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ABSTRACT

Research conducted over the past several yeérs has shown that factors such as axial load
'level and the amount and spacing of confinement steel influence the performance of
reinforced concrete colufnns subjected to seismic loading. The aim of this research
project wasv to investigate the performance of the current ACI 318 confining steel
requirements and compare them to other codes and proposed models to determine their
suitability for a performance based design equation for implementation in Chapter 21 of
ACI318. | | |

"The investigation was performed by analyzing the resulté of multiple reverse-cyclic
column tests presented in the UW/PEER Structural Performance Database. The
condensed database used in this investigation consisted solely of columns which

exhibited flexural failure and contained 145 rectangular and 50 circular columns.

First, a scatter plot was used to compare the confining requirements of each model with
the lateral drift observed for each column within the database. The plot showed the»drift.
ratio achieved by the column test versus a ratio of lateral steel Ay provided over that
which is required by ACI (A provided / Ash aci)- Avdrift ratio of 2.5% was selected as the
performance target for the evaluation. Columns were identified as those which satisfied
the reQuirements of the model but failed the performance tafget-(‘unconservative’) or
those which failed the requirements of the model but satisfied the performance target
(‘conservative’). For each model, the percéntage of columns faHing into these

classifications was calculated and compared.

Two fragility curves were generated for each model which provided the probability of a
column being classified as ‘unconservative’ or ‘conservative’ as a function of drift ratio.
A third curve was a combination of the first two and provided insight as to the overall

| pérformance of the model.
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Abstract

For both the rectangular and circular colufnn evaluations, the ACI model was determined
to be the least desirable of all models investigated. Based on the evaluation techniques
developed, specific models were selected as recommended alternatives to the current ACI
requirements. The recommended models minimize the potential of a column expériencing

lateral strength degradation before reaching the preScribed lateral drift limit.

il




TABLE OF CONTENTS

ABSTRACT ...ttt ettt ettt e | e i
TABLE OF CONTENTS......ooomiiiiiiiitit iv
LIST OF TABLES........... e [ e i
LIST OF FIGURES ..ooroooo oo eeeee e seeeesee et cseeeeees s e S X
LIST OF NOTATIONS ......oooiiiorriivorssmssonss s s xiii
ACKNOWLEDGEMENTS .c..cccoooooittiineirciieeiseiseresecaesesssesss s Xiv
1 - INTRODUCTION ........... SR PO e e 1
1.1 - MoOtivVation.........cceveevierversperreeeneeenenes e ( ................. 1
1.2 Ductility and Lateral SEEEL et 1
1.3 Confinement Action of Transverse Steel ..o e 2
1.4 Properties of Confined CONCIELE. .........ovvemiereiucuererrireriiiaieceieeeis s 6
- 141 Mander Model for Confined CONCIELE. ............nvvverreeeeerereeeeressrererererreneee 7
1.4.2 Légeron and Paultre Model for Confined Concrete............... e 9
1.5 Confinement and Lateral Deformation........... ......................................... 11
1.6 Ductility and Axial Load ..ol s e 13
1.7 Research Objectives and SCOPE .........ocormniiiiiieiiieiic e, 15
2 CODE EQUATIONS AND PROPOSED MODELS .......ccccovoieminiiininnnininns s 17
2.1 Introductlon .................................... 17
2.2 Current Code RequIrements. ... ORI 17
221 - American Concrete Institute 318-05 (ACI) ............. e ......... 17
222  Canadian Standards Associétion A23.3-04 (CSA) .ot ...... 23
223 NZS 3101:2006 (NZS) . ioooooosoeoeeeseseeesseseeeseressseessesres e 25
23 Prbposed MOAEIS ... eee s s e eeeeeeeeeeeeeeenenenonns _ 27
23.1  Wehbe, Saiidi, and Sanders 1999 (WSS99)...........rererersesererereerirsrris 27
2.3.2 Saatcioglu and Razvi 2002 (SR02) .....c.ociururireeeereiceeieiceciseeecnenaes R 29
233 Brachmann, ‘Browning and Matamoros 2005 (BBMO5).......cccciieinnnnnn. 31
234  Sheikh and Khoury 1997 (SK97).....ccceverreurmrrernnnn. e e 32
2.3.5 Bayrak and Sheikh 1998 (BS98) ............. S 34

v




Table of Contents

2.3.6 Bayrak and Sheikh & Sheikh and Khoury ..........cco.c..... e 35
937 Paulay and Priestly 1992 (PP92).......c...oooororoesseressrssscseseeessis. 35
2.3.8 Watson, Zahn and Park 1994’(WZP94) ............................................ e 36
2.3.9 Li and Park 2004 (LP04) ........................................................ SRS .38
2.3.10  Watson Zahn and Park & Li and Park ..........co..cooovverrvreerinnnnens S .39
2.3.11  Paultre and Légeron 2005 (PLO5).....c.cccevvnicnnen. s 39
2.4  Range of Properties Investigated .......... s ettt es 42
'3 EVALUATION DATABASE .......cooooiimmiiiimmnriisensisssenssnoees TS 44
3.1 ° Experimental Database ..... e e 44
32 Determination of.Failure...............T ............ SRS PR 46
3.2.1 ~ Effective Force and P-Delta COMTECtion. .vvee...... R IRR g
322 | Displacement at Failure ........ e e, 49
33 Failure ClasSification ..........cccoreeeeeeueurerereeenens ettt 50
3.4  Range and Verification of Database Parameter Values...........cc.cocoeoniininn 52
4  CONFINEMENT MODEL EVALUATIONS ........................................................ .58 .
4.1 . Rectangular Columns.............. e e .......... .58
4.1.1 - Scatter Plot Evaluation........ ................................. 58
'4.1.1.1 -Evaluation P_roéedure ................................. et 58
4.1.1.2  Assessment of ACI318-0521.4.4.1 oo, e 62
4.1.13 Assessmeht of Codes and Proposed MOGELS.....veoeerreeeeeeeeeeeeeeeenenns 64
412 Fragility Curve Evaluation............cccocooviiiinnnn. ...................... ......... 71
4.1.2.1  Evaluation ProcedUre ........ccceireereueninieeeiiereeien e 72
4122 Assessment of ACI 318-05 21441 ooooocoroorvorsoreorensenn T3
4123  Assessment of Code and Proposed Models ........cccceeuenins ey 19
4.12.4  Special Consideration £ SROZ.ooerrrere e 80
4.13 Spacing of Transverse Reinforcement............ccoooeviiiiiiiiii, 81
4.13.1 Assessment Of ACL21.4.4.2 oot 81
4.1.3.2  Assessment of CSA and NZS ..., e 85
4.1.4 Maximﬁm RECOTACA DIILES 1. 86
4.2 Circular Columns ........ccccocevviiviiiiiniiiiiiiiee, e 88
42.1  Scatter plot evaluation................. e 88




5

4211 Evaluation ProCedure .. ......coo..orvveenrvveeeresneeeseresnseeseressseeseessene e 88
4212  Assessment of ACI318-05 21441 woooooooooooeesosoeososeeere 89
42.1.3  Assessment of Codes and Proposed MOGEIS oo 91 '

422 Fragility curve evaluation ......................... s . 98
4.2.2.1 Evaluation Procedure................ s 9O
4222 Assessment of ACI318-0521.4.4.1 ..o, . 98
4223  Assessment of Codes and Proposed Models..........cccccoinviniiiniiinnnn 101
4.2.2.4 Special Considerations for SRO2 ... 106

423 Spacing (Spiral Pitch) of Transverse Reinforcement.............._. ................ 107

4.23.1  Assessment of ACI21.4.4.2 oo 107

4232 Assessment of CSA and NZS ...oooovimoieeereeeereeseseeseeeeee e 108
424  Maximum Recorded DIHftS ..........ccooocooomeveereerrereserssssssssssssssssssssssnees 109
SELECTION OF CONFINEMENT MODEL......cccoooviiiiiiiiiiiiiiiiiens teeveeees ' . 111

5.1 Selection Procedure .................... eerreeeerenne U e te et e e e 111

5.1.1 7 ODBJECHVE oottt reereeeree e nneen 111

5.1.2 Scatter Plot Evaluation...........cccceevvieiiiiieiiceeiie et 112

5.1.3 Fragility Curve Evaluation....... R PR 114

514  COMPAriSOn Of EXPIESSIONS «.......vveveeeereesereeeeesessssssssersssesssssssseessessssnens 115

5.1.5 Model REQUITEMENLES .....ocoueoeiiiciiiiiiiiie it 115

52  Rectangular COlUMNS ..o s S 116
5.2.1 SCALLEE PIOt BVAIUALIOM. ..o oeeeoreeeeoesoeseeeeeeeeeseeeseseeeeeeeesesmenereeeesssssssssse 116
- 5.1.6 Fragility Curve EVAIIALON ... oo eeereeeeesseesereennsennesnneenne 11T

5.1.7 Comparisoh ofExpressions........................................................; ...... o 119

5.1.8 Requirements OEMOGELS oo S s 119

5.1.9 Conclusion and Recommendation ..............cceeuevrureeeeereeeeeneneeeeeererennnenes 121

5.3 Circular Columns.........ccccooinnniinnininnn. .................. I 123

5.3.1 Scatter plot Evaluation............... e eterteresr e ererrerssbesentansnaenes 124

532 Fragility Curve Evaluation............. S ettt aete s ntebanas 124

533 Comparison of EXpressions ........c.cccoiviiiiniiieiecnianinnnens s 124

534 Requiremehts of Models.........ccceeenene. oo e e et et e e e naeas 127

535 Conclusion and Recommendation ..........c.cecevveiiviiiiiiniiiiicnieciieeen. 130

Table of Contents .

Vi




Table of Contents

5.4 Finai Recommendations vs: ACI......... ...................................... 132
| 5.4.1 Comparison figure ...................................................... e 132
6 SUMMARY AND CONCLUSIONS .......ooorromrc S S 134
6.1 SUMMATY ..ol e 134
6‘.2 Recommendations......... eebveesineasrerateratterreenteeatee it re e nenrressaressrtrenns I 136
6.3 Recommendations for futuré FESEATCH c.ovviii i e 137
"~ REFERENCES ......ooooo.... e S B 139
APPENDIX A ..ottt 146
B Al. Rectangular Column DAtADASE ... s 146
A2. Circular Column Database...........cccceoeevirierennnnns ettt n et 155
APPENDIX B.........0ccoonne, et S .. 159
Bl Rectangular Typical Columns Details.........ccoeeuemereiieionnieiieiseeneneeeeeeen, 159
B2 Rectangular Typical Column Cross Sections.......;.v ..... SO 160
B3 Circular Typical Columns Details................cc...... eeeeveieeseeesesees reereereeeseeseesee 161
B4 Circular Typical Column Cross Sections............... e ST 162
APPENDIX C ... e et e 163
C1 Rectangular Confinement Models.............c.cocooiiniiin, e R 163
C2 Circular Confinement Models........ccceueveueuereerinrncnen. ettt neees 164
. APPENDIXD ........... O 166
D.1 Rectangular Column Scatter Plots (with ACI Mmlmum) 166
D.2 Rectangular Column Scatter Plots (Without ACI Minimum)...; ........................... 168
D.3 Rectangular Column 'Scattér Plots (Makimum Recorded Drifts) e 171
D4 Rectangulaf Column A Fragility Curves (with ACI Minimum) .................... e 174
D.5 Rectangular Column B Fragility Curves (with ACI Minimum) ........ccceoveeaeenen. 176
D.6 Rectangular Column C Fragility Curves (with ACI Minimum)............. reerereaees 178
D.7 Rectangular Célu’mn A Fragility ‘curve's.(without ACI Mihimum) ...................... 181
D.8 Rectangular Column B Fragilify Curves (without ACI Minimum).................... 183
D.9_ Rectangular Column CF ragility Curves (without ACI Minimum)......e.ccoccemne. 185
D.10 Rectangular Column A Fragility Curves (Maximum Recordéd Drifts) ............ 188
D.11 Rectangular Column B Fragility Curves (Maximum Recorded Drifts)............. 190
D.12 Rectangul{ar Column C Fragility Curves (Maximum Recorded Drifts)........ 192

vii




Table of Contents

D.13 Circular Column Scatter Plots (with ACI Minimum)........ccccooeeiiiieiinnine. e 195

D.14 Circular Column Scatter Plots (without ACI Minimum)..........ccoooieiiieniiinnnnnn 197 .
D.15 Circular Column A Fragility Curves (with ACI Minimum) ................. 200
D.16 Circular Column B Fragility Curves (with ACI Minimum) .........cccoeveieennne. 202

" D.17 Circular Column C Fragility Curves (with ACI Minimum) .....coooeeieninnn 204
D.18 Circular Column A Fragility Curves (without ACI Minimum)........ccccocoeveueninn. 206
D.19 Circular Colufnn B Fragility Curves (without ACI Minimum) .......cccecceeninnnes 208

'D.20 Circular Column C Fragility Curves (without ACI Minimum) ........c..ccceceuue..: ' _210

viii




LIST OF TABLES

Table 2.1 Circular column ACI confinement requirements timeline .......... ................ 22
Table 2.2 Rectangular column ACI confinement requirements timeline ............ S 23
Table 2.3 Value of Coefficient y for Equation 2.3 e 32
Table 2.4 Range for parameters used in development of the proposéd models ............... 43
Table 3.1 Confinement classification details.. ....... | e 45
Table 3.2 Cross-Section Classiﬁcations ........................ e rrrereeneene. 46
Table 3.3 Rectangﬁlar'column parameter ranges (databasé and typical columns)........... 53
Table 3.4 Circular column parameter ranges (database and typical columns).................. 53
Table 4.1 Quadrant data distribution of Figure 4.2........ e i 63
Table 4.2 Statistics for ACI rectangular scatter plot ................ eevreeeererenenneen. 03
Table 4.3 Quadrant data distribution for rectangular columﬁ scatter plots............ creedeneen 10
‘ Table 4.4 Scatter plot statistics for ACI spacing limit shown in Figure 424 83
Table 4.5 ACI 318-05 Governing spacing of rectangular transverse reinforcement........ 85

Table 4.6 Governance breakdown for spacing of transverse reinforcement for

CSA A23.3-04 and NZS 3101:2006 .......occeeuvuennns USRI SP OO 86

Table 4.7 Quadrant data distribution of ACI circular scatter plot e 90
Table 4.8 Statistics for ACI circular SCatter Plot..........owvvvvweiserreveeernennen e 90
Table 4.9 Quadrant data distribution for all models circular scatter plots........................ 91
Table 4.10 ACI 318-05 'Goveming spacing of circular transverse reinforcement.......... 108

Table 4.11 Governance breakdown for spacing of transverse reinforcement for
CSA A23.3-04 and NZS 3101:2006............... SRVDT R L
.Table 5.1 Details for rectangular columns 15 and 106 ..o, 114

X




LIST OF FIGURES

Figure 1.1 Confining stresses provided by different arrangements of transvérse

reinforcement (Watson et. al 1994) ..o | .4
Figure 1.2 Effectively confined core for circular...........ccoooviniiiiiininninnnn. ......... SO
| Figure 1.3 Effectively confined core fof rectangular............ooiiedonii 5
Figure 1.4 Proposed concrete compressive stress-strain model (Mander et. al. 1988)........ 8
Figure 1.5 Confined strength determination from confining stresses fOr .........c.cccccccevuuvn. .8
Figure 1.6 Stress-strain relationship of confined cONCrete. ..........ocuvevevrcuceniiviierrieirennn. 10
Figure 1.7 Curvature defined .........ccooovveieiivnirieennnns e, e 12
Figure 1.8 Axial load ratio vs. curvature .............c....... ettt ees 14
Figure 3.1 P-A correction cases (Berry et. al. (2004))............. SRR e, 47
Figure 3.2 Example for cohﬂrming failure (Camarillo (2003)).......... e 50
Figure 3.3 Conceptual definition of column failure modes ............ccoooen.... e 51
Figure 3.4 Failure Classification Flowchart (Bérry et. al (2004)) cccovvevviviiinn. e 52
Figure 3.5 Axial Load ratio Versus drift Tatio ... 54
Figure 3.6 parea and pyor versus drift ratio ..o e e—— 55
‘ Figure 3.7 .’ / fy; versus drift ratio ......... R e ...... 56
. Figure 3.8 Ay / Ach versus drift ratio........ccocooeeiiiiiiii eeee——————— 56
Figure 3.9 B/L and D/L versus drift 1atio ..........c.coociiiiniiinii e 57
Figure 3.10 piong versus drift ratio ... ...... R 57 |
Figure 4.1 Scatter plot layout with identiﬁcation of quadrant 1abelS. oo 60
Figure 4.2 ACI scatter plot (rectangular COIUMNS) .......c.ecoveucirucreiiiiririciceee e 62

Figure 4.3 .’ versus Axial Load Ratio for columns in quadrants 2 and 3 of ACI

rectangular SCALET PLOT........evveiuerieriieieee et 64
Figure 4.4 Rectangular scatter plot statistics all models (with ACI minimum)..i ........ e 65
Figure 4.'5: CSA scatter plot (rectangular columns) ...........ccccocooeevnn. bereseseen s 66
Figure 4.6 NZS scatter plot (rectangular columns)...................... e 67
Figure 4.7 PP92 scatter plot (rectangular COIUIMMIS) ... voeeeeceee e 67




List of Figures

Figure 4.9 WSS99 scatter plot (rectangular COIUMNS) .........ccccevevviririmiriiinnieiices 68
Figure 4.10 BBMOS5 scatter plot (rectangular_co_lumns) e e 69
Figure 4.11 SKBS scattér plot (rectangular coiumns) ...................................................... 69
Figure 4.12 WZPLP scatter plot (rectangular columns) ..... .................. 70
Figure 4.13 Rectangular scatter plot statistics bar gréph ............. .................................... 71
Figure 4.14 Réctangular A fragility curve for ACL.................. e ............. e .73
Figure 4.15 Rectangular B fragility curve for ACL.............. ST USRS UUURRPRPU PP 74
Figure 4.16 Rectangulaf C fragility curve for ACL.......cocoiiiiiiiiiiiiie 74
Figure 4.17 Rectangular A fragility curve all models (with ACI minimum) ............... 76
Figure 4'..18 Recténgular B fragility curves all model (with ACI minimum)..........cco...... 76
' F igure 4.19 Reétangular C fragility curve all models (with ACI minimum)........c...cc..... 77
Figure 4.20 Rectaﬁgﬁlar A fragility curve for all models.........cccoooiiinns e 79

- Figure 4.21 Rectangular B fragility curve for all models ..........cooovoeiiiiin. 79
Figure 4.22 Rectangular C fragility curve for all models ..... ...... 80
Figuré 4.23 Rectangular SRO2 fragility curve comparison ...........c.ccccoeveverenveneveeinennsinn 81
Figure 4.24 Rectangular scatter plot for spacing limit of H/4 ............ s 82
Figure 4.25 Rectangular C fragility curve for spacing limit H/A i, 83
Figure 4.26 .’ vs. axial load ratio for Q2 and Q3 columns for H/4 spacing limif ............ 84
Figure 4.27 Rectangular Scatter plot statistics using maximum recorded drifts .............. 87
Figure 4.28 Rectangular C fragility curves uéing maximufn recorded drifts. ....... e 88
Figure 4.29 ACI scatter plot (circular columnS) ....... et eateeees reeerr e e e 89 .
Figure 4.30 fc’ vs. axial load ratio for Q3 columns of........ et a e R 91
Figure 4.31 Circular scatter plot statistics all model (with ACI minimum) )

| Figure 4.32 CSA scatter pl-ot (circular columns) s e e 93
Figure 4.33 NZS scatter plot (circular columns) 94
Figure 4.34 PP92 scatter plot (circular columns)............ccceuevercrnicnernnnnnns e 94

- Figure 4.35 SRO2 scatter plot (circular columns)........... et reeenre e 95'

Figure 4.36 BBMOS5 scatter plot (circular columns) ..........cccovoevvvvivinnieeinios st 95
Figure 4.37 SKBS scatter plot (circular columns) ..........ccocooiininiiii b 96
Figure 4.38 WZPLP scatter plot (circular columns) e et 96

X1



http://Fisur.es

List of Figures

‘Figure 4.39 Circular scatter plot statistics bar graph ..o 98
.Figure 4.40 Circular A fragility curve for ACL........ccooiiiiiiiie 99
~ Figure 4.41 Circular B fragility curve for ACL..ooooonn, R ST i 100
Figure 4.42 Circular C fragility curve for ACIL............. R e 100
Figure 4.43 Circular A fragility curve all models (with ACI minimurh) ....................... . 101
Figure 4.44 Circular B fragility curve all models (with ACI minimum)..........ccorveennee. 102
Figure 4.45 Circular C fragility curve all mddels (with ACI minimum).........cccceeevveens 102
Figure 4.46 Circular A fragility curve for all models................. e 104
Figure 4.47 Circular B fragility curve for all models et 105
Figure 4.48 Circular C fragility curve for all models .............coooeiiiiiin 105
Figure 4.49 Circular SROZ fragility CUrve COMPATiSON.......c.ccerelovieremieiuininccenenenns ... 106
Figure 4.50 Circular scatter plot for one 4quarter minimum dimension spacing limit..... 107
Figure 5.1 Desired movement of data points............c..cceooeieiene et 113
Figure 5.2 Location of specific column examples for ACI and CSA scatfer plot.......... 114
Figure 5.3 A fragility cﬁrves ........................................................................................... 117
: AFigure 5.4 B fragility CUIVES ....oveveieeiieieitiiieecicicneeee et 118
Figure 5.5 C fragility cuﬁes ................................................................................... e 118
Figure 5.6 Confinement area requirements for range of axial load ratios ...............c...... 120
Figure 5.7 Confinement spacing requirements for range of axial load FAtiOS ovveeoeeeens 121
Figure 5.8 A fragility CUIVES ........oo..orvverrevreereeeeseeesessessenessssessesesssssesseenssssncnsesonss 125
‘ Figure 5.9 B fragility curve...........cocoovnn o et 126
Figure 5.10 C fragility CUIVE.......ccooeiiiiiiiiiiiiiei i s 126
- Figure 5.11 SRO2 scatter blot drift ratio COmpariSON.........ccoeeueen. e 128
Figure 5.12 Confinement density requiremenfs for range of axial load ratios ............... 129
Figure 5.13 Confinement spacing requirements for range of axial load ratios............... 130

Figure 5.14 Comparison of recommendations and ACI 318-05 requirements............... 133

Xii



LIST OF NOTATIONS

Ach

Ag
A_sh

Jor

Py

Si

Parea =

Ps

Pr

pm

Prol

cross-sectional area of a structural member measured out-to-out of
transverse reinforcement

gross area of column

total cross-sectional area of transverse reinforcement (including crossties)
within spacing s and perpendicular to dimension hc.

cross-sectional area of spiral or circular hoop reinforcement
cross-sectional dimension of column core measured centre-to-centre of
confining reinforcement

specified concrete strength of concrete

specified yield strength of nonprestressed reinforcement

specified yield strength of transverse reinforcement

Axial compressive force on column

nominal axial load strength at zero eccenfricity

spacing of transverse reinforcement measured along the longitudinal axis
of the member | ‘
centre-to-centre spacing of longitudinal reinforcement, laterally supported
by corner of hoop or hook of crosstie |

capacity reduction factor |

area ratio of transverse confinement reinforcement (Ash'/ s-he)

ratio of volume of spiral reinforcement to the core volume confined by the

‘spiral reinforcement (measured out-to-out)

area of longitudinal reinforcement divided by gross area of column section

mechanical reinforcing ratio (m = f;/ 0.85°¢) -

volume ratio of transverse confinement reinforcement




ACKNOWLEDGEMENTS

First, I would like to express my sincere gratitude to my supervisor Dr. Kenneth Elwood
for his guidance, encouragement, patience and friendship throughout my time at UBC. It
was a privilege to work with him. I would also like to thank Dr. Terje Haukaas for his

support throughout my graduate studies.

This research project would not have been possible -if it were not for the financial
assistance provided by the Portland Cement Association through the Education

" Foundation Research Fellowship. Their support is greatly appreciated.

I owe a great deal to my colleagues at UBC. In particular I want to thank Dominic
Mattman, Chris Meisl, Aaron Korchinski, Tim Mathews, Arnoud Charlet, and Sohe1l
Yavari for their support and fr1endsh1p. I also want to thank my close friends outside of

UBC for their encouragement, support and for their belief in me.

1 would like to like to eXpress my sincere appreciation to my family, especially Michael,
Andrea, Jim and Margaret Hoffman. Their support over the years was instrumental in
helping me reach all of my educational goals and this work would not have been possible

without them.

Finally, I want to thank my parents, Allen and Ann Riederer, who have taught me
everything in life which is truly important to learn. Their unconditional love and support

will be remembered always. My work is dedicated to them. Thank you.

Xiv




1 INTRODUCTION

1.1 Motivation

Reinforced concrete columns subjected to seismic loading must be able to withstand
several inelastic deformation reverséls tb maintain the integrity of the structure which
they are supporting. Previous earthquakes and labdratory test results have shown that the
ability of columns to undergo these deformations without a significant loss in strength
can be lyinkedv to the level of confinement applied to the concrete within the core of the
co}umn. In reinfofced concrete columns, confinement is provided by the amount,

arrangement and spacing of transverse steel. -

To ensure columns are able to reach acceptable levels of deformation during an
earthquake, concrete design codes must appropriately incorporate all the Variablés which
contribute to their seismic perfdi‘mance. This work will investigate current design codes
and proposed models found in the literature with the aim of determining the optimum.

requirement for confining steel.

To form the basis of this investigation, the following section will present the mechanics
by which transverse steel confines the core concrete within a column and how the level of

confinement affects the columns seismic performance.

1.2 Ductility and Lateral Steel

It is well known throughout the structural and earthquake engineering community that the
lateral steel in reinforced concrete columns serves three primary functions, it _prbvides
shear reinforcement, it acts to restrain the buckling of longitudinal compression steel, and '

it confines the concrete within the core of the column.
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For members subjected to shear forces, engineers commonly use the widely accepted
truss model for the shear yesisténce.mechanism.' The transverse steel bars in these
.members behave as tension components within these idealized truss models. Depending
on weather or not the concrete contribution to shear resistance is accounted for, the
transverse steel will be needed to resist some or all of the design‘ shear force. The amount
and orientation of transverse steel required for shear resistance is not the focus of this

study.

Buckling of longitudinal compréssion reinforcement can limit the performancé of
columns subjected to seismic loading. For this reason, the lateral support of the
longitudinal reinforcement provided by the transverse reinforcéﬁlent is an important
parameter in the design of reinforced concrete columns. Therefore, the lateral steel
spacing in the.end regions where hi_nges are likely to form is crucial to reducing buckling
of the compression bars. However, the design of lateral steel for support of longitudinal

bars is not the focus of this study.

The area, spacing and orientation of lateral bars also play a key role in the effectiveness
of the transverse reinforcement to confine the core concrete of a column. The relationship
between the ductility of reinforced concrete columns, a crucial component within seismic
design of buildings, and transverse steel in the column falls primarily out of thé confining
action of the steel. It is this confining action of transverse steel that is the focus of this

work.

1.3 Confinement Action of Transverse Steel

It is important first to understand the mechanism by which the transverse reinforcement

~ confines the concrete core of a column. The definitive work in this area was done by

Sheikh and Uzumeri (1980) and (1982) and was presented again in Mander et. al. (1988).
Based on a series of column tests, the authors concluded that the area of thelgffectively
confined concrete 1s 1ess than the area bounded by the perimetér tie. In other words, A.<
A, where A, is the effectively confined area of concrete and A is the area ._of conérete

enclosed by the perimeter tie. They also concluded that the effectively confined concrete
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is determined by the distribution of the longitudinal steel and the resulting tie
configuration and sioacing. To account for this, the authors propose the following for the

effective lateral confining préssure, y/

f=rk. ' | - (1.1)
where k,1s a confinement effectiveness coefficient expressed as:

A N -
k =—= : o 1.2

where 4., the area of core within centre lines of the perimeter spiral or hoops excluding
_area of longitudinal steel, expressed as: o ' '
4.=4.0-p) - | o (13)

where p;c is the ratio of longitudinal reinforcement to area of core of section.

The parameter f; is the lateral pressure from the transverse reinfotcement. For various

configurations of transverse reinforcement, f; can be calculated as shown in Figure 1.1

" Figure 1.2 and Figure 1.3 show the relationship between the effectively confined core and
the lateral steel configuration and spacing. The confinement effectiveness coefficient for
sections confined by circular hoops is expressed as:

, , : :
-] | o
k, = ———2— : v . (14)
1- pcci . S : '

and for circular spirals as:

'

N

- 2d,
A=-p.,

(1.5)
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. Figure 1.1 Confining stresses provided by different arrangements of transverse

reinforcement (Watsovn'et. al 1994)

The lateral confining pressure is_ found by c'onsidering the half body confined by the
lateral steel. Equilibrium of forces requires that for circular columns:

=2Abfy/1
L sh

c

(1.6)

From Equation 1:1 the effective lateral confining stress imposed on a circular column can

be expressed as:

o '
fIZEkepsfyh : . . (17)

where p is the volumetric transverse reinforcement ratio and . is given in Equations 1.4

and 15
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Similar expressions for rectangular columns are also presented. From Equation 1.2 it can

be found that for rectangular sections:

(w) s' s'
T T
‘ (1-p..)

where w’; , the ith clear distance between adjacent longitudinal bars, along with the

k,= (1.8)
dimensions s’, b, and d, are shown in F igure 1.2 and Figure 1.3. Since many rectangular

columns have different quantities of lateral steel in the x and y directions, separate

transverse reinforcement ratios are defined as:

_ A | | 1.9
Pa sd, . (19)
A S ’ |
p =2 o (1.10)
Tosd, ‘ : .

Again recognizing the relationship gii?en in Equation 1.1, the effective lateral confining

stresses for a rectangular column in the x-and y directions are:

fw=kp S | | (1.11)
and | .
f'ly:kepyfyh . ( 112)

where k, is given in Equation 1.8.

: Figures 1.1, 1.2 and 1.3 as well as Equations 1.1, 1.4, 1.5 and 1;8 provide valuable insight
as to which lateral steel parameters ought to be considered in confinement steel
proviéionsL They inélude: area of transverse bar, spacing of transverse bars and
dimension of concrete core, yield strength of steel, ’density of longitudinal reinforcement

and in the case of rectangular columns, spacing of longitudinal reinforcing bars.

