¢) with each other (Figure 9.9).

In the shear approach in modelling the unloading branches of cyclically loaded confined
concrete, maximum shear stress and maximum shear strain at any stress-strain state were
considered. Direction of these maximum shear stress and strain will change during the
test progress. The planes they act are different from one stress-strain state to another.
For all the unloading branches in four grades of concrete and three confining pressures,

the maximum shear stress factor versus maximum shear strain factor graphs were plotted.
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Figure 9.8: Mohr’s circle for a stress/ strain field.

These factois are defined as in Equation {9.11) with respect to maximum shear stress and

strain at unloading point and plastic strain point.

- T~ Tpl - &1 — &
Tun — Tp! Eun - €pg

Irrespective of the confining pressure applied, the curves converged to one line for each
grade of concrete as can be seen in Figures 9.10-9.13. Therefore it was decided that shear

failure approach would be a reasonable method to model the unloading branches in cyclic

loading of confined concrete.

9.4 Description of the proposed model

Model formulation is based on the experimental program carried out by the author which
is described in the previous chapter. It is usually assumed that the monotonic loading
stress-strain curve forms the envelope curve for the cyclic loading stress-strain response.
This was proposed by Sinha et al. (1964) and Karsan and Jirsa (1969) for unconfined
concrete. Later Karsan and Jirsa (1969) and Mander et al. {1988b) showed that it is a
reasonable assumption for reinforced concrete as well. However, the experimental program
carried out by the author for NSC and HSC and presented in Chapter 7, shows that this
is valid for the ascending branch but needs to be modified for the descending branch. Key

components outlining the model are shown in Figure 9.14. The aim of the study is to find
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Figure 9.10: Shear stress factor versus shear strain factor for unloading branches of Grade
40 concrete.
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axial stress (o}), axial strain (£1), confining p-=rsure (f;) and lateral strain (e;) for each

of the curves described below:

—

. Ascending branch of monotonic loading curve (AB)

e

. Unloading curve (BC, GH)

e Determination of plastic strain (e,)

2

. Reloading curve (DE, HJ)

4. Parabolic transition curve {EF, JK)

w

. Modified envelope curve for the descending branch (FG, KL)

9.4.1 Ascending branch of monotonic loading curve (AB)

Figure 9.14 shows the main parameters of the stress-strain curves used for modelling.
The modelling of the ascending branch (AB) is based on experimental work carried out
by Candappa et al. (2001) to model the constitutive behavior of HSC subjected to
lateral confinement under monotonically increasing axial load. Candappa et al. (2001)

carried out 24 tests consisting of 4 different uniaxial compressive strengths and 3 different
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Figure 9.14: Key components in cyclic stress-strain model.

confining pressures. The tests were conducted in duplicate. The ascending branch of
the axial stress, axial strain curves depends on the uniaxial strength (f.) and confining
pressure of concrete ( f}).

The author looked for a common pattern in all these results. Interestingly it was
found that the shape of the normalised shear stress factor versus normalised shear strain
factor of the ascending branch were all the same for a particular strength of concrete
regardless of the confining pressure (Figure 3.8 of Chapter 3). This is explained in detail
in Chapter 3. The relationship between the shear stress versus shear strain factors can

be approximated by the following exponential function for the ascending branch,
7= (1 - e ™27) (9.12)

where mg is a material parameter. Substituting 7 and ¥ in terms of o7 and ¢,, the
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following equation was obtained for the ascending branch.
(E 1+ &‘2) _
—ma
01 =2Tmp [1—e  \ Wm0 /| 4 (9.13)

e, and & are axial and lateral strains respectively, o, is the axial stress, f; is the confining

 pressure. Tmp and Y, are the maximum shear stress and strain at peak stress defined as,

=fcc_fl _

’
Eec T E

2

(9.14)

where f.. is the peak axial stress of confined concrete, .. (compression positive) and ¢,
(expansion positive) are the corresponding axial and lateral strains respectively. m; is a

material perameter which depends on the uniaxial strength of concrete.
my = —0.0427f. + 7.7381. (9.15)

Peak axial stress of confined concrete (f..) is defined as (Attard and Setunge, 1996),

fcc (f! )k
—==+1 9.16
f ¢ f t ( )
where & is a constant given by,
= St ~0.21
k=125{1+ 0.062f (fe) (9.17)

and f; is the tensile strength. The tensile strength is given by,

fe = 0.288(f.)*". (9.18)

Attard and Setunge (1996) suggested equations for axial strain corresponding to peak

axial stress &,

Ece _ Ji
F 14 (17 - 0.06f,) (.fc) (9.19)

where f; is the confining pressure and ¢, is the axial strain corresponding to peak uniaxial
compressive strength (generally assumed to be 0.002). It is derived in Section 3.6.4 of
Chapter 3 that,

€., = 0.5¢c. (9.20)

€ee and ELC are the axial and lateral strains corresponding to peak axial stress (fe.).
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In order to find a relationship between axial strain and lateral strain, curves were
plotted for normalised lateral strain {with respect to lateral strain at peak stress), versus
normalised axial strain (with respect to axial strain at peak stress). The curves were found
to have a similar shape for a particular compressive strength irrespective of the confining
pressure applied. Gradient of these curves is related to the Poisson’s ratio. Initially it
~ has a constant gradient which is compatible with Hooke's law. Candappa et al. (2001)

proposed that initial Poisson's ratio (¢¢) is a constant.
v? = 0.15 (9.21)

The constant Poisson’s ratio, ie. lateral strain is proportional to axial strain, is only valid
for low axial strains. For high axial strains, the lateral strains increased at a higher rate

than for low axial strains, thus increasing the Poisson’s ratio. It can be approximated by

)
3 .

vf L) if g <é,
Eee

= ¢ (9.22)

m
£1 .

(—) if g9>¢.

v\ Eee

¢’ can be obtained by equating the right hand side of this equation at &; = €. m, is a

a pair wise equation.

€9
Ece

material parameter which depends on the uniaxial concrete strength.
my = 0.0177f. + 1.2818. (9.23)

For an assigned axial strain (e;), lateral strain (g2) can be found using Equation (9.22).
Therefore these equations together with the material parameters (m,, m,), completely

define the ascending branch of the stress-strain curve for confined concrete.

9.4.2 Determination of plastic strain (ey)

In order to establish the unloading curve from the compressive loading curve, a plastic
strain (e,;) based on the coordinates at the unloading point (4, ous) needs to be de-
termined. The procedure used here is a modified version of the one proposed by Mander
et al. (1988b) for both confined and unconfined concrete. Axial plastic strain (£ 1) and

lateral plastic strain (g2) are defined in a similar way. The plastic strain €5 depends
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on the strain €, at the intersection of the initial tangent and the plastic unloading secant

slopes (Figure 9.14).
Ea = Ur/E1 unfoc (9.24)

The value of a will be the greater of either

o= _ e or 0.091,un (9.25)
Ece -+ E1lun Eee

for axial plastic strain (e1,). But for lateral plastic strain (g5,:) value of a will be
the smaller of the two alternatives in Equation (9.25) with corresponding lateral strains
instead of the axial strains ie. €, replaced by s:,c and €; y, replaced by €2..,. Plastic strain
on the secant line between ¢, and ¢, is given by,

. = (Eun + €0)0un
P (Cun + Eca)

(9.26)

where (€., vun) is the unloading point and E, is modulus of elasticity of concrete. E, is
defined in Australian Standards, AS3600 {2001),

E. = 0.043p"%\/fon MPa (9.27)

where, p is the density of concrete in kg/m?®, fon is the mean value of the compressive
strength of concrete, in MPa. ACI 363 (1984) has recommended the following equation
for HSC: '

1.5
E, = (3320+/F, + 6900) (55’-’2—0-) MPa (9.28)

where f, is the uniaxial strength of concrete in MPa. Equation (9.28) has been taken from
the work of Carrasquillo et al. (1981). However Attard and Setunge (1994) compared the
elastic modulus of concrete using experimental results and predictions from Equations
(9.27) and (9.28). They concluded that Equation (9.27) gives reasonable values for E, for
mixes with the aggregates used in Australia. Therefore throughout this study, Equation

(9.27) has been used in calculating elastic modulus of concrete.

9.4.3 Unloading curve (BC, GH)

Figure 9.14 shows the parameters used to define the unloading curves. Formulation of the
unloading curves is based on the experimental program carried out by the author for 24

tests with 4 different compressive strengths, 3 different confining pressures and 2 loading
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regimes. One loading regime has 2-4 unloading curves while the other loading regime has
a number of unloading curves. There are all together 72 unloading curves in all these 24
tests. The author looked for a common pattern in all the curves. It is found that shear

stress factor and shear strain factor relationship has a similar behaviour regardless of the

‘concrete strength and confining pressure applied (Figure 9.15). Results from all strength

grades and confining pressures are included in the figure.
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Figure 9.15: Shear stress factor versus shear strain factor for 72 unloading branches.

Various other methods such as total energy with volumetric strain etc. were attempted,
but nore of these provided such a close pattern as the shear stress versus shear strain
factor. It is the innovative feature of the model formulation of unloading curves. Shear

stress factor versus shear strain factor relationship is found to be as in Equation (9.29).
Tun = 0.43(e}¥1n 1), (9.29)

The correlation factor is used to estimate the closeness of the best fit curve (Equation
9.29) to the test data. It is defined as the covariance of two data sets divided by the
product of their standard deviations. The correlation factor for the 72 curves is 0.9943.
Tun 18 the shear stress factor and #,, is the shear strain factor for unloading curves. These
factors are defined as,

T— Tyt

- - Y
Tun = ——— and 'Tun:'__lel—'

(9.30)
Tun = Tpl Yun — Vpi
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where 7 and <y are the maximum shear stress and strain at any axial and lateral stress

state. ;
oy — Ji _&ate
5 and y= 5

7o and 7y, are the maximum shear stress and shear strain at plastic strain point, 7, and

r= (9.31)

" ~un are the maximum shear stress and strain at the point of unloading. These are defined

similar to Equation (9.31).

