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ABSTRACT
Circular columns have been widely used in various types of reinforced concrete
structures such as bridges piers. The normal compression capacity of the
reinforced concrete circular column depends on the confinement shape. The
main purpose of this study is to investigate the influence of the lateral
confinement type on the behavior and capacity of the circular columns
subjected to lateral cyclic loads. The concrete strength and main reinforcement