1.4 Propefties of Confined Concrete

Now that the relationship between the transverse steel and concrete confinement has been

illustrated, the effect of confinement on the expected behaviour of concrete can be

addressed. For nearly a century, inveStigators have known the effects on confining
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pressures on the stress-strain behaviour of concrete. Richart et al. (1928) studied the
strength and corresponding longitudinal strain of concrete confined by an active
hydrostatic fluid pressure. Since that time, many mathematical relationships predicting

the stress-strain response of confined concrete have been proposed.

1.4.1 Mahder Model for Confined Concrete

Mander et al. (1988) proposed a unified stress—straih approach based on the work done
previously by researchers including Richart et. al. The approach was developed to be
applicable to columné confined by eithef circular or rectangular transverse reinforcement.
The model, illustrated in Figure 1.4, was developed fof concrete tested with a slow, or
quasi-static, strain rate and mdnotonic loading. The aﬁthors proposed that the longitudinal |

. (oo .
compressive concrete stress, /. is given by:

AL (1.13)
r—1+x"

where f°.. = compressive strength of confined concrete,

x =2 : L (1.14)

cc

where ¢. = longitudinal compressive concrete strain,

fl‘ . . ) . .
=g, |1+5 —=-1 1.15
€ 860[ + L‘f'w_ H | ' - (1.15)

where /., is the unconfined concrete strength and &, is the corresponding strain typically

assumed to be 0.002,

E, :
;= 3 _cEm _ | N { 1'.16)
where , '
E, =5000/f", (MPa) o | O (117)
is the taﬁgent modulus of elasticity of the concrete and | |
E. = Le - ' (1.18)
. £ : v

cc
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Figure 1.4 Proposed concrete compressive stress-strain model (Mander et. al. 1988)

To determine the confined concrete compressive strength f°., the authors use a
constitutive model based on tri-axial compression tests and described by William and
Warnke_ (1975). As shown in Figure 1.5, the William and Warnke model relates the

confined strength ratio f”../f"., to the two lateral confining stresses f°;; and f71,.
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Figure 1.5 Confined strength determination from confining stresses for

rectangular sections (Mander et. al. 1988)
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When the concrete core is confined by equal lateral conﬁning stresses (i.e. =), it

can be shown that the compressive stfength can be given as: : :
7.94 1" ' ' | ' |
f’cc:f'w(—l.254+2.254 /1.+7;'f’_—2;”} : (1.19)

1.4.2 Légeron and Paultre Model for Confined Concrefe

More recently, Légeron and Paultre (2003) proposed a stress-strain model for confined
concrete based on strain compatibility and transverse force equilibrium. The model is an
expansion of a proposal by Cusson and Paultre (1995) which was developed for high -

_strength concretes.

‘The curve shown in Figure 1.6 is defined by locating two distinct points labeled A and B
on the figure. Point A is the confined compressive strength /.. corresponding to the st;ain
a"cc, and point B is the post-peak axial strain &..so in the cbncrete when the capacity drops
-to 50% of the confined strength. The stress in the confined concrete, f.., corresponding to
a strain g, in the ascending portion (point O to point A) of the stre_és-strain curve is given

as:

fcc' = f'cC l:k k(gcc /e cc) :|,A £, ngcc » ‘ . (120) .

-1+(g,, /&, )"
where the prime signifies that a term is being evaluated at the peak of the stress-strain

curve and the slope controlling parameter & is given-as:

B 2 o o (121)
.Ect _(f'cc /g'cc) ) .

where E,, is the tangent modu-lus. of elasticity of_the‘unconﬁned concrete.

‘The post-peak portion of the curve is described by the following equation: -

fcc l: f'cc exp [kl (gcc - 8'6(: )kl l gcc Z g'cc . ( 122)
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where the authors define the parameters k; and k; as:
k ——n0> (1.23)
(Eceso = €'e )
k, =1+25(1,5,)" | (124)

where I,s5 is the effective confinement index evaluated at the post-peak strain &..50 shown

- in Figure 1.6.

To develop expressions for f¢. and €', the authors use the effective confinement index

at peak stress, a nondimensional parametef first introduced in Cusson and Paultre (1995).

I'e:f—je | | ©(1.25)
S
where
A, ' ' |
f'le:Ke—S—hf'h . ) ( 126)
SC .

and the following relationships are provided:

o= s lie2aa,)”) ()

10
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e, =¢ . [1+3501,)2] - | S (128)

The authors note that recent research has concluded that the stress in the confining steel
does not necessarily reach the yield limit. This is especially true in columns with low
confinement or in which hi.gh—yield strength steel is used. To include this phenomenon, -

the authors introdice the following parameter:

e e - | | (1.29)
pseyEsgvc . : ’ . :
~ and define the stress in the confinement reinforcement at peak strength /° as:
S  ifk <10
f=1 025/ ' '
T P (c—10)

>043¢' E, ific>10 (1.30)
The ‘post—peak strain e..s5¢ 1S taken from the curve where the stress reaches 50% of the

maximum value. In equation form, it can be expressed as: _
Eeso = Ecso (1 + 607 50) : , (1.31)
where &.s9 is the post-peak strain in the unconfined concrete taken from the.curve at the

. point of 0.5/ and L is the effective confinement index at &..5p and is expressed by the

authors in the following form:

'IESO T——pse f}:y ' ) o ’ ) (132)

For the relationships shown above, f}, is the yield strength of the transverse reinforcement

and p;, 1s the effective\volumetri'c ratio of confinement reinforcement

p. =K, —2& . | (133
SC : . . . ;
where for a given column, Ag, is the total area of transverse reinforcement within spacing

s, and c is the dimension of the confined core for a given direction.

1.5 Confinement and Lateral Deformation

For earthquake engineers, the most important trend observed by investigators who have

researched the effect of confinement on concrete stress—strain behaviour has been the

11
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significant increase in axial strain capacity. Paulay and Priestley (1992) suggest this
increase can lead to ultimate compression strains on the order of 4 to 16 times the value
of 0.003 traditionally assumed for unconfined concrete. This trend is clearly shown in
the two models presented here, Figure 1.4 and Figure 1.6, and in the various other models
found in the literature. To understand how an increase in axial strain capacity of concretev-
relates to improved lateral ductility in reinforced concrete columns, one must examine the

strain gradient that exists in members subjected to axial load and bending forces.

Consider the reinforced concrete;elelment of length L, subjected to axial compressivé
force P and bending moment M shown in Figure 1.7(3). The deformed shapé is
represehted in Figure 1.7(b) which also shows the curvature resulting from the loading
condition, and Figure 1.7(c) shows how the curvaturé is related to the sectional strain

distribution as well as the location of the neutral (no strain) axis.

€ comp.

-

NA——>_
~¢

€ tension

Figure 1.7 Curvature defined

Curvafure, ¢, can be defined as the change in angle over a given length or:

_ 60 _ gcomp

$=ar " e

(1.34)

12




Introduction

The assumption in reinforced concrete design is that the formation of cracks in the
tension region of the element results in the tension steel resisting all tension forces and
being strained to a value of g,en‘, while the concrete in the compression region resists the
compressive forces with the most extreme compression ﬁberé reaching a strain of €comp.
From the relationship given in Equation 1.34 it is clear that if a larger ultimate
compression strain is reached, a larger resulting ultimate curvature will be achieved. -
Additionally, the increase in compressive stresses found in confined concrete requires
that a smaller amount of concrete is required to balance the sectional tension forces,
Acausing the neutral axis to shift closer to the compression face and further increasing the
ultimate curvature of the member. A larger curvature capacity of a concrete section

translates into larger lateral deformations for a concrete member such as a column.

1.6 Ductility and Axial Load

. The fmpact of axial load on the deformability of reinforced concrete columns has been
the focus of many recent investigations. The consistent conclusion is that the effect of
axial cbmpressi'on is to reduce columri deformability (Saatcioglu 1991). This is explained
by considering the interaction diagrams which are commonly used by engineers in the
design of reinforced concrete columns. A typical infefaction diagram shows the moment
capacity of a particular column cross section at various levels of axial load. Likewise, an
axial ‘load and curvature cépacity intéfaction diagram can be pfoduéed for a particular
column cross seption. The effect of axial load and confinement on thé curvature bcapacity
is evidenced in the axial load curvature diagram shown below in Figure 1.8. The
interaction diagram is given for an example column cross section with dimensions
4QQmm x 400mm, 12 16mfn diameter longitudinal bars, and 7mm diameter transverse
bars and represents the point at which maximum compressive strain of 0.004 is reached in
the concrete. The interaction between axial load ratio and curvature is shown for three
different spacings of transverse reinforcement. The maximum compression strain in the.

concrete was calculated using the Mander model. As the spacing decreases, the

13
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Figure 1.8 Axial load ratio vs. curvature

~confinement effectiveness of the transverse steel increases, the maximum compression
strain increases, and the curvature capacity increases. The figure shows that for an axial
‘load ratio of 0.5, the column is able to achieve a 53% increase in curvature when the
spacing is decreased from 100mm to 50mm. The figure clearly shows that for a given

cross section, the axial load significantly impacts the curvature capacity.

Further eVidence of the influence of axial load on the lateral drift performance of
reinforced concrete columns was présented by Elwood and Eberhard (2006). The authors
investigated the effect of axial load on the amount of l.ateral diselacement experienced by
a column due to bar slip. When a reinforced concrete column is subjected to a lateral
load, elongation of the_longitudinal reinforcing bars in tension occurs within the beam-
column joint or footing. This bar slip results in lateral displacements in addition to those
caused by flexural deformation of the column. Therefore, the displacement of a column
can be considered as the sum of the displacements due to flexure, bar slip, and often

negligible shear displacements. Elwood and Eberhard reported that for columns with low

14
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i levels of axial load, P / Agfe” <0.2, slip deformations can account for up to approximately
half of the total deformation at yield, and for columné with high values for axial load
ratio, P / Agfs’ > 0.5, the dlsplacement due to bar shp is negligible. The conclusion that
can be reached from this result is that for columns with hlgh axial load the ﬂexural
displacements, which are mgmﬁcantly influenced by the level of confinement, dominate
the total column displacerrient at yield. Also, this indicates,thaﬁ columns with low axial
load have the added deformétion component from bar slip which does not depend on the

"amount of confinement and have imprOved deformation capacity without the need for

additional confining steel. This effect disappears as the axial load increases, thereby

i

increasing the need for confinement for columns with high axial loads. '

1.7 Research Objectives and Scope

The aim of this research project is fo investigate the perfermance of the current ACI 318
confining steel requirements énd cofnpare them to other codes and proposed models to
determine their suitability for a performance based design equation for irhplementation in
Chapter 21 of ACI 318. This is done by addressing both the area requirement of section
21.4.4.1 and the spacing requirements of section 21.4.4.2. The performaﬁce of the ACI
model will be evaluated in a relative manner to the current building: codes in Canada and
New Zealand, as well as proposed -medels found in the literature. For reasons discussed
.above, a key variable to be investigated is the axial load level which is cﬁrrently not
present in the confinement requirement within the ACI code. An important conclusion to
be drawn is if confinement modeis incorporating axial load provide an improvement over

the ACI model.

Rectangular and circular column test databases, made available by the University of
Washington and the Pacific Earthquake Engineering Research (PEER) Center, will be
used to compare the requirements of each model w1th the performance of the columns in

the database subjected to simulated seismic loads

Once the evaluation is complete, the results will be used to determine if the current ACI

expressions are adequate to achieve acceptable levels of performance. If it is found that

15
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the confinement requirements of ACI are not the most desired model, a recommended
alternative will bevproposed. The proposed model will ensure that a column will
experience only modest lateral strength degradation before reaching the prescribed lateral
drift limit. Also, the form of the confinement requirements and their phrasing within
chapter 21 of ACI 318 will be investigated. The intent is to provide a clear and concise
clause which explicitly states all confining steel requirements for reinforced concrete

columns.

16



2 CODE EQUATIONS AND PROPOSED MODELS

2.1 IntrOdﬁction

This chapter introduces the confinement models evaluated in this study. The goal of
determining an appropriate confinement model will be reached through an evaluation of
these models as apposed to déveloping a n¢w one. The database of column tests used to
perform the evaluation and subsequent results and conclusions are presented in the

chapters which follow.

Three building code requirements as well as nine proposéd models taken from the
literature are presented. The building code requirements are fro'm‘the current reinforced
concrete codes in the United States, Canada and New Zealand. The proposed models
‘evaluated in this study include: Wehbe, Saiidi, and -Sanders .1999 , Saatcioglu and Razvi
2002 , Brachmann, Browning and Matamoros 2005 ., Sheikh and Khoury 1997 , Bayrak
and Sheikh 1998, Paulay and Priestly 1992, Watson, Za_hri and Park 1994, Li and Park
2004. The model presented by Paultre and Légeron 2005 is included in the évaluation
however, this model has since been adopted as the current Canadian building code
requirement as is evaluated under that title. The paper by Li and Park (2004) also

provides a short comparison of most the models listed above.

2.2 Curré_nt Code Requirements

The' following sections outline the confinement requirement of the ‘curre’:ntvreinforced

concrete building codes in the United States, Canada and New Zealand.

2.2.1 American Concrete Institute 318-05 (ACI)

Since the early 1900’s, the design requirements for lateral steel in reinforced concrete

columns have consisted of an area requirement as well as a spacing requirement. Both of

17
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these requirements have undergone modiﬁcatioﬁs as the building code has progressed
into the 2005 document. The following is a summary of the lateral steel r_equirements _

over the past 70 years.

The first equation for determining the érea of lateral steel required for the design of
reinforced concrete columns appeared in the 1936 Building Regulations for Reinforced
Concrete (ACI 2006). The basic philosophy of the requirement was to ensure that the
axial load carrying capacity of the vcolumn was maintained after spalling of the cover
concrete. This waé achieved by considering the material capacity enhanceménts due to
confinement described in Chapter 1. The derivation for the amount of confining steel was
first carried out for columns with circular or spiral transverse steel. The strength gain in
confined concrete, assumed to be (f’cc-j”;;) = 4.1f; (Richart 1929), was linked to the

strength provided by cover concrete

0.85/", (4, — A,) = 4.1f,(4, — 4,) | | | (2.1)

Recall from Figure 1.1, the lateral pressure due to the confining steel for a circular

column at yield is

24 ‘ _ : ' _
fI:_Lfy’ _ (22)
' sh . .

c

. Substituting f; into Equation 2.1 and dividing each side by (2.05f,x4.), and rearranging the
equation gives: |

44 o (A4 44_A o
My _oaisLe| Loy | 2% o (23)
sb, fy, A sb A :

c [

Recognizing that the left hand side of the above equation is the volumetric transverse
steel ratio for a column with circular or spiral lateral steel, increasing 0.415 to 0.45 and
dropping the last term on the right hand side, Eqﬁation 2.3 became the ACI code equation
for circular columns. Th'e form of the equation shown below in Equation 2-4 has not

changed since its original inclusion in the 1936 building code and remains as the current |

expression for determining the volumetric ratio of transverse steel required by ACIL.

18




Code Equvdtions and Pfopos'ed Models

) ' | o | |
p. = 0.45[—g - 1JIC— " [ACI318-05 Eq 10-5] (2.4)

ch yt
The 1936 code also required that the center to center spacing of the spif_als was not to

exceed one-sixth of the core dimension.

For tied columns, the 1936 code simply required that the lateral ties were at least 4 in. in
diameter and had a spacing of not more than 16 bar diameters, 48 tie diameters or the

least dimension of the column.

The requirement of the 1936 code remained unchanged until the 1971 ACI 318 Building
Code Requirements for Reinforced Conc_reté._ This was the first ACI code with spécial
_provisions for seismic design where in addition to the non-seismic requirement of
Equation 2-4, it was stated that the volumetric ratio of lateral steel in circular columns

shall not be less than Equation 2-5. Equation 2-5 has remained unchanged and is

included in ACI 318 2005.

ps=0.12% | [ACI318-05 Eq21-2] - . L (25)

Equation 2.5 is a lower bound expression that impose.s a limit on the (Ag/Acr) ratio which

can approach unity for large columns. The ratio is limited to a minimum of 1.27.

The first equation stipulating the amount of transverse steel in tied columns also was
introduced in the 1971 version of the code. For rectangular hoop reinforcement the

required area of the bar was determined by the following equation

[ : .
A, = | ~ @8

where py is the volumetric ratio required by Equation 2.4 with A, substituted for 4. and /,
is the maximum unsupported length of rectangular hoop reinforcement. The commentary

to the 1971 code states that the equation was intended to provide confinement to the
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rectangular core of the column and was devised to provide the same average compressive
stress in the core as would exist in the core of an equivalent circular spiral column having
equal gross area, core area, center to center spacing of lateral reinforcement and strength

of concrete and lateral reinforcement.

The spacing limit for spiral reinforcement in the 1971 version of ACI 318 was changed to

a maximum center to center distance of 4 inches.

In the 1983 version of the code, it was recognized that the confining effectiveness of
rectangular hoops was less than that of circular or spiral hoops and that this difference
should be reflected in the requirements. The code stated that the total cross-sectional area

of réctangﬁlar hoop reinforcement shall be the greater of

| L' e ' L
Ay, =03sh, 2 £ 11 [ACI318-05 Eq 21-3] (2.7)
»t ch . '
and
A, =0.12sb, L . (28)

Where similar to Equation 2.5 for circular columns, Equation 2.8 is a lower limit

applicable to columns with large cross-sectional dimensions.

The 1983 code also implemented a second spacing limit, of one quarter of the minimum
member dimension, in addition to the 4 inch maximum stated in the 1971 code. ,
The 1989 ACI 318 code changed Equation 2.8 to a slightly different lower limit for larger
columns which limited the (Ag/Acy) ratio to a minimum of 1.3. The expression, first given

in the 1989 code, remains as the current minimum expression in the 2005 code

A, =0.09sb, S [ACI318-05 Eq 21-4] | (29)
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The 1999 version of the ACI code imnlemented changes to the spacing requirements for

the’seismi'c design of transverse steel in reinforced concrete columns. Three limits were :
given and still form the spacing requirements in the 2005 code. As was first given in the
1999 code, Section 21.4.4.2 of ACI 318-05 states that the transverse reinforcement shall

be spaced at a distance not exceeding any of the three limits:

§<0.25D ' (2.10)
where D is the minimum column dimension

or ‘

s <6d, | R ) | (2.11)

where dj, is the diameter of the longitudinal reinforcement

or

14— h: |
s, _4+( 5 j [ACI318—05Eq21-5] (2.12)

where /4, 1s the maximum horlzontal spacmg of hoop or crosstie legs on all faces of the
column. The value of Sx shall not exceed 6 inches and need not be taken less than 4

inches.

- According to the \ACI-318 -05 commentary, Equation 2.9 i‘s intended to obtain adequate
concrete confinement. Equation 2.11 wats introduced to.recognize that the 4 'inch_
maximum could be relaxed up to 6 inches depending on the arrangement of the |
longitudinal reinforcement and again the intent was to insure adequate concrete .
confinement. Equation 2.10, according to the commentary, is intended to restrain the-
longitudinal reinforcement bars against buckling after spalling of the cover concrete It is
1mp0rtant to state that the spacing limit intended to prevent buckling of the longltudmal

| .relnfo‘rcement is not the focus of this study. Only the area and spacing limits which are

specifically stated as confinement requirements are of interest here.

It is important to state that it is noted in the Commentary to ACI 318-05 that axial loads
and deformation demands required during earthquake loading are not known with
sufficient accuracy, hence, the above equations for required confinement are not a

function of design earthquake demands.
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Table 2.1 Circular column ACI confinement requirements timeline

Circular Columns .

Year Area Req’'mt Spacing Req’mt
. A ’ [
1936 P, = 0.45£i— 1} /e 1/6 h,
» ch | yt
_ y )
' - p, =045 —£ 1 /.
' ‘ : Ach fyt
1971 '
P, = 0.12f—”
ft
§<0.25D

1999 — Current
, s<6d,
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Table 2.2 Rectangular column ACI confinement requirements timeline

Rectangular Columns

Year Area Req’mt Spacing Req’mt
. _ 16 diam. long. bar /
1936 - 48 diam. trans. bar /
-column dimension
[ .
1971 A, .—.@ B 4 inches
~y A ) -

4, =03sh, e [—g—— j

L083 S\ Au 4 inches / Y column
J dim.
A, = 0125, Le
S
(A
4, =03sb, Lo Lo _
fyt 'Ach
. 1989 |
A, =0.09sh, L
. S _
$s<0.25D

1999 $=0d,

S, S4+(14_h*j
) 3

2.2.2 Canadian Standards Association A23.3-04 (CSA)

Up until the 2004 version of the A23.3 standard of the Canadian Standards Associatio’n
(2004), the conﬁniﬁg steel requirements for reinforced concrete columns mirrored those
of the ACI 318 code. .Thé current requirements for the area of _trahsverse steel in Chapter
21 are taken from a recent proposal'by Paultre and Légeroﬁ (2005). The details of the _

proposal are presented in Section 2.3.11.
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Based on the equati.ons given in Paultre and Légeron (2005), A23.3 Chapter 21 stipulates

that the volumetric ratio of circular hoop reinforcement shall not be less than the larger of

' .

p, = 0.4kp 7;— , ’ [CSA A23.3-04 Eq 21-4] (2.13)
énd
A, ' I ' :
P, = 0.45(——‘5— - J—c [CSA A23.3-04 Eq 10-7] (2.14)
Ach A fy/ :

where the factor, kp, is the ratio of factored axial load for earthquake loading cases to
nominal axial resistance at zero eccentricity. Note that for &, = 0.3, these requirements are

the same as ACI 318-05.

- For columns with rectilinear transverse steel, the code states that the total effective area in
each of the principal directions of the cross-section shall not be less than the larger of the

amounts required by the following equations:

4, =02k,k, A Ly |CSAA23.3-04Eq 21-51 | | (2.15)
T o T |
and
4, =009 s i 4[.CSA A23.3-04 Eq 21-6] - (2.16)
v .
where ,
k =n,/(n~2) o | o o (2.17)

and n; is the total number of longitudinal bars in the column cross-section that are
longitudinally supported by the corner of hoops or by hooks of seismic crossties.
Note that in all of the above A23.3. equations, the specified yield strength of hoop

reinforcement, £, shall not be taken as greater than 500 MPa.

. In addition to the area requirements, the CSA code also imposes spacing limits. The same

~ three spacing limits 'required by ACI (Equation 2.10, 2.11 and 2.12) are réquired by CSA.
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‘Again, the spacing limit for longitudinal bar buckling is not the focus of this work and

will not be considered in the evaluation. of the CSA model.

223 NZS 3101:2006 (NZS)

Section 10.3.10.6 of the New Zealand Standard NZS 3101 (2006) requires that the
transverse reinforcement within the plastic hinge region of reinforced concrete columns

having rectangular hoops with or without crossties be not less than

A . ' P . . .
4, =sb|| L 0—pm ] —— [-0.0065 | [NZS3101-06 Eq 10-22] ~ (2.18)
) Ach 33 fyt Wc Ag ' .

where

/,
0.85f.'

c

m =

(2.19)

For columns with circular hoops or spirals, the volumetric ratio of must not be less than -

, A 10-pm f' P . .
p, = g 10— pim f—” — |- 0.0084 [NZS3101-06 Eq 10-20] (2.20)
Ach 24 fyt ¢fc Ag ) .
where '
me—ts (221)
0.851

The factor pm shall not be taken greater than 0.4 and the ratio 4,/4. shall not be greater
than 1.5 unless it can be shown that the design strength of the core of the column can
resist the design actions. It is also stated in the New Zealand code the f}; shall not be

taken as greater than 800 MPa.

In addition to the area requirements described above, the New Zealand code also has
spacing limits applied to the lateral steel in reinforced concrete columns. The New
Zealand code requires for circular columns that the center-to-center spacing of spirals or

circular hoops along the member shall be less than or equal to the smaller of one-third of
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the diameter of the cross-section of the member or ten longitudiﬁal bar diameters. For
rectangular columns, the center-to-center spacing of tie sets along the member shall be
less than or equal to the smaller of one-third of the least lateral dimension of the crds_s—
section or ten diameters of the Iongitudinal bar being restrained. Aécording to the
commentary to the New Zealand code, the spacing limits are considered nécessary to
restrain buckling of longitudinal steel as well as ensure adequate confinement of the

concrete.

There are no minimum limits in NZS3101 analogous to ACI 318 Eq. 21-2 and 21.—4
“however, in the New Zealand code, the issue of bar buckling is dealt with via another
area requirement. For circular columns the following equation is given in addition to
Equation 2.17. | | |

.Ast f)’ l
ps = H_—
- 155d" £, d,

[NZS3101-06 Eq '10-21]‘ ‘ (222) .

In the 2006 version of the New Zealand code, the following condition was introduced for
rectangular columns: No individual lég of'a stirrup-tie shall be less than

A f, '
L= ___Z oSy s o [NZS3101-06 Eq 10-23] (2.23)
1351, d,

where ) 4y is the sum of the areas of the longitudinal bars reliant on the tie.

The two limitations given in Equations 2.22 and 2.23 are not incorporated in the"analysis
~ of the NZS model as they are specifically stated as requirements to prevent longitudinal

bar buckling and not for confinement.

The requirements of the current New Zealand code were derived from the work presented
in Watson and Park (1989). The same work by Watson and Park was used to develop the
Watson Zahn and Park 1994 model discussed below.
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2.3 Proposed Models

The following section outlines the proposed confinement models currently found in the
literature over the past 15 years. Oniy models that were developed based on a
deformation measure were considered in fhis study. The first model presented was
‘developed based on displacement ductility, followed by those developed based on drift

- ratio and then those developed based on curvature ductility.

2.3.1 Wehbe, Saiidi, and Sanders 1999 (WSS99)

Wehbe Saiidi and Sanders (1999) conducted tests on rectangular columns as part of a
study to develop detailing guidelines for reinforced concrete bridge columns in areas of
low to moderate seismicity. Their research was aimed at investigating the cyclic behavior

of columns with moderate amounts of confining steel.

The ‘columns tested in the experimental program contained 46% to 60% of the minimum ‘
lateral reinforcement required by the American “Association of State Highway and
Transportation Officials (AASHTO 1992) provisions. The applied axial leéds were 10%
to 20% of A,f”.. The specimens were tested under constant axial loads and reversed cyclic
lateral loads. The column specimens exhibited displacement ductilities, pa, ranging from
- 5to7.

The investigation also aimed to determine the most appropriate equation for determiniﬁg
the quantity of c'oriﬁnemen't steel. The requirements of the current ACI and New Zealand
| codes, along with those of AASHTO, the California Department of Transportation
(CALTRANS 1983), the Applied Technology Council (ATC 1996) and. the proposed
method by Paulay and Priestly (1992)_ (See Section 2.3.7) were evaluated. The ATC-32-
method was selected as a benchimark for proportioning moderate ductility confinement.
This decision was based on the fact fhat the ATC-32 equation included that axial load

index, the ratio of concrete strength to lateral steel yield stress and incorporated the
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longitudinal steel ratio as parameters in determining the confinement steel amount. The
The ATC-32 expression 1s

(0.5,_+1.25 'I_)A }+O.13(p,—0.01) | | ©(224)

ce ‘g

A :0.12f“’
s b

¢ . ye

where /7. is the expected concrete strength and f. is the expected yield stress of the

transverse reinforcement.

ATC-32 expression is identical to the CALTRANS eciuation with the exception of the
additional term on the right hand side of the equaﬁon. The ATC expression uses the
expected material strengths rather than the specified strengths used in the CALTRANS

expression.

Based on the analytical and experimental results, the following equation, using the ATC-~
32 approach, was proposed to relate the amount of confining reinforcement to attainable

displacement ductility, g4

Ay _ T P Iu
— 0.1y, {0.12 £0.5+1.25f'AJ+0.13(p,f o.mﬂ (225)

s b, S

vt c ‘g s,
where,
Jen =27.6 MPa (or 4 ksi)
fin =414 MPa (or 60 ksi)

A target displacement ductility of 10 is suggested to provide the minimum lateral steel
“required in areas of high seismicity. A value for u, of lesé than 10 could be selected for
columns in which the seismic demand is moderate to low. Given the similarity of the
proposed equation to both the ATC-31 and CALTRANS expfessions and that the model
Vproposed related the confinement to a target displacement ductility, only Equation 2.25

will be evaluated in this study.

The researchers note that the current ACI requirements for confining steel are generally

for building design and the applicability of the provisions to bridge columns is not
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addressed in the code. By‘ the same rationale, one could suggest‘t‘hat the equation
proposed here is intended for use in the'design of bridge columns, and its appliéability to
building structures, the focus of this study, is in question. This is particularly a concern
for columns with high axial -ldads, since the axial load ratio for bridge columns seldom

exceeds 30%.

2.3.2 Saatcioglu and Razvi 2002 (SR02)

Saatciogiu and . Razvi (2002)_ present a displacement—based design procedure for
. confinement of concrete columns.s.ubjected to earthquake loads. The design approach, in
which lé_teral drift-is the performance éritérion, is based on computed drift capacities of
columns with varying levels of axial load and confining steel. The authors note that the
lateral drift was computed using a computer program for static inelastic loading tha_t:
incorporates analytical models for confined concfefe, steel strain hardening, bar buckling,
formation and progression of plastic hinging, anchorage slip and also includes an option
for second order deformations caused by P-A effects. The 1.ate.ra1 drift capacity was
computed either at 20% strength decay in moment resistance or at the same level of decay
in lateral force resistance. The deday in the latter case included the portion caused by the |

P-A effect.

The authors madé use of an extensive investigation of par_ametefs which impacted the
lateral drift of columns ‘presented in Razvi and Saatcioglu (1999). The investigation
concluded that columns which have a _cons.istent.‘parameter ratio’ would exhibit
approximately similar drift capacities “when all other parameters remained constant,
irrespective of the individual values of the parameters within the ratio. The parameter

ratio, r, was expressed as:

,,:MY_’_ ) | ) S (226)

A .
| & 1
fc |: Ach ' }
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A comparison of column drift capacity with coefficient », was made for columns with
different levels of axial load and efficiency of transverse reinforcement,' k. The results

suggested that the following approximation could be made between r and the lateral drift

ratio J:

r=14 llﬁé _ (2.27)
| k, B -

where .

k, =0.15 /b—C-b—f' - | | (228)
s s, . o

Equating the two expressions for 7, and solving for the reinforcement ratio, yields the

proposed equation:

Parea _ale) e 1 LD - (2.29)
. fyt Ach ' : ’ . )

The authors also assume an average longitudinal reinforcement ratio of 2 %. A
Equation 2:31 may be used for different drift ratios up to 4%. The proposed equation
incorporates the effects of reinforcement arrangement and higher strengths of steel and

concrete and-also incorporates the effect of axial force for a displacement-based design.