=2 Il and oy = St 2e ;52@‘. (9.32)

Tun and 7, are the maximum shear stress and shear strain at the point of unloading.

Tun = "’"‘2" fi and oy = St E20m *2' Shan, (9.33)

Since the envelope curve is known, coordinates at unloading point are known. Axial stress
(01), axial strain {e,) and lateral strain (¢2) are the unknowns in the above equations
(Equations 9.29-9.31). '

Axial strain lateral strain relationship

The graphs of normalised axial strain (€).,) and normalised leteral strain (€;,.,) for a
particular concrete strength (f.) have close similarity irrespective of the confining pressure
applied. There were 21 unloading curves for 44 MPa concrete for all 3 confining pressures
applied. Similarly there were 22, 9 and 20 unloading curves for 58, 83 and 106 MPs
concrete respectively. Curves are shown in Figures 9.16-9.19.

Different relationships of normalised axial strain (£;,,) and normalised lateral strain
(£2.4n) for the unloading‘ curves were established for the four grades of concrete. The
relationship between these two parameters is found to be as in Equation (9.34). The
correlation factors for the 21, 22, 9 and 20 curves in 44, 58, 83 and 106 MPa concrete
were 0.9909, 0.9968, 0.9973 and 0.9970 respectively.

Eoun = EVLe (9.34)
g is a concrete material parameter and found to be,

g = —0.0035f, + 1.445. (9.35)
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&1.un 18 normalised axial strain and & ,,, is normalised lateral strain. They are defined as,

&1 —¢ Ey— &
1 Y and Epun = 2 2.p! (9.36)

Fhan = Elun — E1,pl E2,un = E2,p
where €1, €9 are the axial and lateral strains in the unloading branch, €14, and €2, are
the axial and lateral strains at the unloading point and €, ;¢ and g7, are the plastic axial
and lateral strains. For a given unloading axial strain {¢;), Equation (9.34) is used to find
the corresponding lateral strain (¢2). Substituting values for () and () in Equation

(9.29) will give the remaining parameter, axial stress (o1).

9.4.4 Reloading curve (DE, HJ)

Figure 9.14 shows the parameters used to define the reloading curves. The point of
reloading {&,,,0r,) can be either from the unloading curve (loop GHJK) or from the
cracked state (loop BCDEF). If it is from the cracked state, e,, = {€pi - €15} and o0 = 0
as shown in Figure 9.14. ¢, is the tensile strain and is given by,

= 1o

)
| Ec

(9.37)

where f; is the tensile strength of concrete (given by Equation 9.18) and E, is the modulus
of elasticity of concrete. After the coordinates of the reloading point are determined,
establishing reloading curves are the same for both situations. A stress-strain relationship
which accounts for the degradation due to cyclic behavior is derived between reloading
strain {€,,) and unloading strain (€.,), t0 a reduced axial stress (Onew) which is defined
by Mander et al. (1988b),

Onew = 0.9204, + 0.080,,. (9.38)

Formulation of reloading curves is based on the 24 test results of the experimental program
carried out by author. There are 65 reloading curves considered in the analysis. Number
of reloading curves is less than that of unloading curves because experiments were usually
terminated with the unloading. Figure 9.20 shows shear stress factor versus shear strain
factor for 65 reloading branches. Similar to the ascending branch of monotonic loading
curve (AB) and unloading curve (BC and GH), author found that relationship between
shear stress factor, 7y, and shear strain factor ¥,, for reloading curves was independent of

the compressive strength of concrete and confining pressure applied similar to unloading
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curves. It is found to be as in Equation (9.39). The correlation factor for the 65 curves is
0.9954.
Tre = ﬁlOge('?re + 1) . (939)

This equation is a form of mirror image of the equation for unloading, Equation (9.29).

7. is shear stress factor and %, is shear strain factor for reloading curves.

T and o= (9.40)

Tre = Toew — Tt oewr — 'Ypl-
7 and 7 are the maximum shear stress and strain at any axial and lateral stress state
(defined in Equation 9.31), 7,4 and v, are the maxirum shear stress and strain at plastic
strain point (point C in Figure 9.14) and They and Ypew are the maximum shear stress
and strain at the returning point of the reloading branch (points E or J in Figure 9.14).
Equation (9.39) defines the reloading branch. Howaver, the relationship between axial

strain (€,) and lateral strain {e;) is necessary for Equation (9.39) to be complete.

Axial strain lateral strain relationship

The graphs of normalised axial strain (&, ,.) and normalised lateral strain (£,,.) for reload-
ing curves for a particular concrete strength (f.) are similar irrespective of the confining
pressure applied. There were 21 reloading curves for 44 MPa concrete for all three confin-
ing pressures applied. Similarly there were 18, 8 and 18 unloading curves for 58, 83 and
106 MPa concrete respectively. These curves are shown in Figures 9.21-9.24 and are sim-
ilar to the curves shown in Figures 9.16-9.19. Different relationships of normalised axial
strain (£, re) and normalised lateral strain (Z;,.) for the reloading curves were established
for the four grades of concrete. The relationship between these two parameters is a mirror
image of the similar relationship defined for unloading curves as in Equation (9.34).
It is found to be as in Equation (9.41). The correlation factors for the 21, 18, 8 and
18 curves in 44, 58, 83 and 106 MPa concrete were 0.9934, 0.9969, 0.9913 and 0.9961
respectively.
Eae = &L, (9.41)
Material parameter g is the same defined in Equation (9.35) and £, .. is normalised sxial

strain and &, is normalised lateral strain defined as,

= &L — &, - €2 — &g
El.re = — _Pl and E?,re = _,pl_ = (942)
Elnew — 1,9l E2,new — E2,p!
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Figure 9.20: Shear stress factor versus shear strain factor for 65 reloading branches.
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Figure 9.24: Normalised lateral strain versus normalised axial strain for 18 reloading
curves in Grade 100 concrete.

where €1, €, are the axial and lateral strains in the reloading curve, €1 pew and €3 . are
the returning axial and lateral strains (corresponding to point E or J in Figure 9.14) which
are the same as unloading strains (€1 u, and €g.4n). €1, and €, are the plastic axial and
lateral strains. For a given axial strain in reloading curve, Equation (9.41) is used to find
the corresponding lateral strain. Substituting values for &, €2 and f; in Equation (9.39)

will calculate the remaining parameter axial stress (o).

If the unloading happened during the reloading before reaching the reduced axial stress
(Gnew), it is called partial unloading (Otter and Naaman 1989). In this case, there are
two extremes for the plastic strain. The lower limit is the plastic strain corresponding
to previous unloading point. The upper limit is the plastic strain corresponding to the
full reloading. Therefore plastic strain during partial reloading can be calculated by
interpolation. Once the plastic strain is known, establishing reloading branch is the same
for full and partial unloading. This has been addressed in the literature by Otter and

Naaman (1989) for concrete composites.
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9.4.5 Parabolic transition curve (EF, JK)

The point where the reloading curve joins the envelope curve (F or K in Figure 9.14) is
defined by (€re, 0ve). The common return strain (¢,.) is defined by Mander et al. (1988b),

(Cun ~ Onew) X (2 + %)

Ere = Eun + 0.43
B (9.43)

where E,, is the reloading point tangent modulus and is given by,
E,, = 2ro " Inew (9.44)

€ro ~ €un
Corresponding axial stress, o, is the return point axial stress calculated from the envelope
curve. If the return point is in the ascending branch of the envelope curve, axial stress
(o,) can be calculated directly from Equation (9.13). If it is in the descending branch,
axial stress (o) at the return point has to be calculated from the modified envelope
curve. The author analysed the test results of the 24 specimens for cyclic loading and

found that o, is a function of the number of hysteresis loop, n and given by,
ore = (1 — 0.01n)a1, (9.45)

where, 01, is the axial stress of envelope curve. The model formulation for the descending
branch of the envelope curve is based on the 24 tests carried out by Candappa (2000).
The author found that the shear stress factor versus shear strain factor was the same for
a particular strength irrespective of the confining pressure applied. That relationship is
found to be as in Equation (9.46).

(51+52)2
ma
O1p=2Tmp | e \ 2 [ g+ g (9.46)

Tmp aNd Ymp are the maximum shear stress and strain at peak stress defined in Equation

(9.14), my is a material parameter,
mg = —0.0003f, — 0.0057. (9.47)

A parabolic transition curve (Mander et al. 1988b) is then introduced between the reload-

ing curve and the return coordinates (gr.,0.c) of the modified envelope curve.

01 = Ore + Ereg + Ag* (9.48)
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where,
g=E€1— Erey (949)
Onew — Ore) — Fre(€un — €re
4= (E) £ §2 ). (9.50)

and F.. is the common return point tangent modulus.

9.4.6 Modified monotonic loading curve for the descending
branch (FG or KL)

For a given axial strain (¢;) in the envelope curve, axial stress (o) can be found as,
o1 = (1 - 0.01n)oy ,. (9.51)

This is used in estimating the axial stress {o;) values from the return point to the next
unloading point if the return point is in the descending branch, where Equation (9.46)
defines ¢1,. If the return point is in the ascending branch, axial stress (o;) can be
calculated directly from Equation {9.13).