When 4 2.5% drift ratio is substituted into the expreésion and the axial force ratio P/P 1s

replaced with-P,/ ¢P, the following design equation is presented: -

\

é"—=0.35f0[ g—l} L A
~ sb, AN

(2.30)

The authors recommend that the following limitations are used to ensure.a minimum
.amount of transverse reinforcement is required for columns with low axial loads or very-

large cross sections:

£20.2 and Tg—lzo.3

0 ¢
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The axial force P, 1s maximum compressive load which a column will experience during
a strong earthquake. The authors suggest that the capacity reduction factor, ¢, can be
increased to 0.90 from 0.7 and 0.75 currently recommended in ACI 318 due to the

improved ductility of properly confined }coluvmns.

233 ~ Brachmann, Browning and Matamoros 2005 (BBMO5)

The original Brachmann, Browning and Matamoros model (BBM04) was based on the:
work by Brachmann et. al. 2004(b). The nature of the equations proposed was such that
only a small range of axial loads, with a maximum value of 33%, would provide a
meaningful value for required. transverse reinforcement. This limitation alone would
render the proposed equétion as highly impractical given that axial load ratios commonly
exceed 33%. With tﬁis fact in mind, and cohsidering that the same authors proposed new .
transverse reinforcement equations a ’year later (Braehmann et. al. 2004(a)), only the later

proposal (given the name BBMO5 for simplicity) is included in this study.

The primary objective in the work by Brachmann, Browning and Matamoros (2004(a))
was to define a relationship between the limiting drift ratio of reinforced concrete
columns and their material and structural properties; To do this, the authors utilized data
- from 184 rectangular column specimens.- Shear span—to-depthrat’ios of at least 2.5 were
used to.ensufe that the selected specimens exhibit predominantly flexural response. The
parameters considered in the study included concrete compressive strength, transverse

reinforcement ratio, yield strength of transverse steel and axial load.

The authors presented a nonlinear relationship which relates the estimated limiting drift
ratio of a. column with the t_ransverse reinforcement ratio, steel and concrete strengths,
and axial load. A design procedure to determine the proper amount of confinement
reinforcement was proposed based on this nonlinear expression. The expression can be
used to prescribe confinement 'requirements for regions of moderate and high seismicity.

This is done by assuming limiting drift ratios of 1.5% and 2.5% for each of these regions,
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respectively. Consequently, the resulting. design expression proposed by the authors,

expressed in terms of area or volume transverse reinforcement ratio, is as follows:

_ /4 2f | | :
pf{l—o.Sf,,Cj 7. - \ | - (2.31)

where f,. is the axial load ratio (to confined core) given as P / A.f"c and the coefficient y
is .taken from the following table: (note that this study considers only high seismic

demand)

Table 2.3 Value of Coefficient 'y' for Equation 2.33
(adapted from Brachmann et. al 2004(a))

- Transverse Coefficient vy, Coefficient vy, .
Type of Seismic h o : '
: Reinforcement  Circular Rectangular
Demand : :
Ratio, p Columns Columns
Moderate P vol ' 0.15 0.18
Seismicity ) P arca 0.09 < 0.12
. ) L. p vol 0.25 0.30
High Seismicity i
P arca ' 0.15 _ 0.20

The proposed equation provided safe estimates of the limiting drift of columns with
éompressive strengths' up to 116 MPa and it is recommended that these equations not be

used when the yield strength of the ré_inforcément exceeds 830 MPa.

2.3.4 Sheikh and Khoury 1997 (SK97) -

Sheikh and Khoury (1997) used the details from previous column tests to propose a -
performance-based confining reinforcement design procedure. The researchers aimed at
developing a procedure which related the confinement requirements to the desired

column performance. Additionally, they included in their proposal two parameters, steel
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configuration and axial load level, to account for the vast amount. of research which

identified them as key contributors to confinement effectiveness.

The following equation provides the relationship between the amount of lateral steel as
recommended by the current ACI Code (4, 4c) and the requirement proposed by the
authors (4): ' .

Ay =(Agacr)-a- Y, ¥, ' ‘ o ~(2.32)
whéfe, -

a = steel configuration factor

Y,  =axial load level factor

Y, = section performance factor

The o parameter is dependent upon the steel conﬁguratlon category. Shelkh and Khoury
identified three lateral steel configuration categories and defined as follows:

Category I: where only single-perimeter hoops are used as confining steel.

Category II' in addition to the perimeter hoops éupportirig four corner bars, at least one
middle longitudinal bar at each face is supported at alternate poinfs by hooks that afe not
.anchored in the core.

Category III: in which a minimum of three longitudinal bars are effectively supported by

tie corners on each face and hooks are anchored 1nto the core concrete.

The a parameter is assumed to be unityv for category 1II ‘conﬁgufations, and greater t/han
unity for category 1. An average value of 2.5 is assumed for all configuration types in this
category. The authors note that using a value of a equal to uhity for categofy 11
configurations is reasonable in situations where the opening of hooks which are not
anchored in the core concrete does not happen untlill after the column has reached a-

sufficient level of ductility.

The authors also developed two empirically determined equations for the two adjustment
factors Y, and Y,. ‘Yp is a factor developed to adjust the confining steel requirement
according to the axial load level and Y, takes into account the section ductility demand.

The equations are expressed as follows:
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‘ P 5 . b | v
Y, _{1+13(-}%) } | (233)

1.15 . .
Y¢:£% - (234)

where u, 1s the target curvature ductility.

To select the target curvature ductility, the seismic performance of a column was
classified into three categories: 1) high ductility (4, = 16), 2) moderate ductility

(16 > u, > 8) and 3) low ductility (u, < 8). Once the desired performance is identified, the
appropriate value for y, is inserted into Equation 2.23. A curvature ductility of 16 is used

in this study to evaluate the SK97 model.

The equations presented by Sheikh and Khoury were proposed for tied columns only.
However, the model will also be considered in the analysis of circular columns, assuming

an o value of 1.*

2.3.5 Bayrak and Sheikh 1998 (BS98)

~Bayrak and Sheikh (1998) presented résults of four column tests and combined the results
with previous tests to evaluate the suitability of the design equations presented earlier by
Sheikh and Khoury (1997) to columns made with high strength concrete (HSC) and ultra
high strength concrete (UHSC). Using the same procedure as Sheikh and Khoury, the
“authors developed a new design procedure for confinement of HSC columns with 7
greater than 55 MPa. |

The authors again took the approach of multiplying the total cross—sectib"nal area of
rectilinear ties required by the current ACI (4, acr) cbde by factors which account for
steel configuration, the effect of axial load, and the section ductility demand. The
researchers concluded that the effect of axial load on the lateral reinforcement demand is

independent of concrete strength, while the section ductility demand is significantly
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" influenced by concrete strength. Consequently, the researchers proposed equations in
similar form to those 'presented by Sheikh and Khoury with a modification to Equation

~ 2.23 to accommodate for higher concrete strengths: /

Ash = (A4, o) @Y, Y, (235)
[ (pY] o |
\Yp_{1+13[—j } o - | (2.36)

P0 ' .
()" ‘
Y = 2.37
t8I2 (2.37)

The researchers again suggest that a curvature ductility factor of 16 can be used to define
a highly ductile column therefore this value is used here to evaluate the BS98 model.
Again, the BS98 model was specrﬁcally proposed for tied columns but w111 be evaluated

for circular columns as well using an a value of 1.

2.3.6 Bayrak and Sheikh & Sheikh and Khoury

Given that the equations for high strength concrete in Bayrak and Sheihk (1998) are
‘extensions of the Sheikh and Khoury (1997) equatlons a true transverse reinforcement
‘model, representing the intent in which they are proposed should be a combination of the
two. The model, termed here SKBS, utilizes the SK97 model for columns with concrete
compressive strengths less than 55 MPa, and the BS98 model for -any column with

compressive strength of 55 MPa or greater. A curvature ductility of 16 is used to evaluate |

. the SKBS model.

2.3.7 Paulay and Priestly 1992 (PP92)

Paulay and Priestley (1992) wro_te one the most widely used seismic design text books in
the world. In it, the authors proposed a design equation which relates the transverse

reinforcement cross-sectional area, Ay, to required curvature ductility, x,. The required
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confining reinforcement area is given for rectangular sections by the following

relationship: - _V

| o4 P | o
Ay, =5b,(0.15+0.014,) =& & .| ———0.08 . o (238)

The equation can also be expressed as:

é’_’__kfc'Ag( P

g le Zef T 08 - - (239) -
Sbc fyt Ach Agfc : ) ‘ .

Where k = 0.35 for a required curvature ductility of 20 (high ductility demand), and
k=0.25 -for curvature ductility of 10 (low ductility demand). Since this study is

considering only high seismic demands, a curvature ductility of 20 is assumed.

The right hand side of equation 2.35 may also be used to estimate the required volumetric

ratio of confinement for circular columns. Recall, for circular columns the volumetric -

transverse reinforcement ratio 1s:
B 44,

= ' ' . 2.40
=30 | (2.40)

c

where A, is the cross-sectional area of the spiral or circular hoop reinforcement, and A, is
the diameter of the confined core. For circular columns, £ = 0.5 and 0.35 for curvature

ductilities of 20 and 10 respectiv‘ely.'

2.3.8 Watson, Zahn and Park 1994 (WZP94)

Zahn, Park and Priestley (1986) used a computer program for cyclic moment—c.urVatur.e
analysis to derive.design charts for the flexural stfength' and ductility of reinforced
concrete i‘columns. The curvature ducfility charts, developed for circular reinforced
concrete columns, related the available curvature ductility at the critical section of the
plastic hinge to the magnitude of the effective lateral confining stress acting on the core
concrete and the axial load level. Zahn et al. also developed charts to determine the ideal

flexural strength of a circular column with a specified mechanical reinforcing ratio, p,m.
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‘Based on their désign charts, Zahn et al. developed a design procedure for the flexural

strength and ductility of reinforced concrete bridge icolumns. A designer chooses the level |
of displacement ductility and obtains the éssociated code recommended design seismic
lateral loading for the bridge substructure. From the substructure geometry and the
imposed displacement ductility factor, the required curvature ductility could be obtained.
Then, using the design charts for the curvature ductility factor, the appropriate amount of

confining steel could be determined.

. These design charts were used by Watson and Park (1989) to obtain refined design
equations for confining stéel. Watson and Park developed plots which gave the quantities
of confining steel required within the plastic hinge region, obtained from the Zahn et. al.
charts, to achieve a specific curvature ductility factor for a given mecﬁanical ratio. From
thése plots, an equation was derived for square and rectangular columns. These equations
have since been further simplified by Wats‘on et. al. (1994) and extended to circular
columns. According to Watson et. al. the design equations can be expressed in the
equations given below.
For square or rectangular columns:
A, | 4, (9, /¢y)—33p,m+22£

(Ac,, e f, 4.4,

sb,
For columns with circular hoop or spiral transverse reinforcement:

44 A /6 )Y=33pm+22 ' P »
v g4 A G lO)ZBpm 22 [0 P 08
Ach 111 fyt ¢fc Ag

]_'0;006 1 S (v2.41)‘

” (2.42)

o

The authors note that equations 2.37 and 2.38 pfovide the required area of confining steel
" to-achieve a specific level of curvature ductility. They also suggest that for the curvature

ductility factor,d, /4, , a value of 20 be used for ductile design and a value of 10 be used

for limited ductility or cases where a full calculation of the required curvature ductility

factor 1s unwarranted.
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2.3.9 Liand Park 2004 (LP04) .

The work done by Li and Park (2004) was aimed at deriving conﬁhing requirements
more appropriate for columns designed with high strength concrete (HSC) with normal

and high yield strength steel.

The authors used the same analytical procedure described above in section 2.3.8 and
Zahn, Park and Priestley (1986). Again, curvature ductility was the performance criterion
selected. The analytical model made use of the cyclic stress-strain model for HSC
proposed by Mander, Priestley, and Park (1988) and later modified by Dodd and Cooke
(1992), and the cyclic stress-strain model for steel proposed by Dodd and Restrepo-
Posada (1995).

The results of their pa.rametric study suggested that the current ACI 318 and NZS 3101
requirements should be revised for columns making used of HSC. The authors presented
equations which provide the required amount of confining reinforcement for square,
rectangular and circula\r HSC columns with normal and high yield strength steel. The

equations are a modification of those proposed by Watson, Park and Zahn (1994).

For HSC columns confined by rectilinear normal yield strength steel:

Ay (A G 18)-33pm+22 70 P )
Ach /1 fyh ¢f‘c'Ag

_ 243
% (243)

‘Where A=117 when . <70 MPa, and A = 0.05(fc*)2-9.54/.’+539.4 when f. > 70 MPa.
For HSC columns confined by circular normal yield strength steel:

Ay _|[ A @ 19,)"33pm+22 /' P —0.006 |- o (244)
s. b, A, 111 Fon .4, ' - '

where o = 1.1 when £; < 80 MPa and a = 1.0 when f; > 80 MPa.

For HSC columns confined by rectilinear high-yield-strength steel (£, > 1150 MPa):
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| A, (8, /4,)-30pm+22 £ N
Ay _| A 4.7¢,)-30p, A 17 (245)
Sbc Ach A . fyr ¢fc Ag :

. v ‘

where 4 =91-0.11’

" For HSC columns confined by circular high-yield-strength steel:
A, ($,/8,)-55p,m+25 f' I -
Ay (4. @19 -55pm+25 [P, (2.46)
sb, A, ‘ 79 fo . A,

Note: pm = mechanical reinforcing ratio

The authors also placé the following limitations on their proposed equations:
- The maximum value of p;m that can be substituted into any of the equat'ions is 0.4.
A/Ag 1S not permitted to exceed 1.5 unless it can be shown that the design strength of the.

core of the column can resist the design axial load applied concentrically.

2.3.10 Watson Zahn and Park & Li and Park

Given that the Li and Park (1994) equations for use in the design of HSC columns are
extensions of the Watson, Zahn and Park (1994), a true transvc:rse reinforcement model,
representing the intent in which they are pro‘poséd,k should be a combination of the two.
In this study, the model WZPLP uses the WZP94 mdoel for columns with concrete
compreésive strength less than 60 MP'a; and LP04 for any column with compressive

strehgth of 60 MPa or greater.

2.3.11 Paultre and Légeron 2005 (PL0S)

Paultre and Légeron (2005) developed a new set of equations for confinement of concrete
columns using a wide range of concrete strengths up to 120 MPa and confinement steel

strength up to 1400 MPa. The authors proposed two sets of equatilons, depending on the

curvature requirements. One set of equations given for columns with high ductility
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demand assumes a target curvature of uy= 16, while another set4of equations given for
columns with 1imite<i ductility assumes a target curvature of u4s=10. The equations were
devéloped from a comprehensive study on the influence of the various parameters of
importance on ductility of columns. The ‘authors performed numerical simulation tests

similar to actual lab tests to develop their equations.

To complete their numerical simﬁlations, the authors had to select models which
| reﬂected,. as accurately as possible, the behaviour of the materials. They used the
Légeron and Paultre (2003) uniaxial model for the behaviour of confined concrete. The
model, described carlier in Section 1.1, relates the materials increase in strength -and
ductility to the effective confinement Index /’,

pooLe . . (2.47)

I |

where /7, is the peak effective confinement pressure. For rectangular columns in the y
direction it is given by |

'
Ashy f h
Cy S

f'IeZKe (248)

Recall K, is the geometric coefficient of effectiveness and ¢, is the cross section
dimension in the y direction and /7, is the stress in the confinement steel at peak stress.

For circular columns /7 is given by

f'lez—iKep;vf'h : (249)

The authors used the sectional behaviour of more than 200 column sections predicted
with a simulation software program. The results were used to determine the relationship -

between the column ductility and the ratio of I’./k,, where k, = P/Pj and P, is the nominal

axial load capacity of the column. The authors found this relationship to be

I',=0.0111k,u, o ' (2.50)
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The authors then derive simplifications for the Geométric Coefficient of Effectiveness K.
for both rectangular and circular columns. The coefficient is broken down into vertical
and horizontal components K}, and K, where

K,=K,K, o - (2.51)

The expressions for K, included the spacing of the lateral steel bars. To simplify the
equations, the authors determined the K, values for over 500 columns considering the
- minimum spacing requirements of ACI. They concluded that a conservative value for K,
could be éxpressed as a function of the ration A4./4,. For members with rectangular

b'hOOpS'

K, =1-22 D o (252)

n, : _ :

A, | | o
K,=1.05 AL (for p;=16) - (2.53)

g ' ' o o

or

A, | |
K, =0.95 % (for 11;=10) | (2.54)

g

For members with circular or spiral hoops, K}, is unity and X, is 0.90.

The authors highlight that ties are not always effective ‘with- their full yield strength,
therefore an-effective stress 17, apposed to the yield stress fy, is used. The authors make
the following conservative recommendations: for circular columns, f7=0.95f;,, and for

rectangular columns, 1”,=0.65f},.

To deveiop their proposed equations, the authers combined Equatibns 2.47 with Equation
248 for reciangular columns and Equation 2.49 for circular- columns. Then they
incorporated their K, and Kj, simplifications and fitting parameters to develop expressions
for the different target curvature ductilites. The authors proposed the following equations:

For rectangular columns, the required area of transverse steel in the y direction is given

by:

41




Code Equations and Prbposed Models

. R . . f'c A . . . - '
Ay, = Ok k,c s ——= o _ : (2.55)

yt “Tch . :
. where ® = 0.2 for columns with high dudtility demand ( x,=16), 0.15 for cqlumns with
limited ductility demand (,u¢ =10) and where |

k=nl(n,-2) - | o . (2.56)
For circular céluﬁms, the required volumetric reinforcement ra_tib is given by
/s |

p =Dk (2.57)
s p

v , )
where ® = 0.4 for fully ductile columns and_0.25 for limited ductility. Note, the ratio
Ag/Acn does not 'appéar'in the epression for circular columns as the Kv value i1s
independent of this ratio. |
The equations proposed by Paultre and Légeron have been adopted into the Canadiah
concrete design code (CSA, 2004). Therefore, the model will be evaluated under that title
(CSA) and not as alternate proposed model as is the case for the rest of the models

described in this section.

2.4 Range of Properties Investigated

The table below is given to provide some insight tov the range of values for the various
parameters which were considered by the authors of each model. The table shows that
some models considered a wider range of variables compared to others. ‘It is expected
.that a model which was developedvusing a smaller range of parameter values will perforfn

poorly in the evaluation conducted here compared to those developed with a wide range

of parameter values.




Code Equations and Proposed Models

Table 2.4 Range for parameters used in development of the proposed models'_

£ (MPa) PIAf, . £, (MPa)- Parea (%)

- Model _
' Min Max =~ Min Max Min Max Min- Max

SK97 259 583 0.46 0.777- 4619 5585 0.77 43
BS98 71.7 1022 036 0.5 463 542 272 674
WSS99 272 317 0.09 0.24 282.8 321.1 0369 0482

SR0Z - - E T -
BBMOS 22 116 0 07 255 1262 007 3.05
PPz - - o — -
Wzpod 20 40 02 07 275 215 - -
LP04 50 100 02 07 430 1318 - -

“PLO5 30 100 0.1 06 400 800 - :

Note: values shown in the table above with a dash (-) were not given.
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3 EVALUATION DATABASE

3.1 Experimental Database

The UW/PEER column database (http://maximus.ce.washington.edu/~peeral/) was used
to compare the performance of the varidus proposed models and code equations. The
column database is a result of the efforts of many researchersb andb is a comprehensive
record of numerous column tests. The record for each column in the database contains
column geometry, material properties, reinforcing details, test conﬁguration (including P-
Delta configurations), axial load, classification of failure type, and force-displacement

history at the top of the column,

The complete database has 301 rectangular columns, and 168 circular columns, however
the complete list was not used here. This study made use of the 230 rectangular column
and 166 spiral column database tables established in Camarillo (2003), who used the
force-displacement data for each column test to determine a d‘isplacement at failure. The

procedure used by Camarillo is described in more detail in Section 3.2.

The Camarillo database removed 28 circular columns and 18 rectangular columns from
thev UW/PEER database due to unusual properties such‘ as the use of lightweight concrete
or spliced longitudinal reinforcement, and unknown properties such as unknown P-A
“configuration or missing steel properties. Also, 23 circular and 53 rectangular cqlumns
were removed because they did not fail according to the definition of failuré established

in Camarillo 2003, and presented again here in Section 3.2.2.

For this study, an additional 60 circular and 64 rectangular columns were removed from
the Camarillo database because they did not exhibit flexural failure. As discussed in
Chapter 1, the aim of this investigation is to establish the most appropriate model for
confining steel requirements in columns to resist the flexural demands imposed by "

seismic excitation. Therefore, including data from column tests which produced shear or

s
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flexure-shear failures would be inapprop.riate as the performance of the column was not
governed by confinement. Taking this approach ensures that all of the columns satisfy the
intent of the code which is to ensure that the column will not experience a shear failure. A

detailed description of the failure classification procedure is presented in below.

~Also, as discussed in'Chapter 2, the particular code specifications in ACI, CSA and NZS

which intended to prevent buckling of longitudinal reinforcement were not thexfocus of
| this work. Therefore, to eliminate the effects of these limits on the evaluation of the
current column confinement requirements in' ACI, test specimens which did not satisfy
the ACI spacing requirement pertaining to bar buckling were removed from the database.
This totaled 21 rectangular columns and three circular columns. For this study, the
rectangular column “F lexﬁral Failure” database contained 145 columns while its circular
column counterpart contained 50 columns. A complete list of the columns in both

databases, along with selected properties, can found in Appendix A.

While the lateral steel for all circular columns consists of circular hoops or spiral
reinforcement, the lateral reinforcement for the rectangular columns are categorized into
seven classifications. The definition and number of columns found withiﬁ the database
for each classification are given in Table 3.1. |

i

Table 3.1 Confinement classiﬁcation details

-No. of
Notation Descriptibn ’ Columns
R Rectangular ties (around perimeter) 51
RI Rectangular and Interlocking ties .29
RU | Rectangular ties and U-bars © 3
RJ Rectangular ties and J-hooks ’ 17
RD -- Rectangular and Diagonai ties. 35
RO Rectangular and Octagonal ties ' 9

Ul U-bars and J-hooks 7 1
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All rectangular columns had rectangular (or square) cross-sections, but the circular
columns had two cross-sectional shapes, circular and octagonal. These shapes were
assigned codes which, along with the number of each found in the database used here, are

given in Table 3.2.

Table 3.2. Cross-Section Classifications

Cross-Section

Code " No. of Columns
Shape
" Circular 0 ‘ 40
' Octagonal 2 : 10

3.2 Determination of Failure

The following is a summary of the procedure used in Camarillo (2003) to determine the

failure displacement for columns in the database.

Since the database included column tests performed in a wide fange of configurations, the
lateral force—displacement data provided for each test was converted to represent the
lateral forces and displacements which would be imposed on an equivalent cantilever
“column. This allowed for a consistent evaluation of the performance of each column

within the database, regardless of test configuration.

3.2.1 Effective Force and P-Delta correction

Lateral fbrée—displacement data had to be adjusted to take into accounit the secondary or
P-A effects. This is of particular importance for columns with large axial loads and large
lateral drifts. The following is taken from Parrish (2001)' and Berry et. al. (2004), which

explains the process used to implement the P-A correction.

The loads applied to each column by the vertical actuator were resolved into their vertical

and horizontal components. The horizontal component could then be added or subtracted.
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“to the force from the horizontal actuator to find the resulting net horizontal force. To
incorporate a P-A correction, the database is organized'in.to four types of lateral force-
displacement histories, shown in Figure 3.1, each with a specific form of correction.

Berry et. al. define the categories as follows:

1

Fet Fg { ; c
= L I—n.n!.: = L
4
b)Y Case I1
P
: Y
- Ltﬂp
: Faorim X
£ rap
Lm}nns = L
ltui:om‘.
¢) Case III - d} Case IV

:Figuré 3.1P-A correction cases (Berry et. al. (2004))

Case I: Force-deflection data provided by the researcher was in the form of
effective force (Fep) versus deﬂection (4) at Lyeqs. In this case, the net horizontal

force (Fy) can be determined according to the following equation:

(3.1)

meas

Fy =Fy,-PA/L
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Case II: Force-deflection data was provided by the researcher in the form of net

horizontal force (Fy) versus deflection (4) at Lyeas.

Frep:FH ) V » (32)

Case IlI: Force data provided by the researcher represents the lateral load
applied by the horizontal actuator, but the top of the vertical actuator does not
translate. In this case, the horizontal component of the vertical load actuator

needs to be added to the reported force, F veps 10 get the net horizontal force (Fp).

F, =F, +PL, |A | - | - (33)

Case 1IV: Force data provided by the researcher répresents the lateral load
applied by the horizontal actuator. However, the axial load is not applied at the
same elevation as the lateral force, or the line'of action of the axial load does not
pass through the column base. In this case, the horizontal component (Py) of the
vertical load actuator was subtracted from the reported force, Fep, to get the net

horizontal force (F).

A L+.me
3 N

g=tan | —— (3.4)

' L+L, +L,,

P, = Psina - ‘ (3.5)
H .
FH:Frep—PH ' | | (36)

The contributions of the net horizontal force and the gravity (vertical) load to the

total base moment can then be determined as follows:

M

base

L, +L | o ‘ ,
=F,L+PA —2 (3.7)

meas

where:
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Fy - net horizontal force ( Column Shear)

L - -shear span length

P - gravity (vertical) load |

A - measured displacement at cantilever elevation Leas

Lo, - distance from elevation at which lateral force was applied to elevation at

- which gravity (vertical) load is applied.

Lyeas - €levation at which lateral column displacement was measured

The effective force can then be defined as:

F

eff = jV{

base

/L - o (38)

3.2.2 Displacement at Failure

One poSsible definition of failure displacement is the maximum recorded drift during the
test (Amax)- However,'the most commonly accepted definition of failure is the point at
which é specimen reaches a 20% loss of lateral load cabacity. Once the lateral force-
displacement data had been corrected for P-A effects, the failure displacement, at 80%
effective force, could be determined according to the following procedure. Camarillo

(2003) describes the process for determining the failure displacement as follows:

From the force-displacement histbry, the displacement (Asg) and the data point (isy)
- corresponding to the last time the column resisted 80% of the absolute maximum

effective force were identified. Failure of the column was assumed to occur if:

- thé absolute maximum displacement after the identified 80%'force (Apost-s0) exceeds_
Aso. ‘
i.e., (Aposi-s0 > As0) ‘

- . the maximum displacement following another zero crossing (Apost-zers) €xceeds 95% -
of 4o |
i.e., (Apost-zero > 0.95 Agg)

- the force corresponding to the maximum displacement after the zero crossing
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(Fpostzero)s is less than or equal to the proportional force set by the force and

displacement at the 80% location
i-e-; (F post-zero <F. 80 (Aposl—zero /4 80))

- Otherwise the column has not failed.

For columns that fail, the failure displacement (Azi) was determined as the maximum

displacement that the column was subjected to prior to the data point is.

. ’ Afa il
80% Fatomax 500 —. , , = : : : /
Apest«@»ﬂ
o I
Apost-z-‘.—ro

Effective Force, kN

-100

-200 1
80% Fesimax
300 -

-400°

iz0, Aso,Feo /-;JO il . ' ; , :
A 20 -10 0 10 20 30 40 50
Displacement, mm

Figure 3.2 Example for confirming failure (Camarillo (2003))

F:—‘f -max

3.3 Failure Classification

The failure behaviour of the columns within the database is categorized into three failure
modes; flexural failure, shear failure and flexure-shear failure. For columns which
exhibited flexural failure (the focus of the current study), the degradation in the lateral
load capacity occurs after yielding of the longitudinal reinforcement and the observable
damage includes flexural cracking, spalling of cover concrete, concrete crushing and

longitudinal bar buckling. For columns which exhibit shear failure, the degradation of the
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lateral load capacity oscurs prior to yieiding of the longitudinal Steel_ and the observable -
damage includes diagonal cracking and a sudden loss in strength. : 'Columns classiﬁed as
flexure-shear failures exhibited a certain level of displacement ductility developing‘
hinging before the shear failure. The schematic diagram shown in Figure 3.3 illustrates

the distinction between the three failure modes.

'\/initial
N

Shear failure

|
|
|
|
|
!

| .

E

1

! | ) .
I Flexure-shear failure
|Vrcsidual |

Shear Force, V

1

|

!

Flexure failure {
» |

|

|

{

1.0 2.0 . Mo M
Displacement Ductility Capacity, M

Figure 3.3 Conceptual definition of column failure modes

By combining these definitions, first presénted by ATC (1981), with the column test
- observations, Berry et. a1.>(2004) classified each column within the UW/PEER database
according the criteria shown in Figure 3.4. If no shear damage is reported, the column is
classiﬁed as flexure-failure. If shear damage is reﬁo_rted, the absolute maximum effective
force (Fcff),l iscompared with the calculated force corresponding to a maximum concrete
compressive strain of 0.004 (Fogos). The failure displacement ductility at the 80%
effective force, pi, is also considered. If the maximum effective force is less than 95
percent of the ideal force or if the failure displacement‘duc.tility was less than or equal to
2, the column was classified as shear-critical. Otherwise, the column‘is‘cl_assiﬁbed- as-

flexure-shear-critical.
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I Shear Damage Reported?‘

Yes "
/ N\

/ \

Shear Failure ‘ Flexure-Shear Failure ‘

Figure 3.4 Failure Classification Flowchart (Berry et. al (2004))

3.4 Range and Verification of Database Parameter Values

Making use of the column test database, as apposed to conducting individual tests, is
done to allow for a wider range of parameter values than is typically available within a
particular experimental sfudy. In order to use the database to evaluate the confinement
- models described in Chapter 2 with increased confidence, a comparative investigatibn
was performed to verify that the parameter ranges in the database are comparable to
typical designs carrievd out according to the most recent building codes. Typical column
details from three buildings located in high seismic regions ir; western United States were
provided by the Structural Engineer of Record. Table 33 and Table 3.4 present the ranges
for the parameters which signiﬁcantiy influence the flexural behaviour of reinforced
concrete columns, for both the typical column details and the experimental database.
From these tables it éan be seen that the range of most of the parameters covered by
columns in the database is compatible with the range of values seen in these parameters
for new construction. Detail drawings for the 8 rectangular and 12 circular typical

columns are provided in Appendix B.
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Table 3.3 Rectangular column parameter ranges (d‘atabase and typical columns)

Database Typ. Details

Parameter Min.  Max. Avg. Min. Max. Avg.

f: (MPa) 255 1424 _549.4 414 414 - 414
“f. (MPa) 202 1180 604 28 72 57

S (mm) 254 228.6 77.5 76.2 114.3 94

Puca (Aan /she) (%)~ 011 3.43 1.14 0.90 1.94 1.46

Plong (%) 101 6.03 2.37 1.29 4.12 211

A, (mm?) 23226 360000 92451 209032 - 929030 _ 588386

P/A L, 0.0 0.80 0.28 0.33 0.71 0.48

Table 3.4 Circular column parameter ranges (database and typical éolumns)

Database Typ. Details

Parameter Min.  Max, Avg. Min, Max. Avg.
£y, (MPa) 280 1000 473.0 414 414 414

f, (MPa) 220 900 36.3 34 69 . 53

s (mm) 8.9 1305.0 55.0 63.5 101.6 78:3
Prol (4Asp/$hc) (%) 0.10 3.3 1.00 115 276 2.01
Plong (%6) 0.75  5.58 2.31 1.19 3.68 2.03
Ay (mm?) 18146 1814600 211312 164173 585753 342196
P/Af, 0.0 070 0.17 0.01 0.58 0.28

For the rectangular columns, the most glaring discrepancy is found in the gross area (Ag)

where the average database- value is well below the minimum value for the typical

columns. This is to be expected since full scale column tests are often too difficult or

expensive to conduct and are therefore not possible due to testing facility or budgetary

limitations. The similarity in the values for area transverse  reinforcement ratio

demonstrates that the section dimensions of the columns in the database " are

proportionally scaled and the discrepancy in A, is insignificant. For the circular column

database, the same discrépancy is found for the gross area. Table 3.4 also shows that the

~ volumetric ratio of transverse reinforcement is higher for the typical olumns than for the
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database suggesting that more testing of columns with confinement levels typically found

in building structures is needed.

. One of the objectives of this work is to use the database to exe'mplify what is already
known about the ‘relationsh'ip. between axial ldad and ductility for reinforced concrete
columns. Figure 3.5 shows a plot of axial load ratio versus drift ratio for each test
specimen in the rectangular and circular databases. An important observation to note is
that the circular column database has significantly less data with high axial load ratios.
The circular column database has only 10 columns with an axial load ratio higher than V
0.30 as compared to the rectangular column database which has 59. This is because the
majority of circular specimens are scaled versions of bridge biers which typically have
smaller axial loads compared to columns found in building structures. Consequently,
there are very few columns with low drift ratios in the circular column database. The

- disparity between the two databases will become more apparent in Chapter 4 when they
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Figure 3.5 Axial Load ratio versus drift ratio
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are used to evaluate the performance of the models. It is also important to note that while
even though there are fewer columns with a high axial load ratio, the drifts achieved by
columns with lower axial loads was typically higher for circular columns than for

rectangular columns.

Similar to Figure 3.5, Figure 3.6 to Figure 3.10 show plots for several parametérs
identified which influence the drift capacity of reinforced concrete columns, and are
contained in most of the models described in Chapfer 2. The ﬁgur_es show that while the
parameters do seismic performance of columns, no single pérameter appears to influence
~ lateral drift with the same significance as axial load level. The trend observed in Figure

3.5 is not clear in any of the other plots.
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4  CONFINEMENT MODEL EVALUATIONS

‘This chapter presents the procedure and results of the evaluation techniques adopted fo
analyze the performance of each confinement model. In Chapter 1, it was shown that the
amount and configuration of transverse feinforcement is the most importent parameter in
determining the drift capacity of a reinforced concrete column, and the evaluation
approach taken here makes use of this conclusion. The interpretation of the results and

‘the ensuing recommendations will follow in Chapter 5.

4.1 Rectangular Columns

4.1.1 Scatter Plot Evaluation

Each eonﬁning reinforcement model waé evaluated using the properties and performance
of the column specimens within the database discussed in Chapter 3. Two evaluation
techniques were developed to investigate the performance of the models. The procedure
and results for the first of these fwe techniques, a scatter plot e\}aluation, is outlined here
and the second technique, a fragility curve evaluation, is outlined in the following

section.

4.1.1.1 Evaluatidn Procedure

The amount of confining reinforcement required for each column in the database, based
on the code and model equations from Chapter 2, was calculated and compared with the
amoun{ of transverse reinforcement provided. With these values known, it is possible to
determine if each column in the database had sufficient transverse reinforcemenf to meet

a particular model or code equation.

Once the amount of transverse steel was determined, a performance criterion had to be
selected. As seen in the model descriptions, not all equations used the same performance

parameter. One possible comparison. technique would be to test each model against the
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_ target performance for which it was desrgned In other words, if an equation is developed
by using a target curvature ductility of 20, the equation could be evaluated on how well it
performs against the measured curvature ductilities of the columns in the database.

Similar comparlsons could be made for models which used other performance parameters
such as displacement ductility or drift ratio. This technique h9wever would not provide
any information as to how the models or equations compare against each other, only how
they compare with the targets they are desigrred to meet. Therefore, a consistent
performance target had to be selected which eould be'applied to all models and equations-

and used as a universal criteria.

A drift ratio of 2.5% was selected as the performance target for this study. The interstory
drift ratio is determined in the course of a standard design process and a_vélue of 2% to
2.5% is commonly used as the performanee target in many building codes. Ductility
related targets are not as preferable for é performance criterion for two main reasons.
Firstly, the test data generally does not provide measured curvatures and secondly, a
ductility limit depends on the definition of yield for which different researchers take
different approaches. A performance criterion which uses total drifts, such as drift ratio,
" avoids these issues. It should be-noted that while choosing a drift ratio of 2.5% may
appear to provide a minimal advantage to those models with drift ratio as the

performanceé parameter, the results presented below do not suggest such a bias.

Flgure 4.1 shows the layout of the scatter plots whxch w111 be used to conduct the first
analysis of the confinement models. The figure shows a plot of the drift ratio at 20% loss
in lateral strength (described in Chapter 3) versus the confining steel requlrement ratio.
(Ash_provided / Ash_modclv). The ﬁgure is divided into qrradrants with a vertical déshed line at
Ash_provided / Ash modet = 1, and a horizontal dashed line at the performance target
DR=2.5%. The introducrion of theses two dashed lines divides the plotting area into four
distinct quadrants, each with specific implications. Data points falling to the right of the
vertical dashed line meet or exceed the confining requirements of a particular model,
while those plotted to t}re left of the vertical daehed line do not meet the requirements.'

- Data plotted above the horizontal dashed line achieved a drift ratio (at 20% loss in
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Drift Ratio (%)

.AActual / AM odel

Figure 4.1 Scatter plot layout with identification of quadrant labels

strength) of greater than or équal tol the performance target of 2..5%. Therefore, an ideél.
model would have all c,olurhns plotted in the quadrants labeled as “1” and “4”, where all
test columns which meet or exceed the confinement steel requirements, achieved
acceptable levels of drift, and those which did not meet the confining steel requirement of

the model did not reach acceptable levels of drift.

Therefore, for a favorable evaluation of a model the plot should have few data points féll
in the remaining two quadrants. Data which plots in the upper left quadrant, quadrant 3,
fails the confining steel requiremehts of the model, but meets or exceeds the performance
target. This quadrant is termed the ‘conservative’ quadrant since for data’p.oints' in this
quadrant the model is requiring more steel than is necessary to reach acceptable levels of
. drift. Data which plots in the lower right quadrant, Quadrant 2, meets ‘the confining steel

requirements of the model, but does not meet the performance target. This quadrant is
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termed the ‘unconservative’ quadrant since for data points in this area the model requires

an insufficient amount of confining steel to achieve acceptable levels of drift.
In order to make a quantitative comparison of the models using the scatter plots, two

~ statistics were calculated for each model and code equation. The following statistic was

‘selected to assess the ability of the model to provide sufficient drift capacity:

# of columns that satisfy model AND achieve a drift ratio < 2.5%

A(%) = : - , (4.1)
# of columns that satisfy model
In terms of the quadrant numbers: ' K
A%) = —2 | | (42)
YTaQrvQz .
The second statistic was selected to indicate the degree of conservatism inherent in the
model:
B(%) # of columns that d'o not satisfy model AND achieve a drift ratio <2.5% (43)
0) = .
# of columns that do not satisfy model '
4 | ,
By =—2 | | (44)

Q3+Q4

An ideal model would have an 4 value of 0% and, to avoid over-conservatism, the B
value should be maximized. The difference between the two statistics above also pfovides :
an insight to the performance of the model, and is a good representation of the model’s

overall performance considering all columns.

C=B-4 | | | O (45)

A large value for C indicates a model which is ‘safe’ yet not ‘overconservative’.
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[

4.1.1.2 Assessment of ACI 318-05 21.4.4.1

The rectangular column scatter plot for the ACI confining steel requirements is shown
below in Figure 4.2. It should be noted that the plot represents only the evaluation of ACI
Equations 21-3 and 21-4, and does not include the spacing requirements of ACI 318-05

clause 21.4.4.2. This issue is discussed in section 4.1.3

~While properly obsérving the performance of the ACI model is done best in a relative
sense'w_ith direct comparison to the other models investigated in this study (see Chapter
5), it is prudent to first fully understand the data presented in Figﬁre 4.2. All columns
which satisfy section 21.4.4.1 of ACI are plotted with a lightly shaded square marker,
while those which fail the area of confining steel requirements' are plotted with a dark
shad.ed diamond marker. This is done such that in- subsequent scatter plots for other

models, the distinction can be made as to where the columns lie on the ACI scatter plot.
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Figure 4.2 ACI scatter plot (rectangular columns)

The figure shows the following data distribution:
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Table 4.1 Quadrant data _distribuﬁon of Figure 4.2 ‘

Quadrant 1 Quadrant2 Quadrant3 Quadrant 4
23 9. 92 , 21

From the numbers given in Table 4.1 the statistics A, B and C can be calculated as:

Table 4.2 Statistics for ACI rectangular scatter plot

A B C
28.1 - 18.6 -9.5

Earlier in this vchapter, quadrants 2 and 3 were identified as the quadrants where it was
desired to have as few data points as possible. Figure 4.2 and Table 4.1 show a number of
data points in both of these quadrants. In an effort to determine common properties for
these tests, Figure 4.3 shows a plot of concrete compressive strength (f;”) versus axial
load ratio (P/Af.”) for the columns found in quadrant 2 and 3 in Figure 4.2. As seen in
Figure 4.3, all of the quadrant 2 columns for the ACI scatter plot have an axial load ratio
of at least 0.33, with eight of the nine columns' having a value of 0.47 or-higher. In
lcomparison, only six of the 92 quadrant 3 columns have an axial load ratio of 0.40 or
greater. While the cffect of concrete compressive sfrength on the ductility of a concrete
membér is well documented in the literature, the effect of axial load appears to be more
dominant when asses.sing' the performance of the ACI confining steel requirements. The
obsefv_ati‘ons of these figures are in agreement with the expectations based on -the

- relationship between axial load and column ductility presented in Chapter 1.
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4.1.1.3 Assessment of Codes and Proposed Models |

The scatter plot evaluation of the remaining models was done to compare their
performances with that observed for the ACI requirements, and to determine which
-model is the most appropriate replacement for ACI. First, to perform an appropriate
comparison, the ACI minimum requirement given in Equation 2.5 (ACI Equation 21-4)
was included in the evaluation of the other models. This was done only to ensure that the
effect of a minimum equation was not applied solely to thé ACI model which would
generate biased results. Oncé the .initial comparison is made, the models will be
evaluated strictly on their specific requirements and an appropriaté minimum for the
recommended model, which may or may not take the form of the current ACI equation,

. can be determined. Note, the current CSA code applies the same minimum but is not

included in the evaluation of the CSA model as this minimum is not included in the PLO5

model on which the CSA code 1s based.
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Figure 4.4 Rectangular scatter plot statistics all models (with ACI minimum)

Figure 4.4 shows the A, B and C statistics for all models, including ACI, where all
models incorporate the current ACI minimum equation. Scatter plot statistics for SK97,
BS98, WZP94, and LP04 are not shown. As noted in Chapter 2, these individual models
are used in conjunction with each other to form the combination models SKBS and
WZPLP. The individual scatter plots for all models can be found in Appendix D. The
table shows that each model provides a significant statistical improvement over the ACI
model. ACI had the highest A value, where a low value for A is desirable, and the lowest
B value, where a high value for B is desirable. The ACI model was the only model to
produce a negative C value, where a large positive value for C is desirable. The results
shown in Figure 4.4 suggest that an alternate model to the current ACI equation should be

recommended. To properly determine a replacement model, the models must be

evaluated strictly on their specific requirements.
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The scatter plots for the models not including the ACI minimum equation are presented
in Figure 4.5 through Figure 4.12. Again, scatter plots for SK97, BS98, WZP9%4, and
LP04 are not shown. All scatter plots, including those presented here, are included in

Appendix D.-

As shown in the figures, only the SR02 and WSS99 models had more cblumn data points
plotted in quadrant 2, and only SKBS had more data points plotted in quadrant 3, when
compared to the ACI scatter plot (Figure 4.2). The most significant change in the number
of data boints in quadrant 2 is seen the plots for SKBS and CSA which had just two data
points iﬁ the quadrant. The most significant change in the number of data points in
quadrant 3 is seen in the plot for WSS99 which has just 41 data points and SR02 and
PP92 which both have 59. The distribution of data points into the four quadrants for all
thé models is shown below in Table 4.3. The Table includes ACI for reference and it
should be noted that the ACI minimum equation is included only for the ACI model.
Further discussion of the scatter plots will be given in the presentatioﬁ and justification of v

the final recommendations (See sections 5.2.1 and 5.3.1).
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Table 4.3 Quadrant data distribution for rectangular column scatter plots

Model ol Q2 Q3 Q4
CSA : 61 2 - 54 28
PP92 63 5 52 25
SRO2 73 12 42 18
WSS99 79 10 36 20
BBMO05 72 6 43 . 24
SKBS 2 2 03 28
WZPL'P 28 4 87 26
NZS 2 7 '

73 23

Using Equatiohs 4.1, 4.3, 4.5 and the data provided in Table 4.3, Figure 4.13 displays the

VA, B and C statistics for each model including the ACI values previously given in Table

4.2. The negative C value for ACI is not shown in the figure, and it is important to note .
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Figure 4.13 Rectangular scatter plot statistics bar graph

that, as was seen in Figure 4.4, ACI is the only model to generate a negative C value. As
shown in Figure 4.13, CSA had the lowest A value with A = 3.2% followed by PP92,
BBMOS5 and SKBS with A values of 7.4%, 7.7% and 8.3% respectively. BBMOS5 had the
highest B value with B = 35.8% followed by WSS99, CSA and PP92 with B values of
35.7%, 34.1% and 32.5% respectively. The largest C value, the statistic which describes
the overall performance of the model based on all the column data, belonged to CSA with
a C value of 31.0% followed by BBMOS, PP92 and WSS99 with C values of 28.1%,
25.1% and 24.5%, respectively. Recall that a large C value indicates a model that
provides a safe design without significant overconservatism. Again, it is important to

note that only the ACI values shown include the ACI minimum equation

4.1.2 Fragility Curve Evaluation

The data used to generate the scatter plots described above was used to generate another

graphical presentation of the behaviour of each model. Rather than imposing a distinct
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performance target as done above, fragility curves ‘were generated to show the

performance of the models at various levels of drift ratio.

4.1.2.1 Evaluation Procedure

To generate a fragility curve for a given model, all the columns that satisfied fhe

confining steel requireme.nts of that model were sorted and listed in increasing order |
according to their drift capacity. Progressing throUgh the list it was possible to determihe '
the percentage of columns that did not reach a given drift level. Using this procedure.at a
drift ratio of 2.5%, this method produces a value of A, where A is the scatter plot statistic
described above. A lognormal cumulative distribution function was then used to generate
a curve to fit fhe data. The curve is titled the A fragility curve. Based on the data used in -
this study, the curve describes the probability of a column not reaching a given drift limit
if it satisfies the model. This fragility curve presents the general trend for columns that
satisfy the model without havihg to select a particular drift level as the performance

target. In equation form, the curve can be expressed as:

A=P( <5

target

| A

poidat | Auosa 2D | (46)
The process was repeated again for all the columns that did not satisfy the confining steel
requirements of the model. For each model, a B fragility curve was generated to describe
the probability of a column not reaching a given drift limit if it does not satisfy the model.
Again, using this procedure at a drift ratio of 2.5%, this method produces a.value which is
analogous to B, where B ié the scatter plot statistic described earlier. This fragility curve
'presentsl the general trend for columns that do not satisfy the model without having to

select a particular drift level as the performance target. In equation form, the curve can be

expressed as:

B=P(5 <80 | Apoea ! Armoger <1) | R o (47)

provided ' “tmod e
In the same manner that the C statistiq was created to combine information provided by
the A aﬁd B statistic, a third “fragility curve” was generated to combine the results of the
~ two previous curves. The relationship is comparable to that given in Equation 4.5, or that

the C fragility curve represents the B frag'ilityicurve minus the A fragility curve. Again,
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for a given drift ratio an ideal model would have an 4 value of 0% and, to avoid over-
conservatism, the B value should be maximized. The relationship between- these two
statistics will therefore change as the drift limit changes. A large value taken from the C

statistic fragility curve indicates a model which is ‘safe’ yet not ‘overconservative’.

4.1.2.2 Assessment of ACI 318-05 21.4.4.1

The A statistic fragility curve for ACI is shown below in Figure 4.14, along with the data
which was used to generate the distribution. The B statistic fragility curve for ACI is
shown below in Figure 4.15, also with the data which was used to generate the

: distributioh. The C statistic fragility curve for ACI is shown below in Figure 4.16.

As the figures show, the lognormal CDF fits the data very well. Reading the curves at a
drift ratio of 2.5% produces values very close to the A, B and C statistic given in section
4.1.1.2. '
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~ Figure 4.14 Rectangular A fragility curve for ACI
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4.1.2.3 Assessment of Code and Proposed Models

As was done for the scatter plot evaluation, the ACI minimum equation is épplied here to
the remaining models for direct comparison with ACL A fragility curve evaluation of

each model without the minimum will follow.

Rather than presenting the A, B and C statistic fragility curves separately for each of the
models, Figure 4.17, Figure 4.18 and Figure 4.19 show the A, B and C statistic fragility
curves for all the models (including ACI) simultaneously, with the ACI minimum applied
to all models. The fragility curves are showh here out to 10% drift only to be able to :
include all the data, but for all practical cases drifts are expected to be limited to less than
4% to 5%. Again, the SK97, BS98, WZP94 and LP04 models have been removed in
favor of the combined models SKBS and WZPLP. g |

The curves show that the" ACI model is statistically the worst performer with regard to all
three statistical values (A, B and C) throughout the meaningful range of drift-ratios. In
particular, the discrepancy becomes abundantly clear in Figure 4.19 where all curves

follow the general same shape with the exception of ACL.

The individual A, B and C fragility curves for all models (incorporating the ACI

minimum) can be found in Appendix D. -
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Figure 4.19 Rectangular C fragility curve all models (with ACI minimum)

The curves shown above confirm the results of the scatter plot evaluation and suggest that
a replacement model be proposed and that the performance of the models consistent
throughout the range of drift ratios. As was done in the scatter plot evaluation, to
properly determine the most appropriate alternate model, a fragility curve evaluation for

each model which does not include the ACI minimum equation was performed.

Figure 4.20 shows the rectangular column A fragility curves for all the models (including
ACI) simultaneously. Likewise, Figure 4.21 shows the rectangular column B fragility
curve for all the models and Figure 4.22 shows the rectangular column C fragility curve
for all the models. The individual A, B and C statistic fragility curves for each model are
presented in Appendix D. It should be noted that taking values from the curve at 2.5% or
any other drift ratio, will produce close but not exact matches with the statistics for the

corresponding scatter plot due to the need to fit the data with the lognormal cumulative

distribution.
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| As seen in Figure 4.20,‘ for drift ratios bétwéen 0 and 6%, the ACI model had the highest
probability of a column not reaching the drift limit .while satisfying the confining steel
requirements. In other words, the A statistic is highest for ACI through this range. This
‘trend is in agreement with the values shown in Figure 4.13. Conversely, the CSA model
had the lowest pfobébility of a column not reaching the drift limit while satisfying the

_confinement requirements in the drift ratio range of 0 to 4.5%, followed by SKBS, PP92.
and BBMOS_ . Again this is in agreemeﬁt with the scatter piot statistics.

The tightly grouped curves shown in Figure 4.21 suggest that there is much more
similarity in B statistic values for the various models than was seen in the A statistic
' ﬁgure. While the variation of B values for the models throughout the range drift ratios is
~smaller, similar trends to those of the scatter plot evaluation emerge. Again, the ACI
rﬁodel had the lowest B values, and. the figure suggests that BBM05 and CSA have the
highest B values throughout most of drift ratio range. This figure suggests that while the
models behave in a much more similar manner with respect to the B statistic corﬁpared to
the A statistic, variation between the models still exists such that investigating the

rectangular column C statistic fragility curves is warranted.

» Thé curves shown in Figure 4.22 are a graphical description of the overall performances
of the models. It is here that the overall performance of the ACI model relative to the
other models in this study clearly beéomes evident. Not only is the C value lowesf for the

_ ACI model for all values of drift ratio, but it produces_a negative value for drifts between -

approximately 0.5% and 5.0%. All other models behavc similarly for small drift ratios

but the performance differences become apparent for drift ratios between 1.5% and 5.0%.

As was seen 'in the scattér plot evaluation, the CSA, BBMO05 and PP92 models had the

best overall performance. BBMOS has the highest values up to a drift ratio of

abproximately 2.0%,'When CSA becomes higher. CSA has the highest overall C value of

- 43.7% at a drift ratio of 3.5%.

Again, the fragility curves are shown here out the 10% drift only to be able to include all

the data. Chapter 5 shows these figures up to drifts of 4%. '
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Figure 4.20 Rectangular A fragility curve for all models
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Figure 4.21 Rectangular B fragility curve for all models
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Figure 4.22 Rectangular C fragility curve for all models

4.1.2.4 Special Consideration for SR02

Only the BBMO0S and SR02 models use drift ratio as the performance measure to derive
the expression for the confining steel requirement. This parameter is not a direct input
variable for determining the amount of confining steel for BBMO0S, however as stated in
Chapter 2, the model was derived for limiting drifts of 1.5% and 2.5%, thus making it
suitable for the above comparison. This is not the case for SR0O2 where the target drift
ratio, &, is a direct input variable. A value of 2.5% was selected to be consistent with
scatter plot evaluation procedure; however this selection may be an unfair representation
of the model for the fragility curve evaluation. Therefore, to account for this, the scatter
plot A, B and C statistics were generated for target drift ratios from 2% to 5%, each using
the appropriate drift ratio in Equation 2.31. The results are plotted in Figure 4.23 against
the curves in Figure 4.20, Figure 4.21 and Figure 4.22 where 6 = 2.5%. The figure shows
a close agreement between the two approaches for drift ratios up to 3% at which point a

slight variation is observed. The approach which holds the input drift ratio constant at
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2.5% actually provides more favorable values for the A and C curves. Therefore, the
results displayed in Figure 4.23 suggest that the fragility curves in Figures 4.16 through
4.18 are a valid'representationiof the SRO2 model, and no further consideration for the

" model is needed. Note, the ACI minimum equation was not included in the evaluation.
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Figure 4.23 Rectangular SR02 fragility curve comparison

4.1.3 Spacing of Transverse Reinforcement

As was explained in Chapter 2, the spaéing requirements of the three building codes

investigated here are considered in addition to the confining steel area requirements.

4_.1.3.1 Assessiment of ACI 21.4.4.2

In ACI 318, the two spacing requiréments related to confinement, Equation 2.10 and 2.12
are considered separately from the area requirements. Figure 4.1 shows the scatter plot
for the spacing requirement of one quartér the minimum dimension. Figure 4.25 shows

the corresponding C statistic fragility curve. Equation 2.12 was not evaluated due to the
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a

fact that the database is composed of scaled tests. The range of acceptable spacing
according to this expression (4 to 6 inches) is not suitable for these columns. Since the
scaling factor is unknown for the majority of the columns, an accurate evaluation of this

spacihg limit is not possible. Further discussion of this issue is presented in Chapter 5.
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‘Figure 4.24 Rectangular scatter plot for spacing limit of H/4
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Figure 4.25 Rectangular C fragility curve for spacing limit H/4

The statistics for Figure 4.24 are provided in Table 4.4.

Table 4.4 Scatter plot statistics for ACI spacing limit shown in Figure 4.24.
A B C
222 182 - -40

Figure 4.24 and Figure 4.25 show that the one quarter minimum dimension spacing limit
when evaluated on its own performs at a similar level to the ACI area req_uirement. By
comparison, the area requirements of the other models perform better than both ACI area

and one quarter minimum dimension spacinhg requirements.

Figure 4.26 shows the properties of the data points which fall into quadrants 2 and 3 for
Figure 4.24. Unlike the corresponding plot for the area requirements, a strong connection
between the axial load and the perfermance of the requirement is lacking, although a

modest connection is still observable on the figure.
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Figure 4.26 f.’ vs. axial load ratio for Q2 and Q3 columns for H/4 spacing limit

Finally, it is important to address how often each ACI confinement requirement governs
the design of columns. Table 4.5 shows the number of instances where each requirement

governs the spacing of the confinement reinforcement for the 145 rectangular columns.

The confinement area requirements of ACI 318 are rearranged and expressed as a spacing

requirement (i.e. for a known area and arrangement of transverse bars).

(4.8)

Ash
0.3h, L (—g—lJ
fyh Ach

This spacing requirement was then compared to. the two spacing limits to determine

which governed. Recall the other two spacing limits given in Chapter 2 and in ACI
section 21.4.42 are s<0.25D and s<6d,. Again, the effect of scaling the test .
specimens renders the spacing limit given by Equation 2.12 (ACI Eq 21-5) inappropriate -

for application to the columns in the database.
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Table 4.5 ACI 318-05 Governing spacing of rectangular transverse reinforcement

Spacing limit # columns governed

Eq2.10 19
Eq2.11 3
Eq 48 124

The data in Table 4.5 shows that for the vast majority of reinforced concrete columns in
the database, the area requirement dominates the spacing of the transverse steel. While
not included in. the table above, one would expect that for full scale columns the spacing
limit given by quiation 2.12 would often govern for large columns with closely spaced
longitudinal reinforcement, and the number of instances in which Equation 4.8 governs
would b‘e less than what is represented in Table 4.5. Of the 32 columns which satisfy thé
area requirements of section 21.4.4_.1 of ACI 318-05, 8 do not satisfy the spacing

requirement of section 21.4.4.2.

4.1.3.2 Assessment of CSA and NZS

A similar comparison was made for the CSA A23.3-04 and NZS 3101:2006 building
codes. The confinement steel area requirements are rearrahged and expressed as spacing

requirements in Equation 4.9 for CSA and 4.10 for NZS.

s = sh ' . ' , : (49 )

L Ash :

A 1.0- " P :
p|| e L0mpm Ll T o065 |

Ach 33 fyh Wc Ag

The spacing limits for CSA are the same as those for ACI (Eq 2.10 and Eq 2.11), and for

(4.10)

S =

NZS the spacing limits are given as
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s<ip » . | (4.11)
3 _- | |
s<10d, | O (4.12)

The results are displayed below in Table 4.6. The table shows a lower number of
instances in which the spacing is governed by the area requirement. Again it is important
to determine how many columns which satisfy the area requirement, but fail the spacing
limits. For the 63 columns which satisfy the area requirement of CSA, 22 do not meet the
spacing requirements. For the 49 columns whfch satisfy the area requirement of NZS, 14

do not satisfy the spacing requirements.

Table 4.6 Governance breakdown for spacing of transverse reinforcement for .

CSA A23.3-04 and NZS 3101:2006

# columns # columns

Spacing limit .
- governed CSA governed NZS

Eq2.10/4.11 44 70

Eq2.11/4.12 ' 2 5

Eq4.9/4.10 99 ' 70

414 Maximum Recorded Drifts

.As discussed in Chapter 3, the faﬂure drift of the columns was assumed to occur once the
" column demonstrated a 20% loss in lateral strength. However, while this assumption is
| valid for new construction and columns within the lateral force resisting system, in some
instances it may be of interest to investigate the performance of the columns at their
maximum recorded drifts. Such instances may include those in which the column is not
_incorporated .into the structures lateral force resisting system, and thus gravity load
carrying capacity, rather than lateral load capacity, is of importance. Figure 4.27 shows
the scatter plot statistics for the models using drift ratios calculateéd using the maximum
‘recorded drift for each test. Figure 4.28 shows the C statistic fragi-livty curves. All scatter
plots and fragility curves are given in Appendix D. Note, the ACI minimum equation

was not included in any of the other models.
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Figure 4.27 Rectangular Scatter plot statistics using maximum recorded drifts

The statistics found with maximum recorded drifts are similar to those which were
observed for drifts at 20% loss in strength. The higher drifts resulted in fewer data points
in quadrants 2 and 4, therefore reducing the A and B values. Also the emergence of CSA,
BBMO05 and PP92 as the superior models is shown in Figure 4.28. The important
observation to gain from the two figures is that the ACI model is once again the
statistically least desirable, it is the only model to produce a negative C value, and that a
replacement model is desirable. The results of the evaluation at maximum recorded drifts
support the validity of a proposal for a replacement model done through further

interpretation of the results for drifts recorded at 20% loss in strength only. The drifts at

20% loss in strengths and the maximum recorded drifts can be found in Appendix A.
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Figure 4.28 Rectangular C fragility curves using maximum recorded drifts.