9.5 Poisson’s ratio

Poisson’s ratio is an important parameter specially when lateral confinement is involved,
since the confining pressure provided by steel depends on it. In studying monotonically
increasing loads, Candappa et al. (2001) found that Poisson’s ratic remained constant
in the “initial elastic region” then starts to increase rapidly. The initial elastic region
is defined by Candappa et al. (2001) as the region where the ratio of axial stress/peak
axial stress is less than about 0.7 to 0.8. The value of 0.8 was found to be applicable
to concretes with compressive strengths greater than 60 MPa while the value of 0.7 was
found to be appropriate to concretes with less than 40 MPa compressive strengths.
Figures 8.25-8.28 of Chapter 8 are typical examples of non linearity index versus
Poisson’s ratio curves for a specimen with cyclic axial compression. As can be seen
from the figures, when umnloading occurs in the initial elastic region, the Poisson’s ratio
decreases. This phenomenon has not been reported before in the literature and will have
significant implications to confining pressures during cyclic loadings. Figure 9.25 also
shows the curves predicted by the model, which is capable of predicting the decreasing

Poisson’s ratio phenomenon.




Chapter 9: Cyclic loads, Development of a constitutive model for confined concrete 237

: Before paak paint i After paak point

Initial elastic:
L __fegion s At

o e e
N [5,) [

Axial stress/ peak axial stress

o
()

------- Model prediction
—— Experimental

b 04 02 03 04 05 06 07
Poisson ratio

Figure 9.25: Variation of Poisson’s ratio during hysteresis loops.

The decreasing Poisson’s ratio phenomenon was investigated in all the test results
from this study. It was found that the decreasing Poisson’s ratio ocecurred only in cases
where the unloading occurred in the initial elastic region. This can be confirmed by casual
observations of Figures 8.25-8.28 of Chapter 8, where the unloading of axial strain curves
and lateral strain curves show significantly different behaviour in the initial elastic region.
The axial strain curves unload parallel to the initial tangent modulus whereas the lateral

strain unloads along the same path as the loading curve.

9.6 Results

The procedure used in drawing stress-strain curves for confined concrete subjected to

cyclic loading is summarised in Figure 9.26.

9.6.1 Comparison of the proposed model with the experimental
results

Proposed model is developed from the experimental results obtained by the author for
24 specimens as described earlier. The stress-strain curves proposed by the model for
all the concrete specimens tested are shown in Figures 9.27-9.38. These comparisons are
not meant for validation of the model. However, they indicate how close the developed
model follows the data it is based upon. Validation from indepencent data could not be

performed because there are no HSC data available on cyclic loading.
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9.6.2 Comparison of the proposed model with experimental re-
sults reported in the literature

From available experiments reported in the literature for cyclic axial load on either con-
fined or unconfined NSC, circular specimens were tested with the analytical model pro-
posed. The model is developed based on the experimental results for concrete compressive
strengths in 40-100 MPa range. But when it was compared for a2 concrete strength out of
this range (17-23 MPa), still it shows a good agreement. Experimental curves are from
the work reported by Desayi et al. {1979) (Figures 9.39-9.42).
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Figure 9.39: Mode! comparison with previous work (Desayi et al. 1979) for concrete with
fe=22.3 MPa.
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9.7 Conclusions

¢ The model for concrete suk:jected to cyclic loading, proposed in this paper comprises
four components; namely, (1). envelope curve (for both ascending and modified

descending curves), (2). unloading curve, (3). reloading curve and (4). parabolic

i transition curve.

The envelope curve of the proposed model is based on the 24 experimental results
reported by Candappa et al. (2001) 2s well as previous work presented by Attard and
Setunge (1996)Attard and Setunge 1996. Unloading and reloading branches were

developed based on the 24 tests carried out by the authors. Parabolic transition

curve is the one proposed by Mander et al. (1988b)Mander et al. 1988a and plastic

strain is a modified version of that proposed by Mander et al. (1988b).

» Envelope curve, unloading and reloading curves are derived using shear stress versus

shear strain relationships.

— Proved by previous researchers for unconfined and confined NSC

— For HSC, it is valid only for the ascending biranch
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— For HSC, descending branch is modified by scaling down the corresponding

stresses.

o Model is proposed using 24 test results for NSC and HSC with active lateral con-
finement subjected to cyclic axial compression. Using an iterative procedure, it can

easily be applied to model the same with passive confinement.

e The Poisson’s ratio is constant in the initial elastic region, and rapidly increases

when loaded beyond this region.

» When unloading occurs in the initial elastic region, the Poisson’s ratio decreases;
and increases back to the same value when reloading occurs. The model proposed

in this study is capable of modelling the phenomenon of decreasing Poisson’s ratio.

A constitutive model is proposed in this chapter for the behaviour of HSC subjected
to active lateral confinement and cyclic loading. It can easily be extended for HSC with
passive confinement. The proposed model is to be applied for column analysis in the next

chapter.




Chapter 10

CYCLIC LOADS:
Prediction of load-deformation
characteristics of columns

10.1 Introduction

The use of high strength concrete (HSC) in columns in high seismic regions requires
additional care in the design due to its lower level of ductility than the ductility available
in NSC. Proper confinement or using the high yield strength lateral reinforcement is
capable of increasing the ductility of HSC.

Most of the structural failures during recent earthquakes were attributed to poor
column behaviour. In concrete structures, the ability to withstand strong earthquakes
depends mainly on the formation of plastic hinges and their capability of energy absorption
and dissipation without a major loss of strength capacity. Within the plastic hinge, all
the inelastic deformations are assumed to occur. The region outside the hinge is assumed
to remain elastic at all times.

It is preferable to design structures with strong columns and weak beams with plastic
hinges forming in the beams and not in columns. However, it may not always be possible
to design structures like this, and hinges may develop in columns. Therefore the possibility
of plastic hinge formation at HSC column ends demands a sufficient level of ductility to
safeguard the structures in seismic areas. This is an added ductility requirement to the
already existing ductility need in HSC than that in NSC.

This chapter identifies the necessity to investigate the column behaviour for earthquake

loadings. It then presents several experimental programs carried out around the world

255
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to observe the behaviour of concrete columns under _+ial load and cyclic lateral loads
simulating the ground motion in an earthquake. Having identified the gaps in knowledge
in this area, an analytical procedure is described in detail to estimate the behaviour
of HSC columns subjected to combined axial load and cyclic flexure. It uses the novel
concrete constitutive mode! developed in Chapter 9 for the cyclic behaviour of HSC. A
computer program coded in Visual Basic is developed in implementing this. The predicted
behaviour of HSC columns under axial load and cyclic flexure, is compared with the

reported experimental results.

10.2 Examples for poor design of columns

Columns are the most essential elements in the moment-resistant frame of buildings.
Structural behaviour during recent earthquakes has indicated that majority of the struc-
tural failures are due to poor column behaviour. Hachinohe City Library damaged during
the 1968 Tokachi-Oki earthquake in Japan has good examples of structural failures due
to poor column behaviour (Saatcioglu and Ozcebe 1989). During the 1971 San Fernando
earthquake, Olive View Hospital damaged due to the plastic hinging concentrated in the
columns of the bottom storey (Park and Sampson 1972). Most of the column failures were
caused by high shear stresses, lack of concrete confinement and bidirectional load effects.
Saatcioglu and Ozcebe (1989) reported some examples for each effect. The short columns
at the Macuto-Sheraton Hotel damaged during the 1967 Caracas, Venezuela earthquake
is a good example of column failure due to high shear stress reversals. During the 1985
Mexico City earthquake, many column failures were caused due to poor concrete confine-
ment. The failure of columns of the Imperial County Services Building during the 1979
Imperial Valley earthquake is a good example for structural failures due to bidirectional
loading effects. Figure 10.1 shows three photos of column failures during Kobe 1995 earth-
quake. These failures are due to few confining reinforcement and bad detailing resulted
in improper confinement.

Therefore in performing a structural analysis for earthquake loadings, it is of great
importance to design columns with sufficient level of ductility in order to minimise the

chances of a possible failure.
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10.3 Previous work on the behaviour of columns un-

: * -
der cyclic flexure and constant axial load
Studies on the behaviour of NSC (Watson and Park 1994; Priestley and Park 1987) and

HSC columns (Ozcebe and Saatcioglu 1987; Saatcioglu and Ozcebe 1989; Muguruma and
9 Watanabe 1990; Bing et al. 1991; Thomsen and Wallace 1994; Azizinamini et al. 1994,
{ Sheikh et al. 1994; Bayrak and Sheikh 1998; Saatcioglu and Baingo 1999; Ahn et al.
2000; Legeron and Paultre 2000; Martirossyan and’ Xiao 2001) subjected to axial load

and cyclic lateral forces have been progressing from well over 15 years. A large number
of experimental programs have been reported in the literature to study this behaviour.
Each experimental program differs from one another in compressive strength of concrete,
size and shape of columns, configuration of reinforcement and the axial load level. Very
few researchers compared the experimental results with the analytical findings (Thomsen

and Wallace 1994; Assa and Nishiyama 1998; Kwan and Billington 2001).
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10.3.1 Experimental programs

The aims of all the experimental programs carried out were to observe the effects of the
following parameters in the behaviour of concrete columns subjected to axial load and

cyclic flexure.

¢ Concrete compressive strength

s Axial load level

¢ Amount, configuration, spacing and yield strength of transverse reinforcement
The following parameters have been used in discussing the behaviour of columns.

¢ Ductility

e Plastic hinge length

¢ Spalling of cover

¢ Comparison with code provisions

10.3.2 Effect of concrete compressive strength

Majority of the researchers investigated the flexural capacity and ductility of square HSC
columns subjected to constant axial load and cyclic lateral loads. Azizinamini et al.
(1994) tested columns with a cross section of 305 x 305 mm, representing 2/3—scéle
mode! of an 457 x 457 mm prototype column. They fested 9 square columns of the
same size and reported that increasing the compressive strength from 54 to 101 MPa
resulted in approximately 25% reduction in the ductility. Many researchers (Muguruma
and Watanabe 1990; Ahn et al. 2000) supported this idea. Muguruma and Watanabe
(1990) tested 8 square columns (200 x 200 mm) using concrete compressive strengths of
85.7 and 115.8 MPa. Ahn et al. (2000) tested 20 square columns (240 x 240 mm) with
concrete compressive strengths of 25, 52 and 70 MPa. Recently, Xiao and Henry (2002)
tested 6 full-scale square HSC columns (510 x 510 mm) with compressive strengths of 63
MPa.

Saatcioglu and Baingo (1999) have conducted experiments on circular columns under

constant axial compression and incrementally increasing lateral deformation reversals.




Chapter 10: Cyclic loads, Prediction of load-deformation characteristics of columns 259

They concluded that increasing compressive strength will result in decreasing ductility
unless proper confinement is provided.

Ductility of HSC columns subjected to combined axial load and cyclic flexure, de-
creases with the increasing compressive strength. However, this can be overcome if the

HSC columns are sufficiently confined.

10.3.3 Effect of transverse reinforcems=zt

Azizinamini et al. (1994) reported that decreasing the spacing of transverse reinforcement
from 66.7 to 41.3 mm resulted in approximately 40% increase in ductility. According
to their experimental and analytical studies for square HSC columns, the ductility of
HSC columns is proportional to the volume of transverse reinforcement. Same idea was
supported by Martirossyan and Xiao (2001) using six 1/3-1/2 scale HSC short columns.
Furthermore, Legeron and Paultre (2000) and Ahn et al. (200) concluded that the tie
spacing has significant effect on the behaviour of the columns.

Usage of high yield strength transverse reinforcement is suggested as a promising solu-
tion for the brittle nature of HSC and the problems associated with closer spacing of low
yield strength transverse steel (Saatcioglu and Ozcebe 1989; Muguruma and Watanabe
1990; Azizinamini et al. 1994; Thomsen and Wallace 1994; Saatcioglu and Baingo 1999).
However with the use of high yield strength transverse steel, the increment in spacing may
increase the likelihood of bucking. It is proposed that further research work is needed in
this aspect because the use of high strength transverse reinforcement to increase spacing
is limited due to the potential adverse effects of buckling. On the other hand, Azizinamini
et al. (1994) reported that yield strength of transverse reinforcement had no influence on
the ductility, if the column is subjected to an axial load lower than 20% of the column
axial load capacity.

Ozcebe and Saatcioglu {1987) tested full scale square columns (350 x 350 mm) to
investigate the effect of confinement in the columns when subjected to seismic loading.
The compressive strengths used had a range of 32-40 MPa. They concluded that proper
choice of transverse steel arrangement is more feasible than reducing the tie spacing to
achieve the same level of confinement.

By considering spiral reinforcement and circular hoops, Saatcioglu and Baingo (1999)

concluded that although both columns with spiral steel and circular hoops behaved in a
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similar manner, the spiral reinforcement was more effective in controlling the stability of
longitudinal reinforcement than the circular hoops at later stages of inelastic behaviour.
However, the performance of concrete columns during recent earthquakes showed that a
failure in spiral reinforcement would lead to a complete unwinding of the spiral. Therefore
the long believed potential benefits of continuity provided by spiral steel is said to be
que.‘stibnable when used in high seismic regions.

Duectility of HSC columns under axial load and cyclic lateral forces can be improved

by,
¢ decreasing the spacing of transverse reinforcement,
¢ using high yield strength transverse reinforcement,
¢ choosing proper configuration of transverse reinforcement or

¢ using circular hoops instead of the spirals.

10.3.4 Effect of axial load

Saatcioglu and Ozcebe (1989) tested full scale square columns to illustrate the effects of
axial load and lateral reinforcement on column ductility. The compressive strengths used
were in the range of 30-50 MPa. They considered 2 levels of axial load, zero and 20% of
concentric design axial load capacity and demonstrated the response as the accelerated
strength and stiffness degradation. Azizinamini et al. (1994) compared the effect of NSC
and HSC columns separately with different axial load levels. Three levels were selected
in their analysis representing 20, 30 and 40% of nominal column load capacity. For NSC
columns increasing axial load level from 30 to 40% reduced the ductility by 30%.

In Azizinamini et al. (1994) study for HSC columns, increasing axial load level from
20 to 30%, reduced the ductility by 17%. They concluded that ductility of HSC columns
1s inversely proportional to the level of axial load. Bayrak and Sheikh (1998) used realis-
tically sized HSC and ultra HSC columns with moderate to high axial load levels. They
concluded that a high axial load level increases the rate of stiffness degradation with every
cycle and adversely affect the cyclic performance of HSC columns. Similar observation
was reported by Legeron and Paultre (2000), Legeron et al. (1997) and Paultre et al.
(2001) for HSC using axial load levels of 15, 25, 40 and 52%, Muguruma and Watanabe
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(1990) using comparatively high axial load levels of 25 and 63% and Ahn et al. (2000)
using axi~’ load levels of 30 and 50%.

It is documented in the previously published research work, that increase in axial load
level will resuit in decrease in the ductility for NSC (Watson and Park 1994) and HSC
(Legercn and Paultre 2000; Ahn et al. 2000).

10.3.5 Ductility

Several definitions for ductility and deformability are available in the literature. In seismic
design, the inelastic behaviour is generally quantified by both the ductility parameter and
energy dissipation capacity. The main drawback in using this ductility parameter is the
lack of generally accepted definition among the research community, for the yielding of
a reinforced concrete member. Legeron and Paultre (2000) defined this point as the
intersection of the maximum load and the elastic branch of the idealised curve which is
secant to the real curve at 756% of maximum load.

Bayrak and Sheikh (1998) and Sheikh et al. {1994) defined ductility and toughness

using parameters shown in Figure 10.2. Curvature ductility factor (u4) is defined as,

51

Mg /, S

) P2 Pis

M;_

Figure 10.2: Section ductility parameters.




Chapter 10: Cyclic loads, Prediction of load-deformation characteristics of columns 262

¢
o = .¢—f (10.1)
Cumulative ductility ratio (V) is given as,
m
b
No=)_ ¢_: (10.2)
i=1
where, ¢; is defined by,
‘ ]
¢ = 5{(¢ir + ). (10.3)
Energy-damage indicator (£7) is given by,
1 & LS\ [\
E= &= (—) (-) 10.4
Moz g ‘B\S:/ \ & (10-4)

where, ¢; i5 the area enclosed in cycle ¢ of the M — ¢ curve, I, is the most damaged region,

B is the section depth of specimen and S; is given by,
1
S5 = E(Si+ + 5;-). (1075)

it is observed that HSC specimens have low deformability, energy absorption and dissi-
pation capacity {Bayrak and Sheikh 1998; Saatcioglu and Baingo 1999).
However in this study, these ductility parameters have not been utilised because of

the unavailability of digital experimental data for comparison.

10.3.6 Length of plastic hinge

A guarantee in the stability of a concrete structure is the ultimate aim in any structural
design. In a seismic design, it depends on the formation of plastic hinges and their capacity
to absorb and dissipate energy without a major strength loss. When the struciure is
subjected to earthquake loadings, all the inelastic deformations are assumed to occur
within the plastic hinge length while the outside region remains elastic. As most of
the experimental programs reported the load-displacement relationships instead of the
moment-curvature relationships, plastic hinge length is needed to calculate the deflections
from the curvatures. This is described in detail later in Section 10.6.2.

Plastic hinge length has been approximated by several empirical equations in the
previous studies (Sheikh et al. 1994; Assa and Nishiyama 1998). However, the researchers

tend to us: oxpcrimental observations to determine plastic hinge length. For the square
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columns (305 x 305 mm) tested by Azizinamini et al. (1994), the length of plastic
hinge for columns of HSC was approximately 254 mm from the beam stub, and that for
NSC columns was approximately 305 mm. Assa and Nishiyama (1998) approximated the
plastic hinge length with the column section depth, which is the norn.al approximation
used by many researchers.

In general, Watson and Park (1994) observed that the length of plastic hinge zone
increases with the axial load level for the NSC columns they tested. A similar observation
was reported by Legeron and Paultre (2000) for the HSC columns.

10.3.7 Spalling of cover

Azizinamini et al. (1994) reported that the first crushing of cover concrete for all HSC
columns (compressive strengths greater than 97 MPa), was observed during the first cycle
at displacement ductility ratio of 1. For the other specimens, spalling of cover concrete was
observed at a displacement ductility ratio of 2 or 3. In general with spalling of concrete,
there was a drop in horizontal load carrying capacity of the test columns. However,
Saatcioglu and Baingo (1999) have observed that the cover concrete does not contribute
to sufficient adverse effects to make a prominent difference in ductility.

Legeron and Paultre (2000} reported that for the tested HSC columns, the strength

loss due to cover spalling increases with the increasing axial load.