4.2 Circular Columns

As was done for the rectangular column evaluation, each confining reinforcement model,
including the code equations, was evaluated based on the properties and performance of
the column specimens within the database. Again, the aim is to determine how the current
ACI code equation compared with both the other code equations as well as the proposed
models, and propose a replacement model should it be necessary. The same two
evaluation techniques are used to make this comparison. The recommendations

presented in Chapter 5 will consider the effects of the smaller database.
4.2.1 Scatter plot evaluation

4.2.1.1 Evaluation procedure

- The circular column scatter plot evaluation procedure is identical to that of the

rectangular column evaluation. The only difference here is that the x axis values are given
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in terms of volumetric transverse reinforcement ratios rather than in terms of area of
transverse steel. This is done in keeping with the manner in which the current ACI code

states the confining steel requirements for circular columns.

4.2.1.2 Assessment of ACI 318-05 21.4.4.1

- The circular column scatter plot for the ACI confining steel requirement is shown below -
in Figure 4.29. Again, all columns which satisfy the density of confining steel
requirements of ACI are plotted with a lightly shaded square marker, while those which

- fail the density of confining steel requirements are plotted with a dark shaded diamond

marker.
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Figure 4.29 ACI scatter plot (circular columns)

The figure shows the following data distribution:
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Table 4.7 Quadrant data distribution of ACI circular scatter plot
Quadrant 1 Quadrant2 Quadrant3 Quadrant 4 |
28 T 20 I

From the numbers given in Table 4.7 the A, B and C statistics can be calculated as:

Table 4.8 Statistics for ACI circular scatter plot
A B C
3.4 48 14

The first observation that can be made when comparing Figure 4.29 with Figure 4.2 is the

, signiﬁcant difference in the number of data points which lie below the performance target

~

drift ratio of 2.5%.  Only two of the-53 columns within the circular column database fall

below this limit. The axial load ratios for these two columns are 0.5 and 0.7, and are two

of the four highest axially loaded columns in the circular column database. The Shortage

of data in the bottom two quadrants is likely due to the difference in the typical axial load

ratios found in the two databases. As was shown in Table 3.3 and Table 3.4, the average

axial load ratio for the rectangular column database was 0.28, while for the circular -
columns it was only 0.17. In fact, the circular éolumn database has just'10 columns with
an axial load ratio higher than 0.3. As has been highlighted throughout this work,
columns with lower axial load ratios are capable of échieving higher drifts, a fact

illustrated further by the data in Figure 4.29.

With only one column falling in quadrant two, the A statiétic for ACI is quite low at
3.4%. If the percentage of ‘safe’ columns were the only criterion for evaluating the
performance of t_he' model, the A statistic would suggest that ACI performs very well.
However, as described earlier, the B and C statistics are also insightful for invéstigatingv
the performance of the model. The B statistic for ACI is also quité low at 4.8%,
suggesting that the ACI model is very conservative. The C .value for the ACI éircular
scatter plot is very low at 1.4%, suggesting that the .ovérall performance of the model

could be improved.

90




Confinement Model Evaluations

Figure 4.30 presents a pth of f,> versus P/Af,’ for the 23 columns in quadrant 3, and
shows only that 3 columns have an axial load above 02 Similar to the observations of
Y the corresponding rectangular columns; the expectation is.that the remaining models will
have fewer columns in quadrant 3 since each of thé models incorporates axial load level

into the confining steel requirement.
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Figure 4.30 fc’ vs. axial load ratio for Q3 columns of

ACI scatter plot (circular columns)

4.2.1.3 Assessment of Codes and Proposed Models

The scatter plot evaluation for the remaining circular models follows the same procedure *
as was done for the rectangular evaluation. The ACI Iminimum given by Equation 2.5
(ACI Equation 21-2) 1s applied to all models to allow for an equal comparison with the
ACI model. Figure 4.31 shows the scatter plot statistics with the ACI minimum applied to
all models. There are two important observations to take‘ from the figure. First, all the

models provided a statistical improvement over the ACI model, although not as
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Figure 4.31 Circular scatter plot statistics all model (with ACI minimum)

significant as was seen in the rectangular evaluation. Secondly, the inclusion of the ACI
minimum equation had a significant effect on the other models in that it governed the
design for a large number of columns for each model, and therefore caused the
performance of the models to become very similar. These two conclusions demonstrate
that an evaluation of the models without the ACI minimum equation included is needed
to determine an appropriate replacement for the ACI requirement. Once again, the SK97,
BS98, WZP94 and LP04 models were not included in the evaluation in favor of the
combination models SKBS and WZPLP. The scatter plots for all models incorporating

the ACI minimum equation are given in Appendix D.

The scatter plots for the remaining models are presented in Figure 4.32 through Figure

4.38. All circular scatter plots including those presented here are included in Appendix D.

For the PP92, WZP94, LP04 and WZPLP models, columns with very low axial load

required very small amounts of transverse steel, and in some cases the expression yielded

g2




Confinement Model Evaluations

a negative density requirement. For these models, the ACI minimum limit was used in
conjunction with model’s expression, exactly as was done to detérmine the statistics
given in Figure 4.31. Including this limit in the evaluation is r,idt a true representation of
the model alone, but the nature of the database used to perforfn the evaluation was such
that a minimum value was needed for these models to provide meaningful scatter plot
statistics. If any of these models are determined to be the most appropriate model, the.

appropriateness of this minimum will be re-evaluated before final conclusions are made.

As éxpecfed, each model had zero columns in quadrant 2 and most had fewer columns in
quadrant 3, the most significant change belonging to SR02 which had 4 columns in
quadrant 3.  Further discussion of the scatter plots will be given where relevant in the

presentation and justification of the final recommendations (Chapter 5).
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Figure 4.32 CSA scatter plot (circular columns)
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The distribution of data points into the four quadrants for all the models shown below in

Table 4.9.

Table 4.9 Quadrant data distribution for all models circular scatter plots

Model Ql Q2 Q3 o4
CSA 43 0 5 2
PP92 26 0 22 2
SR02 44 0 4 2
BBMO5 39 0. 9 2
SKBS 39 0 9 2
wzPLP 28 0 20 2
NZS 38 0 0 2

a

- The A, B and C statistics for each modei including the previously given ACI values are
displayed in Figure 4.39. As shown in the figure, only the ACI model does not have an A
value of 0%. The highest B value (33.3%), and hence the largest C value (33.3%)
belonged to SR02. CSA had the nekt best C value at 28.6%, followed by BBMO0S and
SKBS with 18.2%. |
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Figure 4.39 Circular scatter plot statistics bar graph

4.2.2 Fragility curve evaluation

4.2.2.1 Evaluation Procedure

The procedure for the circular fragility curve evaluation is identical to that for the
rectangular evaluation. The curves are extended to a drift ratio of 15% as drifts of this

magnitude were recorded in the database.

4.2.2.2 Assessment of ACI 318-05 21.4.4.1

Figure 4.40 and Figure 4.41 show the circular column A and B fragility curves for ACI
along with the data which was used to generate the distributions. The circular column C

circular statistic fragility curve for ACI is shown below in Figure 4.42.

As the figures show, the limited amount of data results in a lognormal CDF which does

not fit the data as well as was seen for the rectangular columns (see Figure 4.14).
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However, reading the curves at a drift ratio of 2.5% produces values very.close to the A,

B and C statistics given above.
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Figure 4.40 Circular A fragility curve for ACI
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Figure 4.41 Circular B fragility curve for ACI
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Figure 4.42 Circular C fragility curve for ACI
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4.2.2.3 Assessment of Codes and Proposed Models

As was done for the scatter plot evaluation, the ACI minimum equation is applied here to
the remaining models for direct comparison with ACI. A fragility curve evaluation of

each model without the minimum will follow.

Figure 4.43, Figure 4.44 and Figure 4.45 show the A, B and C statistic fragility curves for
ACI and all other models where the ACI minimum is applied to all models. As was stated
earlier, the fragility curves are shown here up to very high drifts only to be able to include
all the data. Again, the SK97, BS98, WZP94 and LP04 models have been removed in
favor of the combined models SKBS and WZPLP.

The figures again confirm the conclusions reached in the initial scatter plot evaluation.

For all three figures, the ACI model resulted in the least desirable curve. Again the
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Figure 4.43 Circular A fragility curve all models (with ACI minimum)

101




Confinement Model Evaluations

0.9

0.8+

0.7

0.6

0.4

0.3+

0.2

0.1+

Drift Ratio
Figure 4.44 Circular B fragility curve all models (with ACI minimum)

0.6

0.5+

0.4

T

0.3

0.2

0.1

Drift Ratio

Figure 4.45 Circular C fragility curve all models (with ACI minimum)
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" inclusion of the ACI minimum had a significant effect on the performance of the models
~ particularly at low drift ratios. The inclusion of the ACI minimum resulted in the CSA
and BBMO5 models derrionstrating the exact same performance and their. curves in all
thrée figures lie on top of each other. Despite this fact and limitations of the database, the
curves clearly indicate that the ACI model provides the least desirable performance and-
that a replacement model is warranted. To determine which model should act as the
suggested replacement, a fragility curve evaluation of the models without the ACI

minimum is needed.

Figure 4.46 shows the circular column A fragility curve for all the models including ACL
Likewise, Figure 4.47 shows the circular column B fragility curve for all ;[he models and
Figure 4.48 shows the circular column C fragility curve for all the models. The ACI
minimum is not applied to vany other model. Also, the current minimum of the CSA code
given in Equation 2.14 (CSA Equation 10-7) is not included in the evaluation. This again
is becausé this minimum does not form part of the PLO5 model being evaluated. ' Again,
the SK97, BS98, WZP94 and LP04 models have been removed in favor of the
combination models SKBS and WZPLP. The individual A, B and C statistic fragility

curves for each model are presented in Appendix C.

As expected, the ’curvés in Figure 4.46 show essentially no difference in the A values at a
drift ratio of 2.5%. This matches perfectly with the results of the scatter piot evaluation.
While the individual behavior of the models is distinguishable at higher drift ratios,
significant variation does not become apparent until drift ratios of approximately 4% are

reachéd.

With no significant differences in the models at lower drift levels with regard.to the A
statistic fragility curve, the B statistic fragility curves becomes even more significant. As
expeéted, the curve with the highest B {/alue in Figure 4.47 at a drift ratio of 2.5% is
SR02 followed by BBMOS5 and CSA. These results are again in agreement with those

from the scatter plot evaluation. However, as is clearly shown in the figure, CSA and

i
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BBMO05 become the highest curves, by a significant margin, at drifts beyond 3.0%. The

ACI model provides the lowest B values for drift ratios up to approximately 9%

The SR02 C value, shown in Figure 4.48, is the highest at a drift ratio of 2.5%, however,
as witnessed in the B statistic fragility curve, CSA and BBMO5 become the best
performing model at drifts higher than 2.5%. The ACI model provides the lowest C
values at drift ratios below approximately 8%, which could be considered beyond the

range of meaningful drifts.
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Figure 4.46 Circular A fragility curve for all models
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4.2.2.4 Special Considerations for SR02

- As was ddne in section 4.1.2.4, special consideration is given to the SR02 model due to-

- the fact. that the drift ratio is a direct input into the expressvion used to calculate the
conﬁnem'ent requirement. Figure_4.49 shows a comparison of the A, B and C statistic
curves generated using the appfoprjate drift ratios with those generated using a drift ratio -
of 2.5%. The figure suggests that for the circular column database used in this study,
using a consistent drift ratio of 2.5% under-predicts the performance of the SR02 model '
at drifts greater that 2.25% and over-predicts thé performance at drifts less than 2.25%.
The conclusion is that the perforr;lance of the SRO2 model is slightly better than shown in

Figure 4.48.
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Figure 4.49 Circular SR02 fragility curve comparison
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4.2.3 Spacing (Spiral Pitch) of Transverse Reinforcerhent
. ~ S
4.2.3.1 Assessment of ACI 21.4.4.2

As expiained in Section 2.1.1, the spacing requirements for circular columns are the same
as those provided for rectangular columns and are given in Equations 2.10 and 2.11. The

exception that the third limit (Equation 2.12) does not apply to circular columns.

The scatter plot for the one quarter minimum dimension spacing limit is shown below in
Figure 4.50. The figure shows every column in the database, 1nclud1ng two columns

which have drifts below 2.5%, meets the spacing requlrement
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Figure 4.50 Circular scatter plot for one quarter minimum dimension spacing limit

The confinement area requirements of ACI 318 are rearranged and expressed as a spacing

requirement (i.e. for a known area and arrangement of transverse bars).
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This spacing requirement was then compared to the two spaéing limits giving in
Equations 2.10 and 2.11, to determine which governed. Table 4.10 shows how often each
confinement requirement governs the spacing of transverse reinforcement for the 50

circular columns used in this study.

Table 4.10 ACI 318-05 Governing spacing of circular transverse reinforcement

Spacing limit # columns governed

Eq 2.10 | 1
Eq211 1
Eq4.13 48

As was the case for the rectangular columns, the area requirement predominantly governs
the spacing of the confining steel. This result is not surprising when considering that the
ACI model was found to be the most overconservative in the scatter plot and fragility

curve evaluations.

All of the 29 columns which satisfy the area requirements of ACI 318-05 section 21.4.4.1
also satisfy the spacing requirement of section 21.4.4.2. This statistic further indicates the

conservative nature of the ACI confining steel area requirement for circular columns.

4.2.3.2 Assessment of CSA and NZS ~
The area requirement for the CSA and NZS models were rearranged and expressed as a

spacing limit as follows:
sz__iﬂ%ﬁ__ | - - | L (414)
0.4k, ~—h,

yh
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‘- 44, ' - (4.15)
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The results of the evaluation of the spacing limits for CSA and NZS are displayed below
in Table 4.11. The table shows a similar number of instances in which the spacing is

governed by the area requirement.

All of the 43 columns which satisfy the area requirement of CSA, and all of the 38 which

satisfy the area requirement of NZS, also satisfied the spacing requirements.

The results shown in Table 4.10 and Table 4.11 show the potentially extraneous nature of
the one quarter diameter spacing limit when used in conjunction with the area
requirement for confining steel in circular columns. This issue is further discussed in the

final recommendations (Chapter 5).

Table 4.11 Governance breakdown for spacing of transverse reinforcement for

CSA A23.3-04 and NZS 3101:2006

Spacing limit # columns govemed CSA # columns governed NZS

Eq2.10/4.11 T | 3
TEq2.11/412 0o 0
Eq4.14/4.15 | 49 4

4.2.4 Maximum Recorded Drifts

As was done in the rectangular column analys1s the maximum recorded dI‘lftS were also
analyzed. The effects of this adjustment were noticeable for the rectangular columns as
many of them experienced drifts well beyond that recorded at 20% loss in lateral strength.
For the circular column database this is not the case..In fact, the average increase between
the two displacements for circular columns was a mere 9.1% versus 32.0% for the
rectangular columns. The two columns in the original analysis which had drift ratios

below 2.5% achieved highef drifts, but both still remained below 2.5%. Therefore, the
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scatter plot evaluation produced the same statistical values for A, B and C as those
obtained with drifts measured at 20% loss in strength,.and the there was consequently no

distinguishable difference in the fragility curves for the two analyses.

For some tésts, the maximum recorded drift ratios where close to those measured at 20%
loss in strength. This is simply because most tests-are stopped shortly after this stage and
does not sﬁggest that circular columns have less reserve drift capacity than rectangular
columns. The conclusion therefore is that the performance results of the models remains
essentially unchanged for the analysis using the maximum recorded drifts for the circular
columns, and the formulation of a final conclusion can be based on the results found n
the analysis using drifts at 20% loss of lateral strength. The drifts at 20% loss in

strengths as well as the maximum recorded drifts can be found in Appendix A.
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5 SELECTION OF CONFINEMENT MODEL

5.1 Selection Procedure

The previous chapter presented the results of the performance evaluations for each model
* considered in this study. The results clearly indicated that the ACI criteria for confining
steel in reinforced concrete columns should Be improved. The follQWinqg is a descr‘iption
of the procedure used to select the most apbropriate confinement model for both
rectangular and circular columns. The procedure uses the evaluation results presented in

Chapter 4 to select (and eliminate) models based on their performance.

5.1.1  Objective
In the introduction, it was stated that the aim of this project is to evaluate the current
fequirements of ACI 318-05, and present a final fecommendation_for the design of
confinement steel for both the rectanguiér and circular reinforced concrete columns. Part
of the e\}aluation included cohsidering the form of the requiremenfs expressed in Chapter
21 of ACI318-05. The area of confining steel is stated iﬁ section 21.4.4.1, while the
spacing réquirements are given in section'21.4.4.2.. The latter contains the two spacing
limits which are confinement requirements and also the spacing limit which is intended to"
profect against longitudinal bar buckling. The recommendations given here are ‘derived
with the intent of presenting a requirement for both rectangular and circular columns

which takes the following form:

1) Minimum confinement level (expressed as either a minimum area / density limit or
“a maximum spacing limit)
i1) Appropriate varying confinement levels (area / density or spacing

requirements above the minimum value)

The minimum confinement level is intended to be a baseline for confinement for all’
columns. The need for a minimum level of confinement arises from a historical design

practice that a minimum level be maintained for all columns, similar to Equations 21-2
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and 21-4 in ACI318-05. The form of the minimum level will depend on the nature of the
preferred model and therefore can be determined once the model has been selected. For
confinement above the minimum level, the preférred model should consider all the
variables whicfl impact the performance of the columns and require confinement levels
that are appropriate to achieve. acceptable levels of drift. | |
5.1.2 Scatter Plot Evaluation

The data preserfted in the scatter plot '.evaluation is useful to understand how the
performance of each model compares to the'ACI. model. 'Idéntifying data points with
lightly shaded squares and dark Shaded diamonds based on their location on the ACI
scatter plot, allows for tracking the movement of data points on subsequent scatter plots.
As was discussed in Chapter 4, the ideal model would have zero déta points in quadrant 2
and the number of déta points in quadrant 3 should be limited to an appropriéte 1eve1 of
~ conservatism. The ACI rectangular model has 9 data points in quadrant 2 and 92 in
quadrant 3, the ACI circular model has 1 data point in quadrant 2 and 20 in quadrant 3
(Ta'blé 4.3 and Table 4.9). Therefore, the scatter plot of a model which demonstrates an
improved performance will display a movement of these data points from quadrant 2 to
quadrant 4, and from quadrant 3 to quadrant 1. Figure 5.1 illustrates an example of this
movement of for a few select data points. Figure 5.1(a) shows the location of the data
points on the ACI scatter plot and the desired movement of the data in quadrants 2 and 3
Figure 5.1(b) shows the location of the data on the CSA scatter plot showing the
improved performance. The figure also demonstrates a desired trend for improved
models, one in which data ‘poir'lts are aligned in a matter that derﬁonstrates a
proportionally increased drift vwith increased confinement (i.e. along the diagonally
dashed line). This relatibn_ship is particularly meaningful at lower confinement levels; as
the confinement approaches the model requirement, the drift should approach the
- performance tafget. As seen in Figure 4.2, this is not the casé for the ACI model where

test columns with only slightly less confinement than required had failure drift ratios well

below the 2.5% target.
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Figure 5.1 Desired movement of data points

To further illustrate this desired model improvement, two specific columns taken from
the rectangular column database aré shown below. The two tests have a similar
tfansverse reinforcement ratios and the major difference between the two column tests is.
the level of axial load. Column 15 was subjected to an axial load fatio of P/Py = 0.7 and
had a measured drift ratio of 1.2% at 20% loss in lateral strength. Column 106 was
subjected to an axial load ratio of just P/Py = 0.15 and had a measured drift ratio of 9.0.
Figure.5.2 shows that for the two columns, the CSA model which includes axial load in

‘the design expression demonstrates more appropriate confinement levels.

The evaluation of the data movement and the values presented'in Table 4.3 and Table 4.9

will be used to eliminate models which are not a significant improvement over the ACI

model.
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Figure 5.2 Location of specific column examples for ACI and CSA scatter plot

- Table 5.1 Details for rectangﬁlar columns 15 and 106

Gross .
Database f'c Area p p Drift
. iong area :
No. Specimen Name (MPa) P/Ach L(mm) (A (%) (%) Rf)ltlo
_ 2 ()
(mm’)
15 -Watson and Park 1989, ‘
No. 7 42 0.7 1600 160000 1.51  1.30173 1.17
106 Saatcioglu and Ozcebe . : ‘
1989, U4 ) 32 0.15 1000 122500  3.21 . 1.0908 8.99

15.1.3 Fragility Curve Evaluation '
‘The fragility curves presented in Chapter 4 wil.l be compared for the mbdels which were

~ not eliminated in the scatter plot evaluation. The fragility curves will be examined within
tﬁe range of meaningful drifts. As discussed in Chapter 4, the curves provide probability
data up to the maximum drift ratio observed in the database (i.e. a drift ratio of 10% for |

rectangular columns and 15% for circular columns). However, it is highly unlikely that a
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target drift ratio for a building, particularly in new construction, would exceed 3% to 4%,

therefore data beyond these drifts is not meaningful.

The fragility curves can then be used to select the models which demonstrate the best
overall performance. If the level of safety provided by the model wé's the only matter of
interest, the A fragility curve would be the appropriate curve to examine. However, the
interest of this study is to identify which model provides the optimum level of safety
without significant overconseﬁatism. Therefore, all three fragility curves will be
addressed in the evaluation. It should be noted that the models which do no offer an
- improved level of safety will be removed from the list of potehtiél replacemen;c models

during the scatter plot evaluation.

5.1.4 Comparison of Expresswns

The form of the expressions given in Chapter 2 will be evaluated again after the scatter
_plot and fragility curve evaluations are complete. To be considered an approprlate
replacement model, the form of the expfession should contain variables that practfcing
engineers are familiar with, and should appear as transpérent as possible. Any model
which is drastically different than current design practice will be removed from the list of
potential replacement models unless that model displays exceptlonal performance and its

removal can not be Just1ﬁed

5.1.5 ‘Model Requirements _

A typlcal example column, for both rectangular and circular cross-sections, will be used
to evaluate how the requirements of the final models compare with the current
requirements in ACL. The example columns are taken from the typical column details

\

“provided in section 3.4 and Appendix D. -

The confining steel area, or volumetric density, requirement by each model for . the
example columns can be shown throughout the range of axial load ratios. A similar figure

will be generated to show the spacing requirements which result from the form of each
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model. This figure will give more insight to how the models compare with the spacing

Timits of ACL.

5.2 Rectangular Columns

5.2.1 -_Scatter Plot Evaluation

A review of the scatter plots presented in Section 4.1.1.3, the statistics shown in Figure
4.13 and the data preséntc;d in Table 4.3 show that the ACI model exhibited the poorest
performance of all the models in this investigation. Table 4.3 also shows the movement
of data points for the rectangular column models. The results indicate that the WSS99 and
SR02 models had more data points in quadrant 2 than the ACI model, and SKBS had
more data points in quadrant 3 than the ACI model. For these three models, the change in
number of dafa'points in the quadrants is not large, but the desired movement of data
points as presented in Figure 5.1 is not demonstrated. While tﬁe number of .data points in
quadrant 1 for both the WSS99 and SR02 models increased, the presence of a larger
number of ‘unsafe’ columns renders these models undesirable. For SKBS, the greater
number of déta points in quadrant 3 combined with fewer data points in quadfant 2
suggests that the model simply requires a greater amount of confinement reinforcement
for virtually all columns and is not strongly correlated to the drift pérforrnance of the
columns. While this greater requirement does significantly reduce the instances of

‘unsafe’ columns, it restricts the desired movement of data points at higher drifts.

Based on the discussion above, the WSSQ9, SR02 and SKBS models are removed from
the list of suitable replacements for the ACI model. The scatter plots for the remaining
models (CSA, PP92, BBMO0S5, WZPLP and NZS) suggest that as the amount of
confinement approaches the requirement of the model, the drift capacity approaches the

performance target, a trend not observed in the models removed here.
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5.1.6 Fragility Curve Evaluation

The A, B and C fragility curves for the CSA, PP92, BBMO0S, WZPLP and NZS models
are shown again in Figure 5.3 through Figure 5.5 for the meaningful range of drift ratios
discussed earlier. The figures show that at drift ratios below 1.0% there is no real
significant difference in the performance of the models, however, at drifts greater than
1.0%, the CSA, PP92 and BBM05 models clearly exhibit superior statistics. The curves
demonstrate that over the practical range of drift ratios, these three models best capture
the desired overall performance which included both a suitable level of conservatism and
safety. Figure 5.4 further suggests that the BBM05 model performs best at drift ratios
below 2.2%, while the CSA model performs the best at higher drift ratios; although the

difference between the models is not statistically significant.
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These results clearly identify WZPLP and NZS as being_ the least desirable of the
remaining models, and the conclusion therefore is to- eliminate them from the list of

suitable alternatives for the ACI model.

517 Comparison of Expressions .

- The form of .the_expression for each model is an important consideration in addition to its
statistical performance. The expressions for the conﬁnementfrequirements of each model
were presented in Chapter 2. Review of the expressions for ACI, CSA, PP92 and BBMO5
indicates a similarity amongst the models with the exception of BBMO05. If BBMO05 were |
adopted as a replacement for ACIL, the form of the expression would be a drastic
departure from its current form. Perhaps more importantly, the form of the BBMOS is
much less intuitive and its derivation is hidden. Such a departure from the current form of
~ the expression would undoubtedly be warranted- if .the lderforinance of the model was

Vastly superior to all other models. However, as has been shown above, this is not the
- case. For this reason, the BBM05 model is removed from the list of potential replacement

models. _

5.1.8 = Requirements of Models

- The details of a typical rectangular column were used to examine the area requirements
of the remaining models, CSA and PP92. - Figure 5.6 shows the area of confining steel
(Agh) required ior the example column for the CSA and PP92 models. For reference, the
ACI model requirements are included in the ﬁgure. The aiea of confining steel is
hormalized to represent, as closely as possible, the trend that can be expeeted for columns
with various material and geometrie properties. The figure shows that the area

,. requirement increases linearly with respect to axial load for the CSA and PP92 models,
while ACI is independent of axial load. The figure shows that the two have similar

requirements with a small difference in slopes and .all three models require the same

amount of confining steel at an axial load ratio of approximately 0.3. Above an axial
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load ratio of 0.3, CSA and PP92 require more transverse reinforcement, while below this

limit, CSA and PP92 require less transverse reinforcement.

Figure 5.7 shows the confinement spacing requirements for the typical column resulting
from the requirements of the CSA and PP92 models. Again the spacing requirement is
normalized to represent the trend that can be expected for columns with various material
and geometric properties. The figure shows that unlike the area requirement, the spacing
limit imposed by the CSA and PP92 models is not linear. The required maximum spacing
increases dramatically as the axial load ratio approaches zero. This suggests that a
minimum level of confinement will have to be applied in connection with the requirement

imposed by either CSA or PP92.
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Figure 5.6 Confinement area requirements for range of axial load ratios
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5.1.9 Conclusion and Recommendation

The curves shown above in Figure 5.6 and Figure 5.7 show comparable requirements for
the CSA and PP92 models. Figure 5.3 showed that the CSA model out performed PP92
in the statistical analysis. Comparing the form of the CSA and PP92 models presented in
Chapter 2 shows that the two are expressions are very similar. Both share the common
term (Ag/Acn)(fe"/fyn) and both have a term which includes a linear variation with axial
load. The main difference between the two expressions is that the CSA model includes
the longitudinal reinforcement configuration and the PP92 model does not. Recall from
Figure 1.3 the degree of confinement provided by an arrangement of transverse steel is

dependant on the spacing of laterally supported vertical bars.

Considering both the statistically better performance and the more favourable form of the

expression for the CSA model compared to the PP92 model, the final conclusion for the

preferred model for rectangular concrete columns is the CSA model.
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To pre‘sent the final recommendation in the format discussed in section 5.1.1, the
minimum and maximum confinement levels must also be addressed. The minimum
confinement level is currently expresséd in the ACI code by Equation 21-4, and by the
spacing limits of section 21.4.4.2. The form thé CSA expression dictates thaf as the leveli .
of axial load approaches zero, the area requirement approaches zero. Therefore, an
alterhative means of specifying a minimum level of confinement would be to introduce a
minimum level of axial load that can be inserted into the CSA confinement expression.
This technique is adopted by the SR02 model which suggests a limit of P/Po = 0.2. To
evaluate the suitability‘of this limit the axial load ratio, P/Py, was determined for each
column in the database which produces an area requirement equal to tﬁat required by the
current ACI minimum confinement expression. The values ranged from 0.07 to 0.32 and
had a mean value of 0.21. This is in agreement with the curves shown'in Figure 5.6
where the CSA curve and the curve for the ACI minimum equation intersect at a P/Pg |
ratio slightly greater than 0.2. The results of this evaluation suggest that limiting the
minimum P/Py value to 0.2 will provide a‘-minimum level of confinement similar to that

which is achieved by the current expréssion in ACI 318.

The data presented in section 4.1.3 suggesfed that the current area and spacing limits of
ACI exhibited similar statistics when investigated individually.. However, a closer look at
the data shown in Figure 4.22 shows that the spabing limit impacts a number of columns
wi.th high axial loads. This suggests that when applied together, the two requirements
provide an improved perforrhance. Therefore, for an added level of safety and
| coﬁsistency with historical designs, the one-quarter of the minimum dimension spacing |
limit can be included in the minimum confinement level. The ‘spacing limit of 4 to 6
inches given by Equation 2.12 (ACI Equation 21-5) is also included as there is no basis

for its removal.

There is currently no maximum confinement level expressed in the ACI code. It is
suggested that it should be noted in the commentary to the code that axial loads should be '

kept below a value that would result in unrealistically small transverse steel spacing.
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This allows the engineer to use his or her judgement and leaves room for innovative

designs.

The final recommendation for the design requirements for confinement steel in
" rectangular reinforced concrete columns is expressed as follows:

/

The total cross-sectional area of rectangular hoop reinforcement shall not be less than:

. A '
ASh = 0.2knk —g—--fL
s b i

c“e ch yh

where (a)'1'<p =P/Py
(b) kn = n1/(n1-2)
(c) kp shall not be taken as less than 0.2
(d) s shall not exceed 6d ,one quarter of the minimum member dimension or sy

defined as:

‘s( $4+(14—h")
; ) 3»

where sx shall not exceed 6 inches and need not be taken less than 4 inches and

h, is the maximum horizontal spacing of hoop or crosstie legs on all faces of

‘the column. -

5.3 Circular Columns

In section 4.2 the performance of the models was evaluated for circular columns. From .
the statistical ahalysis, the ACI model deterrriined_to be the worst performer making a
" new eq_uatioﬁ desirable. The circular _.(_:olumn database contains few .column tests With
“high axial load and consequentially haé few columns with low total drifts at 20% loss in
latéral strength. A new equation is proposed here with the suggestion that. more testing of
high axially loaded circular columns is needed to further confirm the suifability of

proposed model.
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5.3.1 Scatter plot Evaluation -

As stated in Chapter 4, the ACI model was the only model to have a data point in
quadrant 2. The evaluation of the scatter plots then becomes an evaluation of the data
with drift capacities higher than 2.5%. Only the PP92 and WZPLP models did not
v demonstrate an improvement over the ACI model. with respect to these data points (i.e.,
the movement of the data points from quadrant 3 to quadrant 1 is not seen for these
models). This conclusion is illustréted in Figure 4-34 which shows that these two models

“resulted with the worst overall behaviour as seen by their lower C statistic values.

Therefore, via the evaluation of the scatter plots, the PP92 and WZPLP models are

removed from the list of suitable alternatives for the ACI model.

5.3.2 Fragility Curve Evaluation

The C statistic fragility curves for the CSA, SR02, BBMOS, SKBS and NZS models are
shown again in Figure 5.8 for the meaningful range of drift ratios discussed earlier. The
figure shows a significant différence in the performance of the models thfoughout the
range of drift ratios, and that different models perform bettef within certain ranges,
making it difficult to eliminate models using these\ curves. However, the NZS model is
consistently below the other four models throughout the drift range of interest. Therefore
this'model can justifiably be removed from the list of suitable alternatives for the ACI

mddel.

5.3.3 Comparison of Expressions

" A review of the expressions for the CSA, BBMO05, SR02 and SKBS models shows a
relative similarity amongst the models with the exception of BBMOS, similar to the
evaluation of rectangular column confinement models. If BBM05 were adopted as a

réplacement for ACL the form of the expression would again be a drastic departure from
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its current form. Once again, the form of the BBMO0S5 is much less intuitive and its
derivation is hidden. Figure 5.8 shows that the BBMO0S5 model is not the preeminent
model for any target drift ratio, and removing it will not impact the final decision.

Therefore, the BBMO05 model is removed from the list of potential replacement models.
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5.3.4 Requirements of Models
A typical circular column was used to examine the volume density requirements of the

remaining models. Figure 5.12 shows the confining steel volumetric density required for
the example column for the CSA, SR02, and SKBS models. For reference, the ACI
model requirements are included in the figure. The density requirement is normalized to
represent the trend that can be éxpe.cted for columns with various material and geometric
- properties. The figure shows that the density requirement increases linearly for the CSA
and SR0O2 models, and exponenfially for the SKBS model. The figure shows that the
SKBS model requires only slightly less confinement steel than-ACI at low axial load
fatios, and has an almost constant value, at axial load ratios below 0.3. However, the
SKB.S curve requires significantly more confining steel than the other models at higher
axial load ratios. At axial load ratios above 0.6 the model requires an amount of
confinement that is several times that required by the other models, suggesting that the

model becomes unrealistic at-these high axial load ratios.

Figure 5.6 further indicates that the SR02 requirement falls below the other two models
throughout the range of axial load rafios.’ The only‘ exception is for axial load ratios
below 0.1 where the CSA model becomes the lowest (although miﬁimum limits for thé
CSA requirements are not included in this figure). This demonstrates that the SR02
requirement i‘s less demanding than thé other two which explains why the SRO2 model
had the largest number of data points move from quadrant 3 to qﬁadrant' 1. VT'his less
demanding requirement proved to be statistically detrimental for the SR02 model in the
‘rectangular column analysis as it also resulted in a number of columns moving from
quadrant 4 into quadrant 2, the opposite of the desired movement. Given that the circular
column database had so few columns with low drifts, the effect was not seen here. More
tests of circular columns with high axial load are needed to ensure that data movement
seen in the rectangular column evaluation does not repeat itself for circular columns. In
Chapter 3 ‘it was noted that the drifts achieved by coluﬁms with lower éxial loads was
typically higher for circular columns than for fec‘tangﬁlar columns. This could possibly
sﬁggest that circular columns in general display better ductility that rectangular columns,

~ or it could simply suggest that more testing is needed to observe the behaviour of circular
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columns at higher levels of axial load. Taking this conclusion into consideration and
based on the available database, the SR02 model remains a potential replacement model

for ACIL.

Figure 5.10 showed that for higher 'drift ratios, where more data are available, the
performance of the SR02 model dfops below the CSA model. However, in section 4.2.2.4
it was noted that the performance of the SR02 model was underestimated at these higher
drift ratios using é constant input variable drift ratio of 2.5%. For the purposes of a design
equation, the performance input variable would not appear as a value for, the engineer to
select, rather it would be provided in the code expression. Therefore, it is recommended
that the drift ratio input variable for SR02 should be 3.0% to increase the level of safety
provided by the model. Figure 5.11 shows a scatter plot for SR02 using an input drift
ratio of both 2.5% and 3%. The performance of the SR02 model is Very similar for the
two levels input-of drift ratios. With an input drift ratio of 3%, the number of data points
in quadrant 3 increases from four to seven. The two data points with measured drift

ratios also moved further left on the figure. The
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Figure 5.11 SR02 scatter plot drift ratio comparison
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figure indicates that implementing an input drift ratio of 3% improves the models

conservatism without substantially increasing its overconservatism.

Figure 5.13 shows the confinement spacing requirements for the circular example
column. Again the spacing requirement is normalized to represent the trend that can be
expected for columns with various material and geometric properties. The figure shows
that the spacing requirement increases dramatically as the axial load ratio approaches
zero for the CSA and SR02 models. The limiting value for P/Py of 0.2 for the SR02
model shows how the limit provides a minimum level of confinement. This confirms the
previous suggestion that a minimum level of confinement will have to be applied in
connection with the area requirement imposed by a model such as CSA or SR02 which
varies linearly with axial load. As expected, the SKBS curve shows a much different
spacing requirement than the other two models. The curve shows very little change in the

spacing requirement at lower axial load ratios suggesting that this model may be more
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Figure 5.13 Confinement spacing requirements for range of axial load ratios
conservative that the others in this range. This is confirmed by observing that statistics

presented in Figure 4.39.

The requirements for the SKBS model shown in Figure 5.12 and Figure 5.13 are less
desirable than the CSA and SR02 models. Given that the statistical performance of the
SKBS model is not better than the other two models it is removed from the list of

potential replacement models.

5.3.5 Conclusion and Recommendation
Comparing the form of the CSA and SR02 models and presented in Chapter 2 shows that

significant differences are apparent between the two expressions. The ratio of Ag/A 1s
not considered by CSA in the expression for the volumetric density, instead it is included
in the expression for the minimum confinement level (Equation 2.14). The SR02 and
CSA models do however become identical for an A,/Ag, ratio equal to approximately 1.6.

The SR02 model also imposes a minimum value for Ag/Aq of 1.3. The ratio of gross
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/

column area to confined core area has been shown to influence the drift capacity of
reinforced '.concrete columns. For this reason, including the area ratio in the primary
_expression for confinement is more logical than having it only in the expression for the
~ minimum level. The conclusion therefore is to select the SR02 model with an input drift

ratio of 3.0%. .

For circular reinforced concrete columns the minimum confinement level is currently
expressed in the ACI code by Equation 21-2, and by the spacing limits of ACI 318-05
section 21.4.4.2. To be consistent with the recommendations for the rectangular columns,
“imposing a minimum level of axial load provides a meaningful~minimurn level of
confinement. A limit of P/Py of 0.2 was suggested in the rectangular column
recommendation as this limit resulted in a similar‘ minimum level of confinement to the
current ACI code. Figure 5.12 shows that the curve for SRO2 and the curve for the ACI
© minimum conﬁnement intersect at a P/Py ratio near 0.6. Solvmg for the P/Po ratio which
requires a transverse steel ratio equal to the ACI minimum level for the columns i in the
circular column database confirms this relatlonshlp as the mean value for the axial load
ratio was 0.66. Imposing a limit of this magnitude would be inepprOpriate. Until further
test results can be used to suggest a more suitable ﬁmit, it is recommended that the
rninimnm confinement level be achieved threugh limiting the P/Py ratio to a minimum

level of 0.2 as suggested by Saatcioglu and Razvi (2002). -

Section 4.2.3 showed that for circular columns, the density requirement was the
governing requirement for all but two eelumns; and that all the columns in the circnfar_
column database satisfied ‘the‘ one querter dimension limit. These results could suggest
that the spacing limit is inconsequentiél. However, the lack of test specimens with low
levels of drift and the limited number of full-scale tests makes it difficult to make this .
“conclusion with confidence. Therefore, is it recommended that this spacing limit remain

in the code until further evidence can support its removal.

Again it is suggested that the comm'entary to the code should state that axial loads should -

be kept below a value that would result in unrealistically small transverse steel spacing.
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Therefore, the final recommendation for the design requirements for confinement steel in

~ circular reinforced concrete columns is expressed as follows:

The volumetric ratio of spiral or circular hoop reinforcement shall not be less than:

' [4
p, =084k, L {—g——l]

yh ch

where (a) p, =iA—b—
8.k
(b) ky=P/Py "

(c) kp shall not be taken as'less that 0.2 | .
(d) Ag/Ach shall not be taken as less than 1.3

“(e) s, shall not exceed 6d;, or one quarter of the minimum member dimension

5.4 Final Recommendations vs. ACI

5.4.1 Comparison figure - }
~ The figure below gives a comparison of the final area requirements of the

recommendations with the current area requirements in ACI 318-05. No suggested
changes to the spacing réquireménts were proposed. The figure shows a comparison for
both the fectahgular and circular typical columns used for Figure 5.6 and Figure 5.12.
The figure demonstrates how the confinement steel requirement of the recomfnended |

model compares with the current ACI requirement over a range of axial load level.
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6 SUMMARY AND CONCLUSIONS

- 6.1 . Summary

This ‘study investigated the ACI 318-05 confining steel requirements for reinforced
concrete coiumns. These requirements were compared to the current Canadian and New
- Zealand codes and propoée_d models found in the literatu_ré to determine their suitability
as a performance based design equation for impleriientation in Chapter 21 of ACI 3 18. A
total of 13 model for rectangular columns and 12 for circular columns were evaluated.
This was done by addressing both the area requirements of section 21.4.4.1 and the
spacing requirements of section 21.4.4.2. Research has shown that factors such as axial
load level and amount and configuration of confinement steel impact the performance of
~columns when subjected to seismic loading. :Fhe aim of this investigation was to
determine if and how these factois should be incorporated into the requirements of ACI
- 318 and to Iiropose a model which would ensure that a column will not experience lateral

strength degradation before reaching the prescribed lateral drift limit.

The investigation was performed through evaluation of columns found in the UW/PEER
Structural Performance Database. The condensed database used in this investigation
consisted solely of columns which exhibited flexural failure and contained 145

rectangular and 50 circular columns.

Two evaluation techniqvues Were used to evaluate each confinement model. First, a scatter
plot was used to compare the confining requirements of each model with the lateral drift
observed for each column within the database. A drift ratio of 2.5% was selected as the
performance target for the evaluation. The scatter plot evaluation distinguished columns
in the database into those which met/failed the requirements of a given model, and those
which met/failed the performance target. From this, two key column classifications were
identified, those which satisfied the requirements of the model but failed the peiformance

target (‘unconservative’) and those which failed the requirements of the model but
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satisfied the performance target (‘conservative’). For each model, the percentage of
columns falling into'these classifications was calculated and compared, and the results

were used to determine which models should be investigated further.

Three fragility curves were generated for each model to evaluate their performance across
a range of drift ratios as apposed to just 2.5%. The first curve provided the probability of
a column being classified as ‘unconservative’ as a function of the drift ratio, the second
curve provided the probability of a column being classified as ‘conservative’ as a
function of drift ratio. The third ;iurve w.as a éombination'of the first two and prbvided'
insight as to the overall performance of the model. These fragility curves were used to

determine which models were most suitable for a performance based design equation in

chapter 21 of ACI 318.

Also taken into cor;sideration in the evaluation of the models was the form of each.
expressi'on and the confinement requirements of each relative to the current ACI 318. |
Models with confinement expressions which were drastically different than the current
form in chapter 21 of ACI were not considered poténtial alternatives unless  their
performance in thevabove evaluation techniques was significant enough to do so. Also,
t.he.requirerhents of each model for columns with various axial load levels were compared
to the current requirements of ACL. Models which required drastically more or less steel
than the 2005 version of ACI 318 were less favourable - than those which required smaller

changes in ¢onfining steel, but displayed similar statistical behaviour. -

For both the rectangular and circular column evaluations, the ACI model was determined |
to be the least desirable of all models investigated. Based on the evaluation techniques
-discussed above, specific rhodels were selected as recommended alternétives to the
current ACI requirement_s. For rectangular columns, the current afea requirement of the
Canadian code (CSA A23.3-2004) was selected as the recommended model. For circular

columns, the model proposed by Saatciolgu and Razvi (2002) was selected as the

recommended model.
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The spacing limit of one quarter cross sectional dimension was also evaluated. The
performance of the limit alone demonstrated no improvement over the ACI area
requirements, but suggested that together, the two requirements may slightly reduce the
instances of ‘unconservative’ columns. While the spacing limits do not often govern the
design of confining steel, it is recommended that the spacing limits of the current ACI

- code remain in place.

6.2 Recommendations

The following is the recommendations of this study:

ACI 318 clauses 21.4.4.1 (a),(b) and (d) as well as clauses 21.4.4.2 (a) and (c) should be

replaced with:

21.4.4.1 Transverse steel for confinement of reinforced concrete columns

The total cross-sectional area of rectangular hoop reinforcement shall not be less

than:.
. A : []
A _qopg A L
Schc Ach fyh
where
kp =P/ Po
= 1’11/ (n1 2)

k shall not be taken as less than 0.2 :
s. shall not exceed 6d, ,one quarter of the mmlmum member dimension or I Sx

defined as:

S, S4+(14_h"j
’ 3

"~ where s, shall not exceed 6 inches and need not be taken less than 4 inches and

h, 1s the maximum horlzontal spacing of hoop or crosstie legs on all faces of

the column.
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21.4.4.2 Columns confined with circular or spiral hoops

. The volumetric ratio of 'spiral or circular hoop reinforcement shall not be less

than:
' A4
P, = O.84kp L{——g——l} '
. 'fyh Ach
where
44b
’ SChC '

k, shall not be taken as less that 0.2
Ay/Ach shall not be taken as less than 1.3
sc shall not exceed 6d), or one quarter of the minimum member dimension

6.3 Recommendations for future}research

The UW/PEER Struétural Perfbrmance Database gives researchers access to significantly
 more test data than would be possiBle in a specific testing experiment. This allows
researchers to undertake projects such as this one where the results from a small number
of individual tests may not provide sufficient data to make recommendations with the
same level of confidence. However, to supplefnent the existing database, further testihg is
required. This was apparent for the cirlcullar column database used in this study where
few columns were tested with high axial load ratios, and consequentially few columns
exhibited flexural failure at low levels of drift. It is recommended that future
investigations of flexural failure in circular columns for building structures be undertaken

_ with appropriate levels of axial load.

1t is stated in the commentary of the 2005 ACI 318 code that the axial load and
- deformation demands required during earthquake loading are not known with sufficient

accuracy to justify calculation of required transverse reinforcement as a function of
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- design earthquake demands. It is the position of this document that the ievel of axial load
on a column during a seismic event need not be known with extreme accuracy for its |
inclusion in the calcuiation for réq'uired transverse reinforcement. However, further
research into the arialytical methods which can be used to predict the earthquake axial

load demands placed on columns will improve the accuracy of those predictions and the

effectiveness of the equations recommended here for implementation into the ACI code.
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Geometry

Dgs(l)).ase Specimen Name f'e (MPa)| P (kN) [ P/Agfec P/P, | B(mm) [ Himm) [ L(mm) | A, (mm?) ((:;‘;;;
7 Soesianawati et al. 1986, No. 1 46.5 744 0.10 0.10 400 400 1600 160000 13.0
8 Soesianawati et al. 1986, No. 2 44 | 2112 0.30 0.30 400 400 1600 160000 13.0
9 Soesianawati et al. 1986, No. 3 44 2112 | . 0.30 0.30 400 400 1600 | - 160000 13.0
10 Soesianawati et al. 1986, No. 4 40 1920 0.30 0.30 400 -400 1600 160000 13.0
13 Watson and Park 1989, No. 5 41 3280 0.50 0.49 400 400 1600 160000 13.0
14 Watson and Park 1989, No. 6 - 40 3200 0.50 0.49 400 400 1600 160000 13.0
15 Watson and Park 1989, No. 7 42 " | 4704 0.70 0.69 400 400 | 1600 160000 13.0
16 Watson and Park 1989, No. 8 39 4368 0.70 0.69 400 400 1600 160000 13.0
17 Watson and Park 1989, No. 9 40 4480 0.70 0.69 400 400 1600 160000 40.0
20 Tanaka and Park 1990, No. 3 25.6 819 0.20 0.18 | 400 400 1600 160000 315
32 Ohno and Nishioka 1984, L3 248 127 0.03 0.03 400 400 1600 160000 12.5
43 Zhou et al. 1987, No. 214-08 21.1 432 0.80 0.67 160 160 320 25600 35.0
48 Kanda et al. 1988, 85STC-1 27.9 183.9 0.11 0.10 250 250 750 62500 35.0
49 Kanda et al. 1988, 85STC-2. 27.9 183.9 0.11 .| 0.10 250 250 750 62500 35.0
50 Kanda et al. 1988, 85STC-3 27.9 183.9 1 0.11 0.10 250 250 750 62500 9.0
56 Muguruma et al. 1989, AL-1 85.7 1371 0.40 0.40 200 200 500 40000 9.0
58 Muguruma et al. 1989, AL-2 85.7 2156 0.63 0.63 200 200 500 40000 23.5
66 Sakai et al. 1990, B1 99.5 2176 0.35 0.38 250 250 500 62500 235
67 Sakai et al. 1990, B2 99.5 2176 0.35 0.38 250 250 500 62500 23.5
68 Sakai et al. 1990, B3 99.5 2176 0.35 0.38 250 250 500 62500 23.5
69 Sakai et al. 1990, B4 99.5 2176 0.35 0.38 250 250 500 62500 - 235
70 Sakai et al. 1990, B5 99.5 2176 0.35 0.38 250 250 500 62500 235
71 Sakai et al. 1990, B6 99.5 2176 0.35 0.38 250 250 500 62500 30.5
72 Sakai et al. 1990, B7 99.5 2176 0.35 0.39 250 250 500 62500 32.0
94 Atalay and Penzien 1975, No. 9 33.3 801 0.26 026 | -305 305 1676 93025 32.0
95 Atalay and Penzien 1975, No. 10 324 801 0.27 0.26 305 305 1676 93025 32.0
96 Atalay and Penzien 1975, No. 11 31 801 0.28 0.27 305 305 1676 93025 32.0
97 Atalay and Penzien 1975, No. 12 31.8 | 801 0.27 0.26 305 305 1676 93025 38.1
102 Azizinamini et al. 1988, NC-2 393 1690 0.21 0.20 457 457 1372 -| 208850 413
103 Azizinamini et al. 1988, NC-4 39.8 2580 0.31 0.30 457 - 457 1372 208850 22.5
104 Saatcioglu and Ozcebe 1989, U1 43.6 0 0.00 0.00 350 350 1000 122500 225
105 Saatcioglu and Ozcebe 1989, U3 34.8 600 0.14 0.12 350 ° 350 1000 122500 22.5
106 Saatcioglu and Ozcebe 1989, U4 32 | 600 0.15 0.12 350 350 1000 122500 26.0
107 Saatcioglu and Ozcebe 1989, U6 37.3 600 0.13 0.11 350 350 1000 122500 26.0
108 Saatciogiu and Ozcebe 1989, U7 39 600 0.13 0.11 350 . 350 1000 122500 30.0
117 Galeota et al. 1996, CA1 80 1000 0.20 022 |- 250 250 1140 62500 30.0
118 Galeota et al. 1996, CA2 80 1500 0.30 0.33 250 250 1140 62500 30.0
119 Galeota et al. 1996, CA3 80 1000 | 0.20 0.22 250 250 1140 62500 30.0
120 80 1500 0.30 0.33 250 250 1140 62500 30.0

Galeota etlal. 1096, CA4
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Geometry

Database Specimen Name fie (MPa)| P (N) | P/Agre | P/P, | Bmm) | Hmm) | Lamm) | A, (mm?) | Cover
No. : & (mm)
126 Galeota et al. 1996, BB1 80 1000 0.20 0.18 250 250 1140 62500 30.0
127 Galeota et al. 1996, BB4 “80 1500 0.30 0.27 250 250 1140 62500 30.0
128 |Galeota et al. 1996, BB4B 80 1500 0.30 0.27 250 250 1140 62500 28.0
133 Wehbe et al. 1998, A1 27.2 615 0.10 0.08 380 610 2335 231800 28.0
134 Wehbe et al. 1998, A2 27.2 1505 0.24 0.20 380 610 2335 231800 25.0
135 Wehbe et al. 1998, B1 28.1 601 0.09 0.08 380 610 2335 231800 25.0
136 Wehbe et al. 1998, B2 28.1 1514 0.23 0.20 380 610 2335 231800 - 13.0
145 Xiao 1998, HC4-8L19-T10-0.1P 76 489 | 0.10 0.09 254 254 508 64516 13.0 .
146 Xiao 1998, HC4-8L19-T10-0.2P 76 979 0.20 0.19 254 254 508 64516 13.0
147 Xiao 1998, HC4-8L16-T10-0.1P 86 534 0.10 0.10 | 254 254 508 64516 13.0
148 Xiao 1998, HC4-8L16-T10-0.2P 86 1068 0.19 0.20 254 254 508 64516 11.3
151 Sugano 1996, UC10H 118 3579 0.60 0.67 225 225 450 50625 11.3
152 Sugano 1996, UC15H 118 3579 0.60 0.67 225 225 450 50625 11.3

© 153 Sugano 1996, UC20H 118 3579 0.60 0.67 225 225 " 450 50625 11.3
154 Sugano 1996, UC15L 118 2089 035 .| 039 225 225 - 450 50625 113 -
155 Sugano 1996, UC20L 118 2089 0.35 0.39 225 225 450 50625 25.4
157 Bayrak and Sheikh 1996, ES-1HT 72.1 3353.6|1 0.50 0.50 305 305 1842 93025 13.4
158 Bayrak and Sheikh 1996, AS-2HT 71.7 12401.2] 0.36 0.36 305 305 1842 93025 - 13.4
159 Bayrak and Sheikh.1996, AS-3HT 71.8 13339.6] 0.50 0.50 305 305 1842 93025 11.0
160 Bayrak and Sheikh 1996, AS-4HT 71.9 133442] 0.50 0.50 305 305 1842 193025 11.0
162 Bayrak and Sheikh 1996, AS-6HT 101.9 |4360.5{ 0.46 0.49 305 305 1842 93025 13.4
163 Bayrak and Sheikh 1996, AS-7HT 102 4269:8] 0.45 0.48 305 305 1842 93025 11.0
164 Bayrak and Sheikh 1996, ES-8HT 102.2 |4468.4| 047 0.50 305 305 1842 93025 29.0
166 Saatcioglu and Grira 1999, BG-2 34 1782 0.43 0.39 350 350 1645 122500 29.0
167 Saatcioglu and Grira 1999, BG-3 34 831 0.20 0.18 350 350 1645 122500 29.0
169 Saatcioglu and Grira 1999, BG-5 34 1923 0.46 0.38 350 350 1645 122500 29.0
170 Saatcioglu and Grira 1999, BG-6 34 1900 0.46 0.40 350 350 1645 122500 29.0
171 Saatcioglu and Grira 1999, BG-7 34 1923 0.46 0.38 350 350 1645 122500 29.0
172 ‘|Saatcioglu and Grira 1999, BG-8 34 961 0.23 0.19 350 350 1645 122500 29.0
173 Saatcioglu and Grira 1999, BG-9 34 1923 046 | 037 350 350 1645 122500 29.0
174  |Saatcioglu and Grira 1999, BG-10 34 1923 0.46 0.37 350 350 1645 122500 40.0
175 Matamoros et al. 1999,C10-05N 69.637 | 142 0.05 0.05 203 203 . 610 41209 39.8
176 Matamoros et al. 1999,C10-05S 69.637 142 0.05 0.05 203 203 610 41209 25.8
177 Matamoros et al. 1999,C10-10N 67.775 285 0.10 0.10 203 203 610 41209 23.8
178 Matamoros et al. 1999,C10-10S 67.775 285 0.10 0.10 203 203 610 41209 22.0
179 Matamoros et al. 1999,C10-20N 65.5 569" 0.21 0.21 203 203 610 41209 14.6
180 |Matamoros et al. 1999,C10-20S 65.5 569 0.21 0.21 203 203 610 41209 24.0
181 Matamoros et al. 1999,C5-00N 37.921 - 0 0.00 0.00 |. 203 203 610 41209 27.8
182 Matamoros et al. 1999,C5-00S 37.921 0 0.00 0.00 203 203 - 610 41209 38.3
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Geometry

Dat\’;base Specimen Name fc (MPa)| P (iNy | Pragfe | PP, | B(mm) | H(mm) | L(mm) | A, (mm?) Cover
No: . . & (mm)
183 Matamoros et al. 1999,C5-20N 48.263 285 0.14 0.13 203 203 610 41209 39.0
184 Matamoros et al. 1999,C5-20S 48.263 285 0.14 | 0.13 203 203 610 41209 20.7
185 Matamoros et al. 1999,C5-40N 38.059 569 0.36 0.32 203 203 610 41209 20.7
186  |Matamoros et al. 1999,C5-40S 38.059 569 0.36 0.32 203 203 610 41209 34.0
187 Mo and Wang 2000,C1-1 - 24 .94 450 0.11 0.09 400 400 1400 160000 34.0
188 Mo and Wang 2000,C1-2 26.67 675 0.16 | 0.13 400 400 1400 160000 34.0
189 - {Mo and Wang 2000,C1-3 -26.13 900 022 "} 0.17 400 400 1400 160000 34.0
190 Mo and Wang 2000,C2-1 25.33 450 0.11 0.09 400 400 1400 160000 34.0
191 Mo and Wang 2000,C2-2 27.12 675 0.16 0.13 400 400 1400 160000 34.0
192 Mo and Wang 2000,C2-3 26.77 | 900 0.21 0.17 400 400 1400 160000 1.1 -
202 Thomsen and Wallace 1994, A3 86.3 400.88 0.20 0.20 152.4 152.4 596.9 23226 11
204 Thomsen and Wallace 1994, B2 83.4 193.7 0.10 0.10 1524 |. 1524 596.9 23226 11.1
205 Thomsen and Wallace 1994, B3 90 418.06 0.20 0.21 152.4 152.4 596.9 23226 11.1
207 Thomsen and Wallace 1994, C2 74.6 173.26 0.10 0.10 152.4 152.4 596.9 23226 11.1
208 Thomsen and Wallace 1994, C3 81.8 379.97 0.20 0.21 152.4 152.4 596.9 23226 11.1
209 Thomsen and Wallace 1994, D1 75.8 352.1 0.20 0.20 152.4 152.4 | 596.9 23226 11.1
210 Thomsen and Wallace 1994, D2 87 404.13 0.20 0.21 152.4 152.4 596.9 23226 111
211 Thomsen and Wallace 1994, D3 71.2 330.73 0.20 0.20 152.4 152.4 596.9 23226 19.0
215 Paultre & Legeron, 2000, No. 1006015 92.4 1200 0.14 | 0.15 305 305 2000 93025 19.0
216 Paultre & Legeron, 2000, No. 1006025 93.3 2400 0.28 0.29 305 305 2000 93025 19.0
217 Paultre & Legeron, 2000, No. 1006040 98.2 3600 0.39 0.42 305 305 2000 93025 19.0
221 Paultre et al., 2001, No. 806040 78.7 2900 0.40 0.41 305 305 2000 93025 19.0
222 Paultre et al., 2001, No. 1206040 109.2 4200 . 0.41 0.44 305 305 2000 93025 19.0
223 Paultre et al., 2001, No. 1005540 109.5 | 3600 0.35 0.44 305 305 2000 93025 19.0
224 Paultre et al., 2001, No. 1008040 104.2 3600 0.37 0.40 305 305 2000 193025 19.0
225 Paultre et al., 2001, No. 1005552 104.5 5150 0.53 0.56 305 305 2000 93025 19.0
226 Paultre et al., 2001, No. 1006052 109.4 5150 0.51 0.54 305 305 2000 93025 254
227 Pujol 2002, No. 10-2-3N 33.715 [133.45 0.09 0.07 152.4 304.8 685.8 46452 25.4
228 Puijol 2002, No. 10-2-3S 33.715 | 133.45 0.09 0.07 152.4 304.8 685.8 46452 254
229 Pujof 2002, No. 10-3-1.5N 32.13 [ 133.45 0.09 0.08 152.4 304.8 685.8 46452 254
230 Pujol 2002, No. 10-3-1.5S 32.13 [ 13345 0.09 0.08 152.4 304.8 685.8 46452 254
231 Pujol 2002, No. 10-3-3N 29.923 1133.45 0.10 0.08 152.4 304.8 685.8 46452 254
232 Pujol 2002, No. 10-3-3S 29.923 |133.45 0.10 0.08 152.4 304.8 685.8 46452 254 °
233 Pujol 2002, No. 10-3-2.25N 27.372 |133.45 0.10 0.08 1524 304.8 685.8 46452 25.4
234 Pujol 2002, No. 10-3-2.258 27.372 | 133.45 0.10 0.08 152.4 1304.8 685.8 46452 254
237 Pujo! 2002, No. 20-3-3N 36.404 |266.89 0.16 0.14 152.4 304.8 685.8 46452 254
238 Puijol 2002, No. 20-3-3S 36.404 |266.89 0.16 0.14 152.4 304.8 685.8 46452 254
239 Pujol 2002, No. 10-2-2.25N 34,887 | 133.45 0.08 0.07 | 1524 304.8 685.8 46452 254
240 Pujol 2002, No. 10-2-2.25S 34,887 {133.45 0.08 0.07 152.4 304.8 685.8 46452 254
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Geometry