10.3.8 Code provisions

By investigating the Lorizontal load versus the horizontal displacement of the tested
columns, Azizinamini et al. (1994) ..roiuded that ACI provisions overestimated the
horizontal load carrying capacity of the test columns with compressive strengths greater
than 97 MPa. They suggested an equivalent rectangular compressive block for HISC. It
has the intensity of 0.63f. rather than 0.85f, and the depth of 0.67 times the depth of
neutral axis. They concluded that HSC columns under axial load levels below 20% of
their axial load capacity and designel in accordance with the seismic provisions of ACI
318-89, have sufficient ductility. However, Watson and Park (1994) found that greater
quantity of lateral reinforcement than thnt recommended by ACI 318-8% and NZS 3101
{1989}, is necessary when the axial load is high. Bayrak and Sheikh (1998) reported that

a column with 70% more reinforcement than the ACI 318-95 requirements, behaved in a,
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very ductile way.

Bing et al. {1991) tested five HSC columns (350 x 350 mm cross section) subjected to
constant axial load and cyclic lateral lbads to investigate the New Zealand code provisions
when applied to HSC columns. Investigated compressive strengths ranged from 93-98
MPa. They have modified the constitutive model proposed by Mander et al. (1988b)
to take into account the behaviour of HSC and concluded that the amount of confining
reinforcement required in HSC columns in seismic areas is not reliably given by NZ8 3101
(1989} equations. A cyclic moment-curvature analysis was performed by Watson et al.
(1994) for a range of reinforced concrete columns to derive design charts to determine
curvature ductility factors.

It is emphasised the need to include axial load level in the code provisions for transverse

reinforcement requirement.

10.3.9 Behaviour of HSC columns under cyclic loading

Thomsen and Wallace (1994) conducted experiments on reinforced HSC columns and
compared with analytical results. They concluded that lateral load-top displacement
envelopes based on the analytical stress-strain model yielded very similar results for spec-
imens without axial load, while noticeable differences are observed for specimens with high
axial Joads. However, the model slightly over-predicts column stiffness as the specimens
approach their peak strengths.

Assa and Nishiyama (1998) and Kwan and Billington (2001) presented analytical
methods based on finite element approach to establish the load-deformation behaviour
of HSC column under seismic loading. Analytical work reported by Assa and Nishiyama
(1998) was validated with the experimental results from the literature (Muguruma apd
Watanabe 1990; Bing et al. 1991; Azizinamini et al. 1994).

Most of the analytical procedures developed so far for the behaviour of confined con-
crete columns under axial load and cyclic lateral loads, were based on idealised cyclic
behaviour of concrete. The empirical equations used for that behaviour, provide only the
axial stress and axial strain relationships. The experimental programs for HSC columns,
reveal that proper confinement is essential to obtain a sufficient level of ductility. How-
ever, the confining pressure depends on the lateral dilation or the lateral strain of concrete.

Therefore if the model for cyclic behaviour of concrete has the capability of modelling the
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lateral strains, it is possible to find the actual confinement provided by the lateral re-
inforcement. Such a constitutive model for concrete was developed for HSC in Chapter
9. The computational procedure based on that model, to analyse the behaviour of HSC

columns =ubjected to axial load and cyclic flexure, is described in the next section.

10.4 Computaticnal procadure

10.4.1 Basic assumptions

Load-deformation relations for columns rubjected to combined axial load and flexure are

obtained using the following assumptions.

o Plane sections remain plane after bending.

¢ Perfect bond between the longitudinal steel and the concrete is assumed thus it is
possible to get the strain of the longitudinal steel as that of the surrounding concrete

at the same distance from the neutral axis.

¢ In the tensile zone of the cross section, only tension steel resist the tensile forces

and concrete does not resist any tensile force.

10.4.2 Methodology

Figure 10.3(a} shows the cross section details of the column considered in the analysis.
The width and depth of the section are B and D respectively. It has m number of layers
of longitudinal steel. The distance to the m** layer from the top of the section is dry,.
For the purpose of the analysis, the section is divided into # number of horizontal strips

(slices) as shown in Figure 10.3(b). The thickness of each strip, ¢ will be,

t==—. (10.6)

Since the loading history is known, the curvatures are predefined. For a given curvature
¢ and an assumed top strain ¢, the strain distribution is known (Figure 10.3(c)). Consider
the i** strip at a distance d;,

d; = (i — 0.5)¢ (10.7)

from the top of the section. The average strain in this i** strip will be,

£ =& — ¢d3 (108)
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(a). Section

Concrete
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(b). Strip analysis
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Figure 10.3 Basis for the column analysis
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Each strip has confined concrete and unconfined concrete. Stresses in confined and uncon-
fined concrete of these strips are calculated using the corresponding constitutive models

that can depict the cyclic behaviour. Therefore force in each strip, F; will be,

Ft' = fi,conAi,con + fi,urwonA»i,uncon (109)

where f; con and fiuneon are the confined and unconfined concrete stresses and A; o, and
A; uncon are the areas of confined and uncorfined concrete in the it* strip. Summation of

the forces in all the strips will result in the total force due to concrete, Fi, as,
n
Fo=)_F. (10.10)
i=1

The strain corresponding to the j** layer of longitudinal steel, ¢; can be calculated from
the strain distribution,

€5 = €¢ — ¢dr;. (10.11)
The stress corresponding to the strain in this layer of longitudinal steel, f,; is then
computed using the constitutive model for steel that has the ability to model the cyclic

behaviour. If the total area of longitudinal steel in the j** layer is A,;, the force can be

calculated using,

Fyj= fsAs;- (10.12)
Summation of all the forces in steel gives the total force due to steel,
Fee=) F,;. (10.13)
e

For force equilibrium shown in Figure 10.3(d),

where P.q. is the calculated axial force. This calculated Py, may not be the same as
the actual axial load {P) because it is for a given ¢ and the assigned ¢,. Therefore a
convergence algorithm is used to iterate ¢, until calculated axial load is sufficiently close
enough to the actual axial load. Moment is then computed as follows:
. _
M= i Fosdr;+ Y Fd;. (10.15)
j=1 i=1

The above procedure is performed for a series of deformation history of the section to

obtain the moment-curvature relationships.
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10.5 Computer program
10.5.1 General description

The computational procedure described in the previous section has been implemented in
= computer program. The objective of the program is to establish the moment versus
curvature relé.tionships of confined concrete columns subjected to constant axial load
and lateral load reversals. The constitutive models used for behaviour of concrete under
monotonically increasing loading (modified to account for the envelope curve) and cyclic
loading are explained in detail in Chapters 3 and 9 respectively. The model used for the
cyclic behaviour of steel was the same as that used by Lim (1986). Chapter 6 gives a
complete description of this steel model. The number of points to be plotted per cycle
and the number of horizontal strips to be considered in the analysis can be specified as
input parameters. The program is coded in Visual Basic. A general flowchart for the
computer program is given in Figure 10.4 and the subroutines involved are described in

the next section.

10.5.2 Program outline

The organisation of the subroutine library for analysis of columns subjected to constant
axial load and cyclic lateral loads is shown in Figure 10.5. This section gives a detailed

description of each subroutine.

Main initialises the input data, performs the necessary calculations and saves the final
results to an output file. If includes the following subroutines.
¢ Initialise
¢ OptimumForce
e StoreResults
Initialise reads the input data for the column section details, properties of concrete,

steel and initialises the parameters involved. The required information for the com-

puter program is given using the user interface as shown in Figure 10.6. The input

data are as follows:

e Section details

AT
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/ Input data /
v
toad /
history / )

Assign ¢
(¢start to ¢'end)
’

Assume £

;

Concrete stress !

‘

Sleel stress

{P-P_.. I<tolerance

Yas

+

Curvature ¢
Moment M

No W Yes

Figure 10.4: Flowchart for the column analysis.
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No—w Convergence algorithm




£
Chapter 10: Cyclic loads, Prediction of load-deformation characteristics of columns 270
I
i - Laading
- Unkoading #{ PlaslicSirain
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Figure 10.5: Structure of subroutines for the computer program. |
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Figure 10.6: User interface.
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Properties of concrete

Steel reinforcement (longitudinal and lateral) details

Axial load

Number of cycles and loading history (Figure 10.7)

Number of slices in specimen cross section to be considered

Number of points to be plotted per cycle

File name for output results

LA \

Figure 10.7: Loading history.

4

vs--..

Displacement

Curvature
Drift ratio

OptimumPForce uses a convergence algorithm to calculate the axial load close enough
to the given axial load. The optimisation procedure is explained in Figure 10.8.
There are several other subroutines involved in this subroutine.

¢ StoreUnloadingReloadingPoints

e Force

StoreUnloadingReloadingPoints stores the stress and strain values after the
optimisation, to utilise in the progress of loading, unlecding or reloading of con-
crete. The storing procedure is done for each slice of concrete in the cross section

considered. This subroutine consists of two phases:

e Storing coordinates of unloading point

o Storing coordinates of reloading point

g
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Figure 10.8: Convergence algorithm in finding axial load.
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The procedure used to implement this is described in Figure 10.9. “cc” is a value

used to differentiate the relevant loading path (“cc”=1 means the unloading path},

(€un, Our) 15 the unloading point, (&, 0r,) is the reloading point and p is the current

loop considered. For example (i, p) is the strain in the i** slice in loop p.

i1 to NoSlices

yas

,,o

|
|

g 3>

Naxt i

no

ool f,p}n'l

yes

'

mm

o< > 5>

i) = eli,p-1)
Gua() = oli,p—1)

i=MoSlicas

yes

Figure 10.9: Storing unloading and reloading coordinates.

yos

o —— <ot >
yes

.
Ero(i) = €(t,p—1)

oroli) = o(i,p—1)

l

cel{ip+l)=ce( 40}

]

Force utilises the constitutive models for concrete and steel and calculates the concrete

stress in each slice of the section and steel stress in each layer of steel. There are

few other subroutines inside this subroutine to perform these.

¢ ConfiningPresure

i i et = o et

rop hmn o i o bt b ol B g 1< P ARG T P i
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o StressCalculationConcretel
o StressCalculationConcreteOptimum
e StressCalculationConerete?2

o StressCalculationSteel

Figure 10.10 shows the process of the force calculations. ¢ denotes the ™ slice of
.concrete, j denotes the 7% layer of steel, f,,(j) and Fi(; are the yield and ultimate
_ stresses corresponding to the j** layer of steel. ENXConf, ENXUnconf are the
force due to confined, unconfined concrete in each slice. ENSteel and EM Steel are
the force and moment resulting from the j** layer of steel. EN and EM are the

resultant force and the moment.

ConfiningPresure computes the confining pressure exerted by the lateral reinforce-
ment. Lateral strains in each slice of concrete is calculated from the constitutive
model proposed earlier. Resulting strain in lateral steel is computed using these

strains. The confining pressure corresponding to this strain can be computed using

T i AR T 3 e e e e S

the constitutive model for lateral steel.

StressCalculationConcretel calculates the stresses in each slice of concrete us-
ing the constitutive models for monotonically increasing load and ¢yclic load. Load-
ing, unloading, reloading, parabolic and modified loading are differentiated using
the “cc¢” values. Figure 10.11 shows “cc” values corresponding to each loading path.
The calculation is based on the “cc¢” value of the previous loop. It is assumed that
the “cc” value for the current loop will follow the previous loading path. This is

composed of the following subroutines.

¢ Loading

¢ Unloading

¢ Reloading

¢ Parabolic

¢ ModifiedLoading

The selection of the loading path according to the “cc” values is given in Figure

10.12.
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Figure 10.10: Axial load calculation.
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'

-
Epl Eun Ere &1

Figure 10.11: “cc” values for each loading path in concrete.

StressCalculationConcreteOptimum uses the same subroutines as in sub-
routine StressCalculationConcretel and calculates the stresses in each slice of con-
crete. Calculations are based on the “cc” values of the previous loop but they are
updated for the current loop with the optimised values in this subroutine. The

procedure used in updating the “cc” values is shown in Figure 10.13.

StressCalculationConcrete2 uses the “cc” values of the current loop defined in
subroutine StressCaleulationConcreteOptimum for the optimised values. It calcu-

lates the final optimum stresses in each slice of concrete.

Loading computes the stress in concrete using the constitutive model for monotonically
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Figure 10.12: Determination of stress in concrete from different loading paths.
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Figure 10.13: Assigning the loading path for each slice of concrete.
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increasing load, described in Chapter 3. The ascending branch is defined as follows:

(sl + 62)
01= 2Tmp |1 —€ 2Ymp

fcc_fl _Ecc+€;c

TEE tree——

Tmp = 5 and v, =

ma = ~0.0427f, + 7.7381

fo _ (£, .\
A (fz+1)
k=125 (1 + 0.062%) (f.)-o2

fi = 0.288(f,)"97

Ece 3 fi
o= 1+ (17-0.06f.) (fc)

£, = 0.5ec

Ve = 0.15

4
&1 .

v (—-) if ;<€
Ecc

e\ ™

i .

(-—-) if g>¢
\ \ Eec

my = 0.0177f. + 1.2818

= «

£a
Ecc

Unloading uses another subroutine to calculate the plastic strains for each slice. Con-
crete stresses are calculated for each slice using the coordinates of unloading point
(stored in subroutine StoreUnloadingReloadingPoints) and plastic strain. The stress

calculation is performed only for the strains greater than the plastic strain. If the




e

b
)
Ar

e

3L

Chapter 10: Cyclic loads, Prediction of load-deformation characteristics of columns 280

strain is less than the plastic strain, the stress is zero.

Fun = 0.43(e!?% — 1)

- T~ Tnl _ Y — Yol
Fun = ——— and Tun =
Tun — Tpl Yun = Ypl
o — f[ €1+ &2
T= and y=
5 7=
- &1 — € _ En — Enpl
El,un — A and 52,1:.:1 ol &
E1un — E1pl E2un — E2,p!
=1/¢q

52,“7‘ = El,un

g = —0.0035f, + 1.445

PlasticStrain evaluates the residual strain during unloading using the method pro-
posed by Mander et al. {1988b).

€a = C\/E1unfec

The value of a will be the greater of either

460‘: 0-0961’1_“1
a= —w o -—
Eec T €1 un Ecc

and,

€, = (5un +5a)0'tm
P (O'un + Ecea)

E.= 0.043p"5\/ fomm

Reloading determines the reloading stress for each slice of concrete using the corre-
sponding plastic strain. Reloading path is confined to a strain range which should
be greater than plastic strain and less than unloading strain. But the upper limit

can be less than the unloading strain for the case of partial reloading.

Onew = 0.920y, + 0.080,,
fre = ﬁloge(’?fe + 1)

Fo= —— P and Fe= 2L
re — re T
Thnew — Tpl Tnew — Yol
= €1 — E1pl = € — &1
Elre = ———%_ and EQre = T~
Elnew — E1,pl E2mew — €2,pt

= = =1
52,1"‘8 - El.re

T

A AT
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Parabolic uses another subroutine to calculate the return point in the envelope curve.
Parabolic curve is defined from the unloading strain upto the return strain in the

envelope curve.
01 = Ope+ Ereg + AQ’2

9= €1 —&pe

(C"new - Ure) - Ere({‘:un - 51*3)
A=
(Sun - Ere)2

ReturnPoint calculates the return point coordinates of the parabolic curve.

(o'un - Unew) X (2 + %)
Ero

Ere = Eun +

Tro — Onew
Ero = —————
Ero = Cun

ore = (1 —0.01n)ay,

ModifiedLoading computes the concrete stress in each slice for strain values greater
than that at the return point until another unloading takes place.

1= (1-0.01n)oy,

(81 + 62)
m3a
O1p= 2Tmp | € 2Ymp -m3 i+ fi

my = — 0.0003f, — 0.0057

StressCalculationSteel computes the stress in each steel layer using the constitu-

tive model described earlier. It uses the following subroutines.

RambergOdd
RambergEven
YieldStress

UltimateStress

The status of the steel layer (whether it is in linear or non linear section) is defined
using the parameter “mm”. Figure 10.14 shows the “mm” values corresponding to

each loading path in steel.
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j;ll

mm=0
mm=3

mm =]

mm =

mm =2

Figure 10.14: “mm” values for each loading path in steel.

The procedure used in updating the parameter, “mm” is shown in Figure 10.15. ¢,
is the steel strain and Ag(p) is the subtraction of the steel strain corresponding to
the previous loop (p — 1) from that at the current loop (p). (€un,s, fun,s) is the steel
nnloading point and f; is the steel stress. The general procedure used in evaluating

the stresses in each steel layer is shown in Figure 10.16.

RambergOdd calculates the stress in the nonlinear loading path corresponding to

the “odd” loading runs in steel.

fs fs r—1
s — &1 = o 1+
“TET BN s
0.744 0.071
= = 0.241
fon = Jy [1‘1(1 +1000e;,) 1 — exp(1000¢;,) +
4.489 6.026

Todd +0.297

T Infr+1)  exp(n) -1

RambergEven calculates the stress in the nonlinear loading path corresponding to

the “even” loading runs in steel.

2.197 0.469

= - 3.043
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Figure 10.15: Assigning the loading path for each layer of steel.
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Figure 10.16: Procedure used in calculating steel stresses.
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YieldStress defines the yielding of longitudinal steel.
UltimateStress defines the upper limit for the steel stress.

StoreResults stores the output results from the progré.m in a user specified text file
which can be opened in Excel spread sheet and the following relationships can be

plotted using it.

e Moment-curvature (load-displacement)
e Stress-strain for any concrete layer

o Stress-strain for each of the steel layers

10.6 Comparison with experimental results

Four of the six columns reported by Legeron and Paultre (2000) have been selected in this
study to validate the proposed methodology because of the high compressive strengths
(100 MPa) and large column sizes (350 x 350 mm). However, the comparison is also
extended for a comparatively small column (200 x 200 mm) reported by Matamoros
and Sozen (2003) with 70 MPa compressive strength as it was the most recent study

documented on similar investigation.

10.6.1 Experimental program

Legeron and Paultre (2000} reported experimental results for the behaviour of six confined
concrete columns with constant axial load and cyclic flexure. The compressive strength
of the tested large scale columns (305 x 305 mm) was in the range of 92-104 MPa.

Each specimen was given a name, which relates to the strength, reinforcement ar-
rangement, the spacing of lateral reinforcement and the axial load level. For example,
the specimen C100B60N15 represents a 100 MPa concrete column with the lateral rein-
forcement arrangement “B”, having a centre-to-centre tie spacing of 60 mm and subjected
to a axial load level of 15% of the column capacity. The dimensions and details of the
reinforcement arrangements for the tested columns are given in Table 10.1(a) and Figure
10.17(a). Dimension “B” was 305 mm in Legeron and Paultre (2000) study. No. 20
(diameter 19.5 mm and yield strength 451 MPa) and No. 15 bars {diameter 16 mm and
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yield strength 494 MPa) were used as longitudinal reinforcement. No. 10 bars (diameter
11.3 mm and yield strength 391 MPa) were used as lateral reinforcement.