Database

No. Specimen Name fc (MPa)| P (N)| PrAgre | PP, | B(mm) | H(mm) | Lanm) | A, (mm’) fr‘:‘:::)r
241 [Pujol 2002, No. 10-1-2.25N 36473 [13345| 008 | 007 | 1524 | 3048 | 6858 | 46452 | 254
242 |Pujol 2002, No. 10-1-2.258 36473 |13345| 008 | 007 | 1524 | 3048 | 6858 | 46452 | ‘185
243 |Bechtoula et al., 2002, D1N30 376 | 705 | 030 | 027 | 250 | 250 | 625 62500 18.5
244 |Bechtoula et. al. 2002, DIN60 376 | 1410 | o060 | 053 | 250 | 250 | 625 .| 62500 4.5
246 - |Bechtoula et. al. 2002, LINGO 392 | 8000 | 057 | 057 | 600 | 600 | 1200 | 360000 27.5
248 |Takemura 1997, Test 1 (JSCE-4) 359 | 157 | 003 | 003 | 400 | 400 | 1245 | 160000 275
249 |Takemura 1997, Test 2 (JSCE-5) 357 | 157 | 003 | 003 | 400 | 400 | 1245 | 160000 275
250  |Takemura 1997, Test 3 (JSCE-6) 343 | 157 | 003 | 003 | 400 | 400 | 1245 | 160000 27.5
251  |Takemura 1997, Test 4 (JSCE-7) 332 | 157 | 003 | 003 | 400 | 400 | 1245 | 160000 27.5
252 |Takemura 1997, Test 5 (JSCE-8) 368 | 157 | 003 | 003 | 400 | 400 | 1245 | 160000 40.0
258 * |Xaio & Yun 2002, No. FHC5-0.2 641 | 3334 | o020 | 020 | sw0 | si0 | 1778 | 260100 | 200
260 |Bayrak & Sheikh, 2002, No. RS-9HT 712 [21182] 034 | 034 | 250 | 350 | 1842 | 87500 20.0
261 |Bayrak & Sheikh, 2002, No. RS-10HT 711 |31106| 050 | 050 | 250 | 350 | 1842 | 87500 200
264 |Bayrak & Sheikh, 2002, No. RS-13HT 1121 34331 035 | 037 | 250 | 350 | 1842 | 87500 200
265  |Bayrak & Sheikh, 2002, No. RS-14HT 121 | 4512 o046 | 049 | 250 | 350 | 1842 | 87500 200
266 . |Bayrak & Sheikh, 2002, No. RS-15HT ~ | 562 [1770.3] 036 | 034 | 250 | 350 | 1842 | 87500 20.0-
268 . |Bayrak & Sheikh, 2002, No. RS-17HT 741 |22045| 034 | 033 | 250 | 350 | 1842 | 87500 20.0
269 |Bayrak & Sheikh, 2002, No. RS-18HT 741 |[32419] o050 | 049 | 250 | 350 | 1842 | 87500 20.0
270 |Bayrak & Sheikh, 2002, No. RS-19HT . | 742 | 3441 | 053 | os2 | 250 | 350 | 1842 | 87500 20.0
272 |Bayrak & Sheikh. 2002, No. WRS21HT | 913 |[37547| 047 | 048 | 350 | 250 | 1842 | 87500. [ 200
273 |Bayrak & Sheikh, 2002, No. WRS-22HT | 913 [24765| 031 | 032 | 350 | 250 | 1842 | 87500 200
274 |Bayrak & Sheikh, 2002, No. WRS-23HT | 722 [2084.8 033 | 032 | 350 | 250 | 1842 | 87500 20.0
275 |Bayrak & Sheikh, 2002, No. WRS-24HT | 722 |31588| 050 | 049 | 350 | 250 | 1842 | 87500 225
285  |Saatcioglu and Ozcebe 1989, U2 302 | 600 | 016 | 012 | 350 | 350 | 1000 | 122500 13.0
286 |Esaki, 1996 H-2-1/5 23 | 184 | 020 | o016 | 200 | 200 | 400 40000 13.0
287  |Esaki, 1996 HT-2-1/5 202 | 162 | 020 | 016 | 200 | 200 | 400 40000 13.0
288 |Esaki, 1996 H-2-1/3 23 | 307 | 033 | 027 | 200 | 200 | 400 40000 13.0
289 |Esaki, 1996 HT-2-1/3 202 | 260 | 033 | 026 [ 200 | 200 | 400 40000 13.0
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Longitudinal Reinforcement

Transverse Reinforcement

Database Dhvar Total # plong fv (MPa) Confin. N Dbar (mm)| s (mm) fyh Parea Agy Apax E;Lf(t) Aslf Provzidcd Ag, (A;Zl) Ash/Ash(ACI)
No. (mm) Bars | (%) |° Type _ (MPa) | (%) [ (mm) [ (mm) (%) (mm’) | (mm)
7 16 12 1.51 446 RO 4 7 . 85 364 0493 | 98.06 | 98.06 6.13 153.94 358.66 0.366
8 16 12 1.51 446 RO 4 8 78 360 0.704 | 68.73 |.98.72 4.30 201.06 314.03 | . 0.546
9 16 i2 1.51 446 . RO 4 7 91 364 0461 | 46.24 53.58 2.89 153.94 363.33 0.361
10 16 12 - 1.51 446 RO 4 6 94 255 0.327 _43.91 5717 |. 2.74 113.10 488.36 0.197
13 16 12 1.51 474 RO 4 8 81 372 0.678 | 38.91 38.91 2.43 201.06 294.07 0.583
14 16 12 1.51 474 RO 4 6 96 388 0.320-] 26.83 32.19 1.68 113.10 327.79 0.294
15 16 12 1.51 474 RO 4 - 12 96 308 1.302 | 18.72 25.82 1.17 452.39 426.50 0.904
16 16 12 151 | 474 RO 4 8 77 372 0.713 | 17.17 18.86 1.07 201.06 265.91 0.645
17 16 12 1.51 474 RO 4 12 52 308 2.825 43.86 44 59 2.74 452.39 220.0_2 '1.753
20 20 8 1.57 474 ul 3 12 80 333 1.305 | 57.20 76.70 3.58 339.29 | .390.19 0.870
32 19 8 1.42 362 R 2 9 100 325 0.348 | 73.04 74.66 4.57 127.23 365.83 0.348
43 10 8 2.22 341 R 2 5 40 559 1.155 6.54 | 11.60 2.04 39.27 30.31 1.296
48 12.7 8 1.62 374 R 2 5.5 50 506 0.545 | 34.60 52.50 4.61 47.52 151.91 0.313
49 12.7 8 1.62 374 R 2 5.5 50 506 0.545 34.60 52.50 4.61 47.52 15191 0.313
50 . S 127 8 1.62 374 R 2 5.5 50 506" | 0.420 | 34.60 52.50 4.61 47.52 151.91 0.313
56 12.7 12 3.80 399.6 RI 4 6 35 3284 1.836 | 21.44 31.03 4.29 113.10 144.68 0.782
58 12.7 12 3.80 399.6 RI 4 6 35 3284 | 2.198 10.89 14.42 2.18 113.10 144.68 0.782
- 66 12.7 12 2.43 379 RI 4 5 60 774 0.661 10.17 10.26 2.03 78.54 272.25 0.288
67 12.7 12 2.43 379 RI 4 5 40 774 0.992 | 20.09 |.20.32 4.02. 78.54 181.50 0.433
68 12.7 12 2.43 379 RI 4 5.5 60 - 344 0.802 | 10.07 10.62 2.01 95.03 61933 0.153
69 12.7 12 2.43 379 RI 4 5 60 1126 0.661 10.07 | 20.58 2.01 78.54 187.14 “0.420
70 12.7 12 2.43 379 R 2 S 30 774 0.661 9.46 12.60 1.89 39.27 136.13 0.288
71 12.7 12 2.43 379 R 2 7 60 857 0.705 | 10.07 13.19 2.01 76.97 256.80 0.300
72 19 4 1.81 339 R 2 5 30 774 0.723 5.06 14.86 1.01 39.27 180.11 0.218.
94 22 4 1.63 363 R 2 9.5 76 392 0.806 | 42.16 5346 | 2.52 | 141.76 32991 0.430.
95 22 4 1.63 363 R 2 9.5 127 392 0.482 | 40.08 | 50.51 2.39 141.76 536.40 0.264
96 22 4 1.63 363 R 2 9.5 76 373 | 0.806 | 37.65 49.97 2.25 141.76 322.77 0.439
97 22 4 1.63 363 R 2 9.5 127 373 0.509 | 42.70 | 50.95 2.55 141.76 553.29 0.256
102 25.4 8 1.94 439 RD 3.41 12.7 102 454 1.171 | 66.64 69.78 4.86 431.97 527.84 0.818
103 25.4 8 1.94 439 RD 3.41 9.5 102 616 0.589 | 38.62 39.32 2.81 .| 241.71 410.14 0.589
104 25 - 8 3.21 430 R 2 10 150 470 0.355 | 48.70 84.00 4.87 157.08 502.00 0.313
105 25 8 3.21 430 R 2 10 75 470 0.710 | 51.10 | 72.00 5.1 157.08 200.34 | 0.784
106 25 8 3.21 438 R 2. 10 50 470 1.091 89.90 | 102.00 8.99 157.08 122.81 1.279
107 25 "8 321 | 437 RJ 6 6.4 65 425 1.018 | 89.80 89.80 8.98 193.02 219.91 0.585
108 25 8 3.21 437 RJ 6 6.4 65 425 1.047 | 88.00 | 88:.00 [ 3.80 193.02 | 229.93 0.560
117 10 12 1.51 531 RI 4 8 50 531 2209 | 67.02 69.81 5.88 201.06 450.44 0.446
118 10 12 1.51 531 RI 4 8 50 531 2.209 | 53.54 | 54.92 4.70 201.06 450.44 0.446
. 119 10 12 1.51 531 RI 4 8 50 531 2.209 | 37.06 | 6231 3.25 201.06 450.44 - 0.446
120 10 12 1.51 531 RI 4 8 50 531 2.209 | 40.52 62.05 3.55 201.06 450.44 0.446

-y xipuaddy



IS1

Longitudinal Reinforcement

Transverse Reinforcement

Database Dyar | Total # 1 Diong f, (MPa) Confin. N | Dy (mm)| s (mm) e Parea Bav | Aumax lll);:lf(t) Asn vazidcd Aa (Afl) A/ Agnacr)

No. ~ (mm) Bars (%) Type (MPa) | (%) (mm) | (mm) %) (mm) (mm")
126 20 12 6.03 579 RI 4 8 100 579 1.105 1 58.03 58.03 | 5.09 [-201.06 900.87 0.223
127 20 12 6.03 579 RI 4 8 100 . 579 1.105 | 71.81 71.81 6.30 201.06 900.87 0.223
128 20 - 12 6.03 579 RI 4 8 100 579 1.081 75.33 75.33 6.61 201.06 900.87 0.223
133 19.1 18 2.22 448 RJ 4 6 110 428 0.323 | 122.10 | 162.89 5.23 113.10 220.19 0.514
134 19.1 18 2.22 448 RJ ‘ 4 6 110 428 0317 | 102.26 | 122.24 | "4.38 113.10 220.19 0.514
135 19.1 18 2.22 448 RJ 4 6 83 428 0.421 | 160.79 | 183.71 |. 6.89 113.10 158.90 0.712
136 19.1 18 2.22 448 RJ 4 6 83 428 0.392 | 129.78 | 151.16 5.56 113.10 158.90 0.712
145 19.1 8 3.55 S10 RJ 3 9.5 51 510 1.908 | 47.76 | 4820 | 9.40 212.65 173.96 1.562
146 19.1 8 3.55. 510 RJ 3 9.5 51 510 1.908 | 40.94 | 4585 8.06 212.65 173.96 1.562
147 15.9 8 2.46 510 RJ 3 9.5 51 510 1.908 | 37.59 38.79 7.40 212.65 | 196.85 1.380
148 "15.9 8 . 2.46 510 RJ 3 9.5 51 510 1.878 | 35.01 4431 | 6.89 212.65 196.85 1.380
151 10 12 1.86 393 RI 4 5.1 " 45 1415 0.920 | 4.09 4.10 0.91 81.71 66.67 1.226
152 10 12 1.86 393 RI 4 6.4 45 1424 1.458 8.24 13.79 1.83 128.68 69.42 1.854
153 10 12 1.86° 393 RI 4 6.4 35 1424 |-1.875 16.30 | 20.66 3.62 128.68 54.00 2.383
154 10 12 | 1.86 393 RI 4 - 6.4 45 1424 1.458 | 20.40 3237 1 4.53 128.68 69.42 1.854
155 10 12 1.86 393 RI 4 6._4 35 1424 2.191 | 28.30 3243 6.29 128.68 54.00 2.383
157 19.54 8 2.58 454 R 2 15.98 95 463 1.610 | 32.17 36.96 1.75 401.12 371.12 1.078
158 19.54 8 2.58 454 RD 341 11.28 90 542 1418 | 63.42 99.68 3.44 340.77 301.37 1.132°
159 19.54 8 2.58 454 RD 3.41 11.28 90 542 1.393 | 34.12 51.53 1.85 340.77 301.79 1.130
160 19.54 8 2.58 454 RD | 3.41 15.98 100 463 2.561 | .51.62 72.54 2.80 683.91 389.57 1.751
162 19.54 8 2.58 454 RD 341 15.98 76 463 3430 | 55.69 70.68 3.02 683.91 419.60 1.625
163 19.54 8 2.58 454 RD 341 11.28 94 542 "1.334 | 23.06 | 43.32 1.25 340.77 447.78 0.762
164 19.54 8 2.58 454 R 2 15.98 70 463 2.480 | 25.01 29.72 1.36 401.12 387.61 1.032
166 19.5 8 1.95 | 455.56 RI 3 9.53 76 570 0.997 | 66.52 87.02 4.04 213.99 205.64 1.388
167 19.5 8 1.95 | 455.56 RI - 3 9.53 76 570 0.997 | 116.02 | 116.52 7.05 213.99 205.64 1.388
169 19.5 12 2.93 | 455.56 RI 4 9.53 76 570 1.329 { 100.03 | 117.01 6.08 285.32 205.64 1.388
170 29.9 4 2.29 | 477.78 RI 4 9.53 76 570 1.329 | 100.03 | 117.01 6.08 285.32 205.64 1.388
171 19.5 12 2.93 | 455.56 RI 4 6.6 76 580 0.631 | 100.03 | 117.01 6.08 136.85 192.23 0.712
172 19.5 12 2.93 | 455.56 RI 4 6.6 76 580 0.631 | 118.00 | 118.00 7.17 136.85 192.23 0.712
173 16 20 3.28 | 427.78 RI 4 6.6 76 580 0.631 _116.00 118.00 7.05 136.85 192.23 0.712
174 16 20 328 | 427.78 RI 4 ©9.53 76 570 | 1.442 99.51 118.00 6.05 285.32 205.64 1.388
175 15.9 4 1.93 | 586.05 R 2 95 76.2 406.79 | 1.633 | 38.61 52.32 6.33 141.76 977.11 0.145
176 15.9 4 1.93 | 586.05 R 2 9.5 76.2 406.79 | 1.311 38.10 | 44.70 6.25 141.76 968.92 0.146
177 15.9 4 -1.93 | 572.26 R 2 9.5 76.2 513.66 | 1.275 | 44.45 | 44.45 7.29 141.76 448.26 0.316

“178 15.9 4 1.93 | 573.26 R 2 9.5 . 772 514.66 | 1.228 | 44.70 { 44.70 7.33 141.76 416.04 0.341
179 15.9 4 1.93 | 572.26 R 2 9.5 76.2 513.66 | 1.133 | 38.35 38.61 6.29 141.76 367.69 0.386
180 15.9 4 1.93 | 573.26 R 2 9.5 77.2 51466 | 1.263 | 38.10 38.35 6.25 141.76 255.44 0.555
181 15.9 4 1.93 | 572.26 R 2 9.5 76.2 513.66 | 1.350 | 38.86 50.80.| 6.37 141.76 232.58 0.610
182 15.9 4 1.93 | 573.26 R 2 9.5 71.2 514.66 | 1.570 | 38.90 50.80 6.38 141.76 274.88 0.516

y Xipuaddy




(4!

Longitudinal Reinforcement

Transverse Reinforcement

Database | Dyuc | Total # | P |¢ (yipay| COMIN |y | ) s qmamy [ Bre | Porea | A} Lo Ratio | provited| A |\

No. (mm) Bars | (%) |° Type (MPa) | (%) (mm) | (mm) (%) (mm") (mm”)

183 15.9 4 1.93 | 586.05 R "2 9.5 76.2 | 406.79 | 1.611 | 3230 | 44.20 5.30 141.76 | 638.42 0.222
184 15.9 4 1.93 | 587.05 R 2 9.5 77.2 | 407.79 | 1.208 | 32.00 | 43.90 5.25 141.76 | 662.10 0.214
185 15.9 -4 1.93 | 572.26 R 2 9.5 762 | 513.66 | 1224 | 26.40 | 2640 { 4.33 141.76 | 201.76 0.703
186 15.9 4 1.93 | 573.26 R 2 9.5 772 | 514.66 | 1.463 | 2540 | 2540 | 4.16 141.76 | 204.01 0.695
187 19.05 12 2.14 497 RJ 4 6.35 50 459.5 | 0.778 | 88.39 | 10226 | 6.31 126.68 | 134.67 0.941
188 19.05 12 2.14 497. RJ 4 6.35 - 50 459.5 | 0.778 | 96.57 | 10505 690 | 126.68 144.40 0.877
189 19.05 12 2.14 497 RJ 4 6.35 50 459.5 | 0.778 | 88.10 { 110.51 | 6.29 | -126.68 | 141.16 0.897
190 19.05 12 2.14 497 RI 4 6.35 52 459.5 | 0.748 | 98.02 | 11297 ] 7.00 126.68 | 142.30 0.890
191. 19.05 12 2.14 497 RI 4 6.35 52 459.5 | 0.748 | 94.86 | 119.47 | 6.78 126.68 | 152.43 0.831
192 19.05 12 2.14 497 RI 4 6.35 52 459.5 | 0.656 | 77.02 | 11471 | 5.50 126.68 | 150.74 0.840
202 9.525 8 2.45 | 517.13 RJ 3 3.175 25.4 793 0.736 | 2024 | 36.53 339 | 2375 46.33 0.684
204 9.525 8 2.45 }.455.07 RD 341 3.175 254 793 0.837 | 14.63 | 37.56 | 245 27.00 44.77 0.603
205 9.525 8 2.45 | 455.07 RD 341 3.175 254 793 0.837 | 13.78 | 39.73 231 27.00 48.32 0.559
207 9.525 8 2.45 | 475.76 RD 341 3.175 254 1262 0.837 | 29.83 40.18 5.00 27.00 25.17 1.073
208 9.525 8 245 | 475.76 RD 341 3.175 254 1262 1-0.837 | 19.05 | 40.89 3.19 27.00 27.60 0.978
209 9.525 8 2.45 | 475.76 RD 341 '3.175 31.75 1262 | 0.670 | 18.89 | 39.05 3.16 27.00 31.96 0.845
210 9.525 8 2.45 | 475.76 RD 341 3.175 38.1 1262 | 0.558 | 11.86 | 4029 | 1.99 27.00 44.02 0.613
211 9.525 8 2.45 | 475.76 RD 3.41 3.175 44 .45 1262 | 0.546 | 12.06 | 40.07 2.02 27.00 42.03 0.642
215 19.54 "8 2.15 | 451 RD 3.41 11.3 60 391 2229 | 182.76 | 212.57 | 9.14 341.98 | 459.85 0.744
216 19.54 8 2.15 430 RD 3.41 11.3 60 391 2229 | 14446 | 201.03 | 7.22 341.98 | 464.33 0.737
217 19.54 8 2.15 451 RD 341 .| 113 60 418 2229 | 63.20 | 141.00 | 3.16 34198 | 457.15 0.748
221 19.54 8 215 | 446 - RD 341 11.3 60 438 2229 | 174.41 | 208.33 | 8.72 341.98 | 349.64 0.978
222 19.54 8 2.15 | 446 RD 341 113 60 438 2229 | 122.09 | 16235 { '6.10 341.98 485.14 1 0.705
223 19.54 8 2.15 446 RD 3.41 9.5 55 825 1.707 | 97.98 | 168.94 | 4.90 241,71 | 236.75 1.445
224 19.54 8 2.15 446 "RD 341 9.5 80 825 1.173 | 52.55 | 108.01 2.63 241.71 327.70 1.044
225 19.54 8 2.15 446.- RD 3.41 9.5 55 744 1.707 | 66.37 91.84 | 3.32 241.71 250.54 1.365
226 - 19.54 8 2.15 | 446 RD 3.41 11.3 60 492 2.346 | 66.06 | 90.86 3.30 34198 | 432.68 0.790
227 19.05 4 2.45 | 452.99 R 2 6.35 76.2 4109 | 0873 | 21.85 | 2185 3.19 63.34 173.09 0.366
228 19.05 4 245 | 452.99 R 2 6.35 76.2 4109 | 0.873.| 20.94 | 2094 3.05 63.34 173.09 0.366
229 19.05 4 245 | 452.99 R 2 6.35 38.1 4109 | 1.745 | 2791 | 2891 | 4.07 63.34 82.44 0.768
230 19.05 4 2.45 | 452.99 R 2 6.35 38.1 4109 | 1.745 | 28.76 | 29.88 4.19 63.34 82.44 0.768
231 19.05 4 2.45 1 452.99 R 2 6.35 76.2 4109 | 0.873 | 2149 | 2271 3.13 63.34 153.57 0.412
232 19.05 4 2.45 | 452.99 R 2 6.35 76.2 4109 | 0.873 | 21.59 | 21.59 | "3.15 63.34" | 153.57 0.412
233 19.05 4 2.45 | 452.99 R 2 6.35 57.15 | 4109 | 1.164 | 2095 | 21.97 3.05 63.34 105.55 0.600
234 19.05- 4 245 | 45299 R 2 6.35 57.15 | 4109 | 1.164 { 22.07 | 22.07 3.22 63.34 105.55 0.600
237 | 19.05 4 2.45 | 452.99 R 2 6.35 76.2 4109 | 0.873 | 22.85 | 2355 3.33 63.34 186.96 0.339
238 19.05 4. 2.45 | 452.99 R 2 6.35 76.2 4109 | 0.873 | 23.01 | 23.58 3.36 63.34 186.96 0.339
239 19.05 4 2.45 | 452.99 R 2 6.35 57.15 | 4109 | 1.164 | 22.01 | 22.0% 3.21 63.34 134.44 0.471
240 19.05 4 2.45 | 452.99 R 2 6.35 57.15 410.9 1.164 | 21.73 21.73 3.17 63.34 134.44 0.471
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Longitudinal Reinforcement

Transverse Reinforcement

. rift

Database D‘,,,lr Total # | “pigng £, (MPa) Confin. N - |D,,, (mm)| s mm) fon Parca Ago Amax l]:a o Agp Provzidcd Ag (A;:l) Aa/Amacy
No. (mm) Bars | (%) |° Type (MPa) | (%) (mm) | (mm) (%) (mm°) (mm°)
241 19.05 4 2.45 | 452.99 R 2 6.35 57.15 410.9 [.164 | 22.05 22.05 3.22 63.34 140.60 10.450
242 19.05 4 2.45-| 452.99 R 2 6.35 . 57.15 410.9 1.016 | 21.53 21.58 3.14 63.34 | 140.60 0.450
243 12.7 12 2.43 461 RU 4 4 40 i 485 0.601 24.75 24.75 3.96 50.27 83.77 0.600
244 12.7 12 2.43 461 RU 4 4 40 485 0.800 18.73 18.73 3.00 50.27 83.77 0.600
246 254 12 1.69 388 RU 4 12.7 100 524 0952 | 31.27 31.27 2.61 506.71 503.07 1.007
248 12.7 20 1.58 | - 363 R 2 6 70 368 0.238 | 43.71 76.39 3.51 56.55 27242 0.208
249 12.7 20 1.58 363 R 2 6 70 368 0.238 | '48.50 79.78 3.90 | 56.55 | 270.90 0.209
250 12.7 20 1.58 363 R 2 6 70 368 0238 | 74.18 94.85 5.96 56.55 260.28 0.217
251 12.7 20 1.58 363 R 2 6 70 © 368 0.238 | 101.44 | 112.17 8.15 56.55 | 25193 0.224 .
252 12.7 - 20 1.58 363 R - 2 6 70 368 0.257 | 84.52 95.60 6.79 . 56.55 279.25 0.203
258 35.8 8 2.60 473 RJ 3 159 150 445 0.874. 1 105.28 | 105.28 5.92 595.67 | 1387.20 0.573
260 19.54 8 274 | 454 RD 341 11.3 80 542 2,151 84.97 | 100.00 | 4.61 341.98 297.10 1.151
261 19.54 8 2.74 454 RD 3.41 113 80 542 2.151 42.23 65.88 1 2.29 341.98 296.69 1.153
264 19.54 8 274 | 454 RD 3.41 11.3 70 - 465 2459 | 56.23 80.11 3.05 | 341.98 477.08 0.717
265 19.54 8 2.74 454 RD 341 11.3 70 465 2.459 | 41.15 46.11 2.23 341.98 477.08 0.717
266 19.54 8 2.74 454 RD 341 11.284 100 465 1.716 | 69.33 | 85.30 3.76 341.01 341.57 0.998
268 19.54 8 2.74 521 RD 3.41 8 75 850 1.131 62.13 62.78 3.37 171.41 172.09 0.996
269 19.54 8 2.74 521 RD 3.41 8 5 850 1.131 26.87 48.63 1.46 171.41 172.09 | 0.996
270 19.54 8 2.74 521 RD 3.41 11.1 75 850 2212 | 50.94 81.94 2.77 329.98 18431 1.790
272 19.54 8 2.74 |- 521 RD 3.41 11.284 70 465 1.631 46.27 | 48.48 2.51 341.01 583.89 0.584
273 19.54 8 2.74 521 RD 3.41 11.284 70 465 -] .1:631 86.37 | 102.75 4.69 341.01 583.89 0.584
274 19.54 8 2.74 521 RD 341 11.3 80 542 1.431 88.74 88.74 4.82 341.98 452.90 0.755
275 19.54 8 2.74 521 RD 341 11.3 80 542 1.455 33.43 56.16 1.81 341.98 452.90 0.755
285 25 8 3.21 453 R L2 10 150 470 0.333 | 42.00 58.60 4.20 157.08 347791 0.452
286 12.7 8 2.53 363 R 2 5.75 50 364 0.617 1010 | 1177 2.53 51.93 65.86- 0.789
287 12.7 8 2.53 363 RJ 3 5.75 75 364 0.617 11.75 14.37 2.94 77.90 86.77 1.197
288 12.7 8 2.53 363 "R 2 5.75 40 364 0.772 7.97 11.40 1.99 51.93 '52.69 0.986
289 12.7 -8 2.53 363 RJ 3 5.75 60 364 0.772 9.95 12.06 2.49 77.90 69.42 1.496
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Appendix A

Characteristic compressive strength of concrete

fc
P Axial compressive load
Ag Gross sectional area of column
f, Yield stress of longitudinal reinforcement
fon Yield stress of transverse reinforcement
B Column Width
H Column Depth ,
L Length of equivalent cantilever
Dpar Diameter of transverse / longitudinal reinforcement
s Spacing of transverse reinforcement
Cover ce
Plong. Longitudinal reinforcement ratio (Aq / Ag)
Parea Transverse reinforcement ratio (Ag, / s*h.)
N Effective number of transverse bars in cross section
A nax Maximum recorded deflection
Agg Deflection at 80% effective force (20% loss of strength) -
Drift Ratio Drift Ratio (Agy/ L)
Ash Provided Area of transverse reinforcement provided in specimen
Ash (ac)) Area of transverse reinforcement required by ACI 318-05 21.4.4.1

154.
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Geometry
Da::_“’s.e Specimen Name (Nflw;a) P (kN) | P/Agre| P/P, D‘(‘t;“[:;er L(‘::it)h A, (mm?) f;:’)r Sg:(';;"