A specifically designed frame was used by Legeron and Paultre {2000) to test the
specimens. The axial load was applied using high strength bars tensioned by hydraulic
jacks. The horizontal load was applied using an actuator at the tip of the specimen, 2
m from base of the column. The specimen represents a 4 m high column in a building.
The horizontal tip displacement was measured using LVDT. Legeron and Paultre (2000)
reported experimental results for horizontal load and tip displacement relationships.

Recently Matamoros and Sozen (2003) reported experimental investigations for the
similar behaviour of confined concrete. Columns were made of NSC (35 MPa) and HSC
(69 MPa) and had cross section of 200 x 200 mm {dimension “B” in Figure 10.17(b)).
The experimental variables were the axial load, loading history and compressive strength
of concrete. The specimens were named according to the compressive strength of concrete
and the applied axial load level. For example C7010 specimen used 70 MPa concrete and
the applied constant axial load was about 10% of the column capacity. The dimensions
and the details of the reinforcement arrangements for the tested columns are given in
Table 10.1(b) and Figure 10.17(b). No. 5 bars with yield strength of 585 MPa was
used as longitudinal reinforcement while No. 3 bars with yield strength 400 MPa was
used as lateral reinforcement. The lateral reinforcement ratio was 1%. The amount and
distribution of lateral reinforcement was the same for all the specimens. The specimens
were designed to simulate a beam column connection. They presented the experimental
results in the form of moment-curvature relationships and load-displacement relationships.

The computer program described in Section 10.5 establishes moment-curvature curves.
Since Legeron and Paultre {2000) presented the experimental results as force versus dis-
placement relationships, it is necessary to translate the predicted moment versus curvature
relationships into force versus displacement relationships. The section below describes how

this is performed.

10.6.2 Load versus displacement relationship

Figure 10.18 shows a typical column used in the previous experimental investigations.
The stub represents rigid member such as a beam-column joint or a slab foundation. The

specimen represents a column with a height of 2L in a typical building where the point of

g
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Table 10.1: Details of test specimens.
(a) Legeron and Paultre (2000) experiments
7

Agfe

Specimen Jo  Spacing
(MPa) (mm)

CI00B6ON15 924 60 014
Cl00B130N15 948 130 0.4
CI00B130N25 977 130 026 1
Cl00BI30N40 1043 130  0.39 i

(b) Matamoros and Sozen (2003) experiments

Specimen fe Spacing

(MPa) (mm) .
C7010 70 79 10
- B > ;
DU S—
A f
(& ®

® ® i
\ 1 n )
\J y i
(a). (b).

Figure 10.17: Details of column specimens.
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contraflexure is assumed to be at the mid height level. Constant axial load, P is applied
at the tip of the specimen. F'is the horizontal load, L is the column height from the base
and [, is the plastic hinge length. A critical section at the mid height of the plastic hinge

|

length nas been selected for the analysis.

Fope——
L
N7 Critical
i "’, L/ 7/ sectfon

Figure 10.18: Typical column section used in the analysis.

When the column is subjected to axial load and lateral forces, it deflects horizontally. It
is assumed that flexural deformation consists of two parts as shown in Figure 10.19. Af;
is the displacement due to the rotation of plastic hinge and A f; is displacement due to

elastic bending of the column along its length. A f; can be calculated as follows:

Afi =0 (L - %”) . (10.16)

6 can be defined in terms of curvature (¢) and plastic hinge length (I,).
0=¢xL, (10.17)

The elastic bending of column along its length is similar to the behaviour of a cantilever
subjected to a vertical force at the free end. Af; can be defined as,

_F(L-L)

N (10.18)




e T T T S B

i i ne

v B

et AR A

O e LT

e S L

Chapter 10: Cyclic loads, Prediction of load-deformation characteristics of columns 289

l_ A ]
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| 1 |
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| |
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| -
v |

A | B :
' | ! /' Deftected shape of the
| | | / column
] ] .
| |
] ] !

___________ — ]
77 S
¥ /_/ _ _——— o

Figure 10.19: Curvature and displacement relationships.

Therefore the total displacement (A) is,

A=Af+Af
L) (10.19)
=¢xl,(L- b + f'.g_r_‘__l’)-.
2 3(ED)esy
The relationship between the horizontal load (F) and moment (M) is as follows:
M=F (L - -122) . (10.20)

In the reported experimental programs for the flexural behaviour of columns subjected to
constant axial load and cyclic flexure, load history is specified either by the displacement
limits or the drift ratio limits. Using the procedure described here, the moment versus
curvature relationships obtained from the computer program described in Section 10.5, can
be converted to load (Equation 10.20) versus displacement (Equation 10.19) relationships.

Plastic hinge lengths assumed for the caleulations are shown in Table 10.2 for each

specimen.

10.6.3 Predicted and experimental behaviour

The predicted behaviour for the selected columns are shown in Figures 10.20-10.24. They
were obtained using the computer program described in Section 10.5. The digital data for
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Table 10.2: Plastic hinge length for selected specimens.

Specimen Hinge length
(mm)
C7010 100
C100B60N15 205
C100B130N15 185
C100B130N25 315
C100B130N40 600

the experimental results were not available for the author. Superimposing the experimen-
tal and predicted behaviour was not performed due to the confusion with too many lines.
Instead the experimental result is shown separately as part “a” and predicted behaviour

is shown as part “b” of each figure.

10.6.4 Discussion

C7010 specimen

The predicted moment-curvature relationship shown in Figure 10.20(b) for C7010 column
compares fairly well with the experimental results in terms of maximum moments, general
shape of the curve and the strength deterioration in each cycle.

However, pinching is more pronounced in the predicted results than the experimental
results. The predicted initial descending slopes were almost the same as experimental
results. With the increasing number of cycles, the descending slope of the experimental

curve becomes steeper than that of the predicted curve.

C100B60N15 specimen

Although in the predicted behaviour, the general shape, pinching and maximum hori-
zontal loads agree with the experimental results for column C100B60N15 (Figure 10.21),
the displacements are underestimated in the predicted curve. It may be due to the ap-
proximate method (Section 10.6.2) used to convert the moment-curvature relationships
to load-displacement relationships. Furthermore, the displacement is sensitive to the as-
sumed plastic hinge length and this may be another reason. The descending slopes of
the experimental curve is higher for higher displacements than those for the predicted

curve. With accurate information on plastic hinge length, the procedure would yield
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90

i
|

Moment (kNm)

-0.0032 0 0.0032
00016 Cyrvature (1/cm) 0.0016

(a). Experimental results
90 . . . . : :

45 -

Moment (kNm)
=
&

-45 i

_9 1 1 1 1
3.2 -24 16 -08 0 0.8 1.6 24 3.2
Curvature (1/cm) y 10-3

(b). Predicted results

Figure 10.20: Comparison for C7010 column reported by Matamoros and Sozen (2003).
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! 240
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=
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' -240 L 1 1 | I | L 1| | B i
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: (a). Experimental results
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8 0
=
o
3 /_/
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I
__24 1 L 1 1 L 1 1 ] I 1
-240 -160 -B80 0 80 160 240

Diplacement (mm)
{b). Predicted results

Figure 10.21: Comparison for C100B60N15 column reported by Legeron and Paultre
(2000).




o o e g T T AT YT S T T T SR T R R

Chapter 10: Cyclic loads, Prediction of load-deformation characteristics of columns 293

240
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-240
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(a). Experimental results
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=
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8
s L .
I
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T ]
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2340 0 240
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{b). Predicted results

Figure 10.22: Comparison for C100B130N15 column reported by Legeron and Paultre
(2000).
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{(b). Predicted results

Figure 10.23: Comparison for C100B130N25 column reported by Legeron and Paultre
(2000).
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240
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= 0
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(a). Experimental results

240 F L} L L) 1 1 L)

N

Horizontal load (kM)
o

- 0 1 i L ] o . L I 1 ] L
24250 0 240
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{b}). Predicted results

Figure 10.24: Comparison for C100B130N40 column reported by Legeron and Paultre
(2000).
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results closer to those of experiments.

P v

C100B130N15 specimen

The specimen, C100B130N15 differs from the specimen C100B60N15 in terms of only the
spacing of the lateral spacing. The predicted curve shown in Figure 10.21(b) shows a
: more ductile behaviour than that shown in Figure 10.22(b). Predicted curve shows fairly
brittle behaviour compared with the experimental curve for the specimen C100B130N15.

It was unable to get many cycles for larger displacements due to specimen failure.
For low strains, the slopes of the descending curves compare well. Pinching is more

pronounced in the predicted behaviour than the experimental results.
C100B130N25 specimen

Compared with specimen C100B130N15, the only difference in specimen C100B130N25
is the increase in the axial load. It is concluded by Legeron and Paultre (2000) that
the increase in axial load will result in a decrease in ductility. A similar behaviour can
be observed from the predicted curves as well. The slopes of the descending curves
are almost the same for both the predicted and experimental results. Unlike in speci-
mens C100B60N15 and C100B130N15, this specimen does not show the pinching effect.
The horizontal loads are higher in the predicted curve than in the experimental curve.
The strength loss due to cover spalling is higher than that corresponding to specimen

C100B130N15 with lower axial load level than the specimen C100B130N25.
C100B130N40 specimen

‘The shape and the slopes of the predicted curve agree well with those of the experimental
curve as shown in Figure 10.24. However, the maximum horizontai load is overestimated
n the predicted curve. The ductility observed in this column with higher axial load levels,
is lower than that for lower axial load levels (specimens C100B130N25 and C100B130N15).
Crack closing or the pinching effect is not clearly visible in both experimental and pre-
dicted curves. It is observed that the strength loss due to cover spalling is higher than
those corresponding to specimens C100B130N15 and C100B130N25.