T [Davey 1975, No. 1 ~332 | 380 | 006 | 0.05 500 7750 | 207110 | 203 2
3 |Davey 1975, No. 3 338 | 380 | 006 | 0.05 500 3250 | -207110 | 203 2
8 |Angetal 1981, No. 2 285 | 2111 |. 0.56 | 0.1 400 1600 | 132550 18.0 2
22 |Angetal 1985, No. 9 209 | 751 | 020 | 015 400 1000 | 125660 18.0 0
40 |Zahn etal. 1986, No. 6 27 | 2080 | 058 | 0.51 400 1600 | 132550 18.0 2
41 |Watson & Park 1989, No 10 40 | 2652 | 050 | 048 400 1600 | 132550 17.0 2
42 |Watson & Park 1989, No 11 39 | 3620 | 070 | 0.66 400 1600 | 132550 18.0 2
43 |Wongetal..1990, No. 1 38 | 907 | 019 | 0.6 400 800 | 125660 | 200 0
45  |Wongetal. 1990, No. 3 - 37 {1813 | 039 | 0.32 400 800 | 125660 | 20.0 0
50  [Limetal. 1990, Conl 345 | 151 | 024 | o016 .| 152 | 1140 | 18146 10.2 0
52 |Limetal 1990, Conl 345 | 220 | 035 | 023 152 570 | 18146 10.2 0
53 |NIST, Full Scale Flexure 358 | 4450 | 007 | 0.06 1520 | 9140 | 1814600 | 58.7 0
54  [NIST, Full Scale Shear 343 | 4450 |- 007 | 0.06 1520 | 4570 | 1814600 | 603 0
55 |NIST, Model N1 2.1 | 120 | 010 | 0.09 250 750 | - 49087 9.9 0
56  |NIST, Model N2 231 | 239 | 02t | 0.8 250 | 750 | 49087 99 | o0
57 |NIST, Model N3 254 | 120 | o010 | o008 250 1500 | 49087 9.7 0
58 [NIST, Model N4 244 | 120 | .0.10 | 0.08 250 750 | 49087 9.9 0
59 [NIST, Model N5 243 | 239 | 020 | 0.17 250 750 | 49087 9.9 0
60  |[NTST, Model N6 233 120 | 011 | 009 250 1500 | 49087 9.7 0
93 |Kunnath et al. 1997, A2 29 | 200 | 0.09 | 008 305 1372 | 7062 | 145 0
95  |Kunnath et al. 1997, A4 355 | 222 | 009 | 008 | 305 1372 | 73062 14.5 0-
96  |Kunnath etal. 1997, A5 355 | 222 | 009 | 008 | 30s 1372 | 73062 14.5 0
97  |Kunnath etal. 1997, A6 355 | 222 | 009 | 0.8 305 1372 | 73062 14.5 0
100 {Kunnath et al. 1997, A9 325 | 222 | 0.09 -] 0.08 305 1372 | 73062 14.5 0
101 |Kunnath et al. 1997, A10 27 | 200 | o.t0 | 0.09 305 1372 | 73062 14.5 0
102 |Kunnath etal. 1997, Al1 27 | 200 | o010 | 0.09 305 1372 | 73062 14.5 0
103 |Kunnath et al. 1997, A12 27 | 200 | 010 | 0.09 305 1372 | 73062 14.5 0
106  |Hose etal., 1997, SRPHI 411 | 1780 | 015 | 013 610 3660 | 292250 | 278 0
107 [Vuetal 1998, NH1 383 | 1928 | 031 | o028 457 910 | 164030 | 248 0
109 [Vu etal. 1998, NH3 394 | 970 | 015 | 0.14 457 910 | 164030 | 248 0
112 |Vuetal. 1998, NH6 35 | 1914 | 033 | 022 457 910 | 164030 | 264 0
115 |Kowalsky et al. 1996, FL3 386 | 1780 | 028 | 0.2 457 3656 | 164030 | 302 0
116  |Lehman etal. 1998, 415 31.03 | 65386 007 | 007 | 6096 | 24384 | 291860 | 222 0
117 |Lehman etal. 1998, 815 31.03 | 65386 007 | 007 | 6096 | 48768 | 291860 | 222 0
118 |Lehman etal. 1998, 1015 31.03 | 653.86| 007 | 007 | 6096 | 6096 | 291860 | 222 0
119 [Lehman et al.1998, 407 31.03 | 653.86] 007 | 008 | 6096 | 24384 | 291860 | 222 0.
120 |Lehman etal. 1998, 430 31.03 [653.86| 0.07 | 006 | 609.6 | 24384 | 291860 | 222 0
121 34475| 911.84| 009 | 008 | 6096 | 18288 291860 | . 286 0

Calderone et al. 2000, 328
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Geometry

Da;?(l))'asc Specimen Name (l\;:a) P (klﬂ) P/Agfc| P/P, D];::E;er I:::it)h A, (mmz)‘ f;:; S(e:cot:i(;n
123 [Calderone et al. 2000,1028 344751 911.84] 0.09 0.08 609.6 6096 291860 28.6 0
130 |Saatcioglu & Baingo 1999, RC4 90 1850 0.42 043 | 250 - 1645 49087 14.0 -0
133 |Saatcioglu & Baingo 1999, RC8 90 1850 0.42 0.43 250 1645 49087 - 13.8 0
141 Henry 1998, 415p 37.23 | 1308 | 0.12 0.12 609.6 2438.4 | 291860 222 0.
142 |Henry 1998, 415s 3723 | 654 0.06 0.06 609.6 2438.4 1 291860 222" 0
144 |Soderstrom 2001 C1- 60.6 0 0.00 0.00 419 1968.5 145440 55.6 2
145  |Soderstrom 2001 C2 62.6 0 0.00 0.00 - 419 1968.5 145440 55.6 2
152 Kowalsky & Moyer 2001 No.1 32.723 1 231.31 0.04 | 0.04 457.2 2438.4 173170 12.7 2
153  |Kowalsky & Moyer 2001 No.2 34226 23131 0.04 0.04 457.2 2438.4 | 173170 12.7 2
157  |Hamilton 2002 UCI1 36.494 0 0.00 0.00 406.4 1854.2 | 129720 15.0 - 0
158  |Hamilton 2002 UCI2 36.494 0 0.00 0.00 406.4 1854.2 129720 15.0 0
162  |Hamilton 2002 UCI6 35.646 0 0.00 0.00 406.4 1854.2 { 129720 15.0 0
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Longitudinal Reinforcement

Transverse Reinforcement

Dasbase ('r)n"r:) TORE| pung % | 1 OMP3) | Dy (mm) | 5 (mm) (l\;’;é) peC%) | Ban )| A nmy | P 0y ) | ! s
1 18.4 - 20 2.568 373 6.5 65 312 0.444 119.25 119.25 4.34 1.277 0.348
3 18.4 20 2.568 373 6.5 65 342 0.444 86.83 116.21 2.67 1.186 0.375
8 16 16 2.427 308 10.0 55 280 1.569 50.09 50.09 3.13 1.254 1.251
22 16 20 3.200 448 6.0 30 372 1.036 65.58 65.58 6.56 0.965 1.074
40 16 16 2.427 337 10.0 75 466 1.151 59.04 59.36 3.69 0.714 1.612
41 16 12 1.820 474 8.0 84 372 0.654 32.54 32.94 2.03 1.290 0.507
42 16 12 1.820 474 10.0 57 338 1.514 29.00 36.24 1.81 1.421 - 1.065
43 16 20 3.200 423 10.0 60 300 1.454 41.43 41.43 5.18 1.520 0.957
45 16 20 -3.200 475 10.0 60 300 1.454 28.82 33.90 3.60 1.480 0.983
50 12.7 8 5.585 448 3.7 222 620 1.496 89.54 90.75 7.85 0.837 1.788
52 12.7 . 8 5.585 448 - 3.7 222 620 1.496 45.59 45.59 8.00 0.837 1.788
53 43 25 ¢ 2.001 475 15.9 88.9 493 0.637 540.99 593.37 5.92 0.871 0.731
54 43 25 2.001 475 19.1 T 54 435 1.509 355.70 356.08 7.78 0.946 1.594
55 7 25 1.960 446 3.1 8.89 441 1.428 82.50 - 104.15 11.00 0.656 2.178
56 7 25 "~ 1.960 446 3.1 - 8.89 441 1.428 60.41 73.60 8.06 0.629 2.272
57 7 25 1.960 446 2.7 1448 .| 476 0.686 110.64 128.85 7.38 0.640 1.071
58 7 25 1.960 446 3.1 8.89 441 1.428 54.69 67.52 - 7.29 0.664 . 2.151
59 7 25 1.960 446 3.1 8.89 441 1.428 52.60 64.30 7.01 0.661 2.160
60 7 25 ©1.960 446 2.7 14.48 476 ~ 0.686 123.09 127.72 8.21 0.587 . 1.168
93 9.5 21 2.037 448 4.0 19 434 -0.959 77.20 77.20 5.63 0.802 1.195
95 9.5 21 2.037 448 4.0 19 434 0.959 58.56 58.56 4.27 0.982 0.977
96 9.5 21 2.037 - 448 4.0 19 434 0.959 76.35 76:35 5.56 0.982 0.977
97 9.5 21 2.037 448 4.0 19 434 0.959 95.49- 95.49 6.96 0.982 0.977

100 9.5 21 . 2.037 448 4.0 19 434 0.959 90.54 90.54 6.60 0.899 1.067
101 9.5 - 21 2.037 448 4.0 19 434 0.959 90.66 90.66 6.61 0.747 1.284
102 9.5 21 2.037 448 4.0 19 434 0.959 102.16 102.16 7.45 0.747 1.284
103 9.5 21 2.037 448 4.0 - 19 434 0.959 102.43 102.43 7.47 0.747 1.284
106 22.23 20 2.656 455 9.5 57 414 0.902 319.79 319.79 8.74 1.191 0.757
107 15.875 20 2413 427.5 9.5 60 430.2 1.166 38.13 " 46.46 4.19 1.068 1.091
109 15.875 20 2.413 -427.5 9.5 60 430.2 1.166 50.33 50.33 5.53 ©1.099 1.061
112 19.05 30 5213 486.2. 12.7 40 434.4 3.133 87.47 87.47 9.61 1.007 3.112
115 15:875 30 3.620 477 9.5 76 | 445 0.945 281.60 340.50 7.70 1.278 0.740
116 - 15.875 22 1.492 461.96 6.4 31.75 | 606.76 0.706 178.00 179.00 7.30 0.614 1.150
117 15.875 22 1.492 461.96 6.4 31.75 | 606.76 0.706 446.00 446.00 - 915 . 0.614 1.150
118 15.875 22 1.492 461.96 6.4 31.75 606.76 0.706 639.83 639.83 . 10.50 0.614 1.150
119 15.875 11 0.746 461.96 6.4 31.75 606.76 0.706 128.00 128.00 5.25 0.614 1.150
120 15.875 44 2.984 461.96 6.4 31.75 | 606.76 0.706 178.00 181.00 7.30 0.614 1.150
121 19.05 28 2.734 441.28 6.4 254 606.76 0.903 133.00 133.00 7.27 0.682 1.324
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8S1

Longitudinal Reinforcement Transverse Reinforcement
Database (z‘;j;) TO L e % | £ (Mpa) | Dyuy (mm) | s (mm) (N';y;a) P2 | Ao )| A mmy | PN o 8 | 01l P
123 19.05 28 2.734 44178 6.4 254 | 606.76 0.903 891.54 894.08 14.63 0.632 1.324
130 16 8 - 3.277 - 419 8.0 50 580 1.811 54.75 73.10 333 1.872 0.967
133 16. 8 - 3.277 419 7.5 50 1000 1.588 75.78 75.78 4.61 1.080 1.471
141 15.875 22 1.492 462 6.4 31.75 | 606.76 0.706 137.64 179.07 3.76 0.736 0.959
142 15.875 22 1.492 462 64 63.5 606.76 0.353 199.01 180.11 10.11 0.736 0.479
144 222 8 0.021 429.5 9.5 50.8 | 413.7 | 41370.000 | 199.01 199.01 7.55 6.292 6574.598
145 222 8 0.021 429.5 9.5 50.8 413.7 } 41370.000 223.70 | . 224.01 10.58 6.500 6364.517
152 19.05 12 0.020 565.37 9.5 76.2 | 43437 43437.000 | 190.46 190.46 .10.68 0.904 | 48049.247
153 19.05 12 - 0.020 565.37 9.5 76.2 43437 | 43437.000 266.69 266.69 13.15 i 0.946 45939.314
157 12.7 12 0.012 458.5 4.5 3175 | 691.54| 69154.000 | 114.30 114.30 6.16 0.633 109203.171.
158 12.7 12 0.012 458.5 4.5 31.75 | 691.54{ 69154.000 124.92 268.15 6.74 0.633 109203.171
162 12.7 12 0.012 - 458.5 4.5 31.75 |691.54] 69154.000 205.00 241.00 11.06 0.619 111800.178
fc Characteristic compressive strength of concrete
Diameter Diameter of column (For square and octagonal sections D refers to the largest cnrcle that can be inscribed in the sectlon)
Ag Gross sectional area
P Axial load
Length Length of equivalent cantilever
fy Yield stress of longitudinal reinforcement
fyn Yield stress of transverse reinforcement
Length Length of equivalent cantilever
Spacing of transverse reinforcement
Cover Distance between outer surface of column and center of spiral reinforcement
If there is no spiral, cover is taken as distance between outer surface and outside of longitudinal remforcement
Dyar Diameter of transverse / longitudinal reinforcement
Llong Longitudinal reinforcement ratio (A / Ag)
Amax Maximum recorded deflection. '
Agg Deflection at 80% effective force (20% loss of strength)
Drift Ratio Drift Ratio (Dgo/ L) '
s Provided Area of transverse reinforcement provided in specimen
Ps(ACI) Area of transverse reinforcement required by ACI 318-05 21.4.4.1
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Geometry Vert. Reinf Trans. Reinf Loading Details
. . : No of pldng Parea
Bldg | Detail | Nv | f'c (MPa)| B (mm) | H (mm) | h. (mm) [ Ag (mm?) | bars |bar#| (%) |Bar#|s(mm)| (%) |P&N)**| P/AL’
A Al 4 55.16 609.6 609.6 517.5 | 371612.16 12 8 1.64 5 102 1.50 8807 0.43
A2 15 68.95 762 762 669.9 | 580644 16 8 140 | 5 102 1.45 18966 0.47
A3 5 ¥  68.95 762 1016 669.9 774192 20 8 1.31 5 -] 102 1.45 21675 0.41
B Bi 5 * S55.16 762 1219.2 | 669.9 9290304 20 9 1.38 5 102 1.45 23032 0.45
Bl 5% 7240 762 1219.2 | 669.9 | 929030.4 20 9 1.38 5 76 1.94 26323 0.39
B3 4 * 5516 762 914.4 669.9 696772.8 14 -9 1.29 5 102 1.16 13469 0.35
B3 4 * 7240 762 914.4 669.9 696772.8 14 9 1.29 5 76 1.55 16782 0.33 -
C Cl 3 27.58 457.2 457.2 368.3 | 209031.84 12 9 3.68 .1 4 114 0.90 4083 0.71
: C2 3 ¥ 4137 4572 | 609.6 368.3 | 278709.12 12 11 4.12 4 76 | 135 7757 0.67
C3 3% 55.16 457.2 914.4 365.1 | 418063.68 16 11 3.66 5 89 1.83 13068 . 0.57

* Nv given for shorter dimension only

*p=DL+LL

1 All steel yield strength is 414 MPa
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Appendix B

B2 Rectangular Typical Column Cross Sections
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C-1 C-2 C-3
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B3 Circular Typical Columns Details
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Appendix B

B4 Circular Typical Column Cross Sections

Figure B2.1 Typical Rectahgular Column detail drawings
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APPENDIX C

C1 Rectangular Confinement Models

Model  Equation _
A 000
ACI 0.3=-| —=%-1|>0.09—=
yh ch vh
A '
A
CSA | Aclz fyh
k,=n/(n—2),k,=P/Py
A, 1.0- ' P .
Ngg | xllmpml 2\ 0065
Ach 33 'fyh ﬁ;: Ag
5 1.15
ach *@| 1413 2] | @—— |
P, 29
SK97 ' _ |
: ~a—steel configuration parameter
4 - target curvature ductility
5 0.82
acn 1413 £ )™
F, 8.12
BS98 | : _
, * o — steel configuration parameter
4 - target curvature ductility
- 0.1y, 27'6{\4})61 {0.12]{ < [0.5 +1.25 'P ]+ 0.13(,0, ——fy.h—f 0.0IH
WSS99 e LA Sl Ay U 4l4MPa
‘ My - target.displacement ductility
1 4
14 { : _1} L7
fyh Ach kz PO
SR02 -
' h, h, . .
k, =0.15 [—%-—, 0 - target drift ratio
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Appendix C

Model  Equation

( 4 ] S
BBMO5 (1~08/. ) fu
vy - as per Table 2.1
kfc' 4 [ r —0.0SJ
PP92 Son A \ A S
k= 0.35 for high ductility demand, = 0.25 for low ductility demand

Ag (¢11/¢y)_33p1m+22 fc" Pi _0006
Ach 111 fyh #c Ag

WZP9%
4,/ @, - target curvature ductility factor
A / -33pm+22 '
. g (¢u ¢y) pt fc ' _ 0006 (fyh<500MPa)
Ach ﬂ’ fyh ¢fc . Ag . )
A =117 when f. < 70 MPa, 0.05(f;’)2-9.54f.’+539.4 when f. > 70 MPa.
LP04 ‘ »
A / -30p,m+22
g (¢u ¢y) . pt ' fc ? (fyh > SOOMPa)
Ach 91— Olfc fyh ¢fc Ag

$,/ @, - target curvature ductility factor

C2 Circular Confinement Models

Model  Equation
A ’ fc' f'c

ch fyh fyh
T ow
CSA yh
kp = P/Po

Ach 24 fyh ¢fc'Ag

. 1
i

A4, 1.0- "P
NSZ ( e 10=pm J. J—o.0084
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Appendix C

Model Equaﬁqh

(ACI) *(a){lﬂ{%] ] [(_”%J

SK97 .
o — steel configuration parameter
4, - target curvature ductility
s 5 082\
ach*| 1+13 £ (27
F, 8.12
BS98

o — steel configuration parameter

4, - target curvature ductility

. ' A
SRO2 : f‘yh Ach PO -

O - target drift ratio

2
{ 4 Jf'c
BBMO5 \1=08f. ). fu
v - as per Table 2.1

p 4 P
k Je' 2 -—0.08
PP92 fyh Ach Ag fc
' k = 0.5 for high ductility demand, = 0.35 for low ductility demand

A (b 16)=33pm+22 ' P .
14 22 G l9)ZBpm 2 [T F g 08
Ach 11]‘ . fyh ¢]{c Ag :

¢,/ ¢, - target curvature ductility factor

WZP9%4

.Ag (¢,/9,)-33pm+22 f' P
Ach. . 111 ) fyh .¢f‘c'Ag

o= 1.1 when f; < 80 MPa and o = 1.0 when f;, > 80 MPa

LP04
o A, 4,/9)-55pm+25 1 P,
Ac . 79 fyh ¢fc'Ag

¢,/8, - target curvature ductility factor

] - 0.006}0{ (f,;n<500MPa)

J (fn > S00MPa)
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D.1 Rectangular Column Scatter Plots (with ACI Minimum)
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Drift Ratio (%)
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Table D.1 Rectangular scatter plot statistics (with ACI limit)

Model A B C
ACI 28.1 18.6 -9.5
A23 2.0 30.9 28.9
PP92 1.6. 34.9 333 .

. SR0O2

11.6

28.9

17.4

WSS99 9.6 35.5 25.8
BBMO5 2.9 36.8 33.9
SK97 5.6 25.7 20.1
BS98 0.0 224 22.4
SKBS 8.3 23.1 14.8
WZP9%4 10.4 25.8 15.4
LP04 13.3 22.6 93
WZPLP 6.6 31.0 244
NZS 5.7 34.7 29.0

D.2 Rectangﬁlar Column Scatter Plots (without ACI Minimum)
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Table D.2 Rectangular scatter plot statistics (without ACI limit)

Model A B C
ACI 28.1 18.6 -9.5
A23 32 34.1 - 31.0
PP92 7.4 32.5 . 251
SR0O2 14.1 30.0 159
WSS99 11.2 35.7 24.5

_ BBMOS5 7.7 35.8 28.1

SK97 5.6 25.7 20.1

BS98 0.0 224 224

SKBS 83 23.1 14.8

WZP%4 10.4 258 154 ,

LP04 13.3 226 9.3

WZPLP 125 230 10.5

NZS 14.3 24.0 9.7

D.3 Rectangular Column Scatter Plots (Maximum Recorded Drifts)
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) Table D.3 Rectangular scatter plot statistics (Maximum Recorded Di‘ift)

Model A B - C

ACI 12.5 5.3 -7.2

A23 0 122 12.2
PP92 0 ©13.0 - 12.987

SR02 2.4 133 10.9

WSS99 ' 143 12.1

BBMO5 14.9 14.9

SK97 9.2 9.2

BS98 7.5 7.5
: SKBS 83 . 83
) _ - WZP9% 10.3 10.3
LP04 8.7 8.7

WZPLP 8.8 8.8

NZS 10.5 10.5

oooooobog
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D.4 Rectangular Column A Fragility Curves (with ACI Minimum)
ACH ' BBMOS
0ot o9
08 0.8}
07} 07}
06| - 06
< 0.5} < 05
04l 04t
o3t , " os
02 0.2
0.1F 0.1
0 1 1 1 1 1 1 L L . 0
o 1 2 3 4 5 6 7 8 9 10 o 1
Drift Ratio
BS98 . : CSA
. - } N
oot osf .
o8 08 y o .
07} 07 ‘o B
06} 06} . 1
.:
< 05f < 05 /- ~
0al 04 Z ) ]
o3l 03 ey ,
02 02}
01t 01t 7 _
0 L 1 1 L - L 1 1 0 : . 1 " L 1. i1 b, 1
) 1 2 3 4 5 6 © 7T 8§ 9 10 . o 1 2 34 5 6 7 8§ 9 10
. Drift Ratio
NZS
1 . 1 . . . . :,
09} 09} £ 4
0.8} 0.8 . <3 4
: fi
o7 o1} . H -
.
H
06 08t A -
< 05| « 05 4 , N
04t 04} N ) -
L
'E
03+ 0.3+ s -
H
o2} 0.2 i i
0.1F 01} |
0 ol . . . . ‘ . .
R o 2 3 4 s 8 7 8 8 10
Drift Ratio . Drift Ratio

174




Appendix D

09

. 0.8

061

0.5}

t 04}

031

0.2

01

LA n L . 1 L L

2 3 4 5 6 7 8 9

Drift Ratio

SKBS

09

0.8

0.7+

06

03}

0.2

T L 1 n L L L L

2 3 4 5 6 7 8 9

Drift Ratio -

WSs99

09
08}
‘0.7 b
0.6+
05}

0.4

— v T - T v T

L L L L L L L L

2 3 4 5 3 7 8 9
Drift Ratio

175

SK97

[eX:]

081

06

0.5

04}

03

0.2+

0.1

Drift Ratio

SR02

09+
08+
0.7+
06
051

0.4

0.2+

01r

L ! L L L

2 3 4 5 6
Drift Ratio

WzPs4

0.8

0.7}

06}

05

041

0.3

0.2

L s L L

1
2 3 4 . 5 6
Drift Ratio




_ _ ‘ - Appendix D

WzPLP

0.9 . J
08} G 4
07

0.6 .

03t : -

02

Drift Ratio

D.5 Rectangular Column B Fragility Curves (with ACI Minimum)

o9 0}
08} 08
o1} o7}
06} 06 .
o 05} m 0.5
04} 04}
0al 03
02} 02}
0l 0l
o 1 2 3 4 5 6 7 8 9 10 . 4] 1 2 3 4 5 6 7 8 9 10
Drift Ratio . Drift Ratio

BS98

Drift Ratio Drift Ratio

176




Appendix D

o9l

081

0.7+

0.4+

031

021

L L L . L L L

3 4 5 6 7 8 9 10
Drift Ratio

PPo2

091

081

061

041
03+
0.2

01

051

L L L L L . L

3 4 5 ] 7 8 9 10
Drift Ratio

SKBS

08

0.7

04

03

01

L L 1 ' L L L

3 4 5 6 7 8 9 10
Drift Ratio

177

0.9

08} d

0.7}

06 -

0.4

2%,
3
39

0.3

0.2

ol L L L I

0 1 2 3 4 5
' Drift Ratio

SKo7

09}

08}

06

04

0.2

.01}

0 L L L L

] 1 2 3 4 S
Drift Ratio

SR02

- Drift Ratio




Appendix D

0.9

0.8

<07

0.6

0.4

0.3

o2l

0.1

D.6 Reétangular Column C Fragility Curves (with ACI Minimum)

a1

0.08

0.06

0.04

0.02

-0.04

0.06

-0.08

Ssaces,

5
Drift Ratio

WzPLP

Drift Ratio

ACH

Drift Ratio

178

09

0.8

0.7}

06}

03r

0.2

0.1

s

5
Drift Ratio

BBMOS

0.5

0.45}

0.4}

0.35

0.3

© 025

0.2

0.15

0.1

0.05

Drift Ratio




0.5

0.45

04}

0.35

0.3

0.2

0.15

0.1

0.05

0.5

0.45

0.4

0.35

0.3

0.5

0.45

BSg8

L ¢ L . L

5 6 7 8 . 9 10
Drift Ratio

LPO4

T T T T T

Drift Ratio

PPG2

Drift Ratio

0.5

CSA

Appendix D

0.45F
0.4
0.35F
0.‘3
0.25F

0.2+

0.1

0.05

0.5

5
Drift Ratio

NZS

0.45-

0.35}

0.3

0.25

0.2}

0.15¢

0.05

0.5

v

L

5
Driit Ratio

SK97

0.45F

0.4

03
0.25

0.2+

A

5
Drift Ratio




Appendix D

0.5

0.45

0.4

0.35

0.3

O 0.25}

02
0.15

0.1

05 -

0.45

0.4

0.35

0.3F

0.5

0.45

0.4

0.35

SKBS

12 3 4 5 6 7 8 9 10
Drift Ratio

WSS99

Drift Ratio

WZPLP

Drift Ratio

180

SR02
05 T T T g T

0.45
0.4

0.35}

0.25
02
0.15}
0.1

0.05

0l L - L I

[} 1 2 3 4 5
Drift Ratio

WzP94

0.5 T T T T T

0.45}F

0.4

0.351

03

Drift Ratio




Appendix D

D.7 Rectangulaf Column A Fragility curves (without ACI Minimum) .
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D.10 Rectangular Column A Fragility' Curves (Maximum Recorded Drifts) |
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D.11 Rectangular Column B Fragility Curves (Maximum Recorded Drifts)

BBMOS

1 1 v
0.9 0.9+
0.8 0.8
0.7} Q7

.
0.6 0.6}
o 05} m 0.5p
0.4 04}
0.3+ 0.3
0.2 0.2}
01 0.1
.
0 0 . L L . . . . .
4] 0 1 2 3 4 5 6 7 8 9 10
Drift Ratio Drift Ratio
BS98 . CSA

1 1 .
09 0.9t
08y 0.8}
0.7k 071
061 0.6

o 05} o 05

04t 04}
03 03
0.2} 0.2
0.1 01

1] 0 FYh 1 L 1 0 Il i ) 1

0 o] 1 2 3 4 5 6 7 .8 9 10
Drift Ratio : i Drift Ratio

190




Appendix D

09
0.8

0.7

0.5

0.4

0.2}

01

L

5
Drift Ratio

PPY2

09

0.8}

07

06+

0.5}

04

0.2

01

X

5
Drift Ratio

SKBS

0.7}

- 06

0.5F

04}

0.3

0.2}

0.1

5
Drift Ratio

191

5
Drift Ratio

SKg7

0.9

0.8

0.7

0.6-

m 05 .

04r

03

0.2

2

5
Drift Ratio

SR02

0.9

0.7}

06

0.4
03
0.2

01}

5
Drift Ratio -

6




Appendix D

WSS9 ) wzPg4
1 , . . - 1 .
.
09} . : “os}
H
0.8 o - < : { . 0.8
:
s
0.7r 4 B 071
N
H
06+ s - 06F
.
.
o 05 Y 1 o 05}
.
04} Ry - : 04l
.
: .
:
03} : g 03
02} d , 02
01} " ' 1 0.1}
- > )
0 2 1 1 1 1 1 1 1 1 0
0 1 2 3 4 5 6 7 8 9 10 0
Drift Ratio Drift Ratio
WZPLP
1 :

Drift Ratio

D.12 Rectangular Column C Fragility Curves (Maximum Recorded Drifts)

} ACl ' ' ) BBMOS
05 . . : . . 05 . :
0.45 J
04p ‘ i
0.4 4
03 7 035}
03
o.2f R
‘o ‘ . © 025f
041 ]
0.2}
015}
0.1
0.05
o2l . L . . . o
0o 2 4 6 8 10 12

" Drift Ratio ' . - Drift Ratio

192




Appendix D

BS98 CSA

05 T . . . 05 T . . - «
0451 : EE 0.45 . 4
04} i 0.4 -
0.35} 0.35}
© 03F 3
O 0.25p © 0.25¢
0.2+ 0.2+
0.15F 0.15 N
01p 01}
0.05F '0.05
0 . L ) \ \ 0 . . \ . \
[\ 2 4 6 8 10 12 0 2 4 [ 8 10 12
Drift Ratio Drift Ratio
LPO4 . . NZS
0.5 T = — T T T T " T T
0.45 ) ]
04 E
04t 4
0.35} B
03} f
0.3} . ‘,
3] © 0.2
0.9
[1] b
: 01 . , . L )
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Drift Ratio " Drift Ratio
PP92 . ' SKo7
0.5 T v T ) 0.5 T T T
0.45] i 0.45} 4
04} : 4 0.4} . B
0.35F - 0.35F B
03 4 0.3+
© 025} 1 © 0.25}
0.2+ g 0.2
0.15} 1 0151
C1- B 0.1
0.05- g 0.05-
il
- 0 5t 1 1 1 1 . 0 1 1. 1 I s 1
[¢] 2 4 6 8 10 12 4] 2 4 [ 8 10 12

Drift Ratio . ’ . Drift Ratio

193




0.5

SKBS

0.45

0.4

(

sk

6
Drift Ratio

WSS899

@

05

0.451

0.4

0.35¢

03}

sk

6
Drift Ratio

WZPLP

04+

0.3}

L

&k

6
Drift Ratio

194

0.5

Appendix D

SR02

045}

041

0.35F

03

0.15

[ANS

0.05

,._
@k
3
=

8
Drift Ratio

WZPo4

04t

L '

o+
=3
N

4 . 6
Drift Ratio




Appendix D

D.13 Circular Column Scatter Plots (With ACI Minimum)
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Table D.4 Circular scatter plot statistics (with ACI limit)

Model _ A

B

C

ACI 34

4.8

1.3

A23 0.0

8.7

87

PP92 0.0

8.3

8.3
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8.7

8.7 -

BBMO05 0.0

8.7

8.7
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18.2

18.2
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5.6
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9.1
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9.1

9.1
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9.1

9.1
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9.1

9.1

NZS 0.0

7.1 -

7.1

D.14 Circular Column Scatter Plots (without ACI Minimum)
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Drift Ratio (%)
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Table D.5 Circular scatter plot statistics (without ACI limit)

Model A B C
ACI 3.4 4.8 1.3
A23 0.0 28.6 28.6
PP92 0.0 8.3 8.3
SR0O2 0.0 . 333 33.3
BBMOS . 0.0 18.2 18.2
SK97 0.0 18.2 18.2
BS98 0.0 5.6 5.6
SKBS 00 18.2 18.2
WZP9% 0.0 9.1 9.1
LP04 0.0. . 9.1 9.1
WZPLP 0.0 9.1 9.1

NZS 0.0 7.1 7.1
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D.15 Circular Column A Fragility Curves (with ACI Minimum)
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