In general, a difference in the slope of the descending curves can be observed for high

strain levels. At this point, section might have cracked and only the steel couple must be
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acting alone. Thus this difference may be due to the slope in the stress-strain curve for
steel itself. In the methodology developed in this chapter, Ramberg-Osgood relationship

is used for the cyclic behaviour of steel. This relationship needs to be modified according
to the comparisons in this chapter.

10.7 Conclusions

Review of previous work reported in this chapter shows that a number of experimen-
tal programs have been reported for the behaviour of HSC columns subjected to cyclic
loading. This chapter developed an analytical method using a novel constitutive model
(described in Chapter 9) for HSC to predict the behaviour of HSC columns under earth-

quake loadings. The conclusions that resulted from this chapter are summarised below:

¢ The constitutive models developed in Chapter 3 for monotonically increasing loads

and in Chapter 9 for cyclic loads, are capable of predicting the behaviour of HSC
column subjected to earthquake loadings.

¢ Proposed methodology for the behaviour of HSC colurens subjected to combined
axial load and cyclic flexure shows good agreement between the predicted and exper-

imental results. It is capable of predicting characteristics of inelastic cyclic response
such as,

— Strength degradation due to successive cycles of loading
— Stiffness degradation due to concrete cracking and steel yielding

— Stiffness increase due to crack closing {flexural pinching)

¢ The proposed analytical method is capable of establishing the following phenomenon,
which have been also observed from the experiments.

— Increase in axial load level, decreases the ductility.

- Increage in axial load, increases strength and stiffness degradation, hence de-

creases energy dissipation capacity of the section.

— Increase in axial load, increases the loss of column capacit; - due to the spalling
of cover.
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— Reducing the spacing of transverse reinforcement, increases ductility.

¢ Proposed methodology can be used to investigate the code provisions for seismic
design.
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Chapter 11

Conclusions and recommendations

11.1 Conclusions

The work reported in this thesis has significantly contributed to the knowledge base of
behaviour of laterally confined HSC columns under static and cyclic loading. A funda-
mental model has been developed for the constitutive behaviour of HSC under triaxial
loading regimes. Complex analytical procedures have been developed to apply the model
to predict the behaviour of structural elements. Major conclusions and chservations are

summarised in this chapter.

11.1.1 Monotonically increasing loads

A strain-based constitutive model has been developed for confined HSC subjected to
monotonically increasing loading. It is based on the 24 triaxial test results previously

reported.

Observations

e It is observed from the experimental results for both monotonically increasing and
cyclic loading of confined HSC that, when confined concrete is subjected to an
axial stress, its volume initially decreases. Beyond a certain stress level, this trend
reverses and the volume starts to increase. At this turning point, volumetric strain
is the maximum. The axial strain at this point increases with the increasing concrete
strength. For example, axial strain at the turning point is 0.5¢ . for 40 MPa concrete

and 0.7¢,. for 100 MPa concrete; where ¢, is the axial strain at peak axial stress.

¢ When the volume of concrete increases, there is a point where it returns to the

299
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original unloaded volume. It is observed from the experimental results that this
point corresponds to the peak axial stress. In other words, volumetric strain is zero
at this point. Therefore, magnitude of lateral strain at peak axial stress is half of

corresponding axial strain.

Conclusions

A constitutive model for monotonically increasing load has been developed based on test
results with active confinement. It is shown to be giving satisfactory results for several

applications.

The model is shown to be capable of predicting the behaviour of HSC columns with

passive confinement by carbon fibre wraps.

The model is used to establish the behaviour of laterélly confined short as well as slender
HSC columns subjected to eccentric static loading. Proposed analytical procedure gives
accurate results as it uses the confining pressure applied by lateral steel which changes

with lateral dilation of concrete.

The model has the capability of predicting the behaviour of reinforced concrete column-

slab joints with HSC in cclumns and a weaker layer of slab concrete in the joint.

In each application, model predictions found to be comparable with the relevant experi-

mental resulis reported in the literature.

11.1.2 Cyclic loads

As an extension of the constitutive model developed for monotonically increasing load, a
strain-based constitutive model is proposed for confined HSC subjected to cyclic loading.
It consists of envelope curve (same as the one proposed in the first part of this thesis for
monotonically increasing load), unloading and reloading curves (based on experimental
investigations by the author) and a parabolic transition curve (medified version of a curve

reported in the literature).

Observations

» Previous researchers were in general agreement that the envelope curve for eyclic

loading for unconfined and confined NSC is similar to the stress-strain curve of




Chapter 11: Conclusions and recommendations 301

monotonically increasing load. From the experimental results for confined HSC, it
is observed that this is acceptable in the ascending branch of the stress-strain curve
of HSC but not for the descending branch. The descending branch of the envelope
curve has to be modified by scaling down the corresponding stresses for HSC.

‘e In the initial elastic region, Poisson’s ratio remains a constant and beyond this

region, it increases with the increasing load.

e An unloading in the initial elastic region, results in a decreasing Poisson’s ratio.
Reloading increases it back to the same value. The proposed model is capable of

modelling this decreasing/increasing phenomenon of Poisson’s ratio.

e When unloading and reloading cycles occurs in the initial elastic region, the axial
stress versus axial strain diagram exhibits a different behaviour to the axial stress
versus lateral strain diagram. The axial stress versus lateral strain curves follow
the same line during unloading and reloading cycles as expected. However, in the
axial stress versus axial strain curves, the unloading does not follow the original
loading curve and the reloading curve is different to the unloading curve. This
aspect of different behaviour in axial strain and lateral strain is the reason for the

decreasing/increasing phenomenon stated above.

Conclusions

The proposed constitutive model for cyclic loads can be applied for column analysis in
seismic regions. It is proven to be giving satisfactory comparisons for the behaviour of

confined HSC columns with axial load and cyclic flexure.

11.1.3 Important features of both models

¢ Strain-based. For a given axial strain, a strain-based constitutive model has the
ability to calculate the corresponding axial stress directly. However, for a given axial
strain a stress-based constitutive model uses an iterative procedure to calculate the
corresponding axial stress. Therefore a strain-based constitutive model for concrete

is desirable in a structural analysis.
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¢ Ability to predict the axial stress, axial strain and lateral strain relationships for
both HSC and NSC.

¢ The applications are not limited to certain size of columns or configurations, since

the models are developed based on the triaxial tests.

e Unlike in the models based on column tests, no assumptions about the confinement

effectiveness are included in developing these models.

11.2 Recommendations

There are still many applications of the two constitutive models for monotonically in-

creasing loads and for cyclic loads which require further investigation. A few of them are

suggested here.

¢ The constitutive model developed for HSC with monotonically increasing loading

can be applied for analysing HSC columns with different methods of lateral confine-
ment such as steel tubes and FRP composites. Therefore the applicability of the

model for a wider range of confinement levels can be investigated.

» Application of the constitutive model! for monotonically increasing loads in eccen-
trically loaded slender columns needs further investigations. A refined curvature-

deflection model is likely to improve the analytical model.

¢ Using the constitutive model for cyclic loading of HSC, a parametric study can
be conducted for the behaviour of confined HSC columns subjected to earthquake
loadings. This is likely to reveal the influence of the various parameters on the

earthquake response.

Effect of high strain rates on the behaviour of HSC subjected to monotonically in-
creasing loading has been addressed by only few researchers in the literature (Fu et al.
1991a; Fu et al. 1991b; Bing et al. 2000). There have not been any studies reportéd
on the effect of high strain rates on the behaviour of HSC subjected to cyclic loading.

Therefore the experimental program described in this thesis for slow strain rztes can be

extended for high strain rates.
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There are a number of researchers who did experimental analysis on HSC columns
subjected to combined constant axial compression and reversed cyclic flexure and made
design recommendations. Nevertheless it is reported that none of the current codes (ACI
Code or New Zealand Standard) provide adequate amount of steel reinforcement to ensure
a good level of ductility (Legeron and Paultre 2000). The ACI Code requirements are
too conservative in the case of low axial load levels whereas they are insufficient for high
axial load levels. Only New Zealand Standard considers axial load level in transverse steel
requirements. The analytical procedures developed in this study may be used to review
the current design code guidelines for earthquake resistant structures and to give design

recommendations.




Appendix A

Comparison of experimental results
with the existing models for

monotonically increasing loads

Axial stress and axial strain relationships of the results obtained from the major exper-

imental program for four grades of concrete, three confining pressures and two loading

regimes, were compared with the models proposed by Mander et al. (1988b) and Sakai
and Kawashima (2000).
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Sakai and Kawashima (2000)
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Figure A.1: Loading regime 1 of Grade 40 concrete with 4 MPa confining pressure.
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Figure A.2: Loading regime 2 of Grade 40 concrete with 4 MPa confining pressure.
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Figure A.3: Loading regime 1 of Grade 40 concrete with 8 MPa confining pressure.
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Figure A.5: Loading regime 1 of Grade 40 concrete with 12 MPa confining pressure.
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Figure A.6: Loading regime 2 of Grade 40 concrete with 12 MPa confining pressure.
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Figure A.7: Loading regime 1 of Grade 60 concrete with 4 MPa confining pressure.
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Figure A.12: Loading regime 2 of Grade 60 concrete with 12 MPa confining pressure.
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Figure A.19: Loading regime 1 of Grade 100 concrete with 4 MPa confining pressure.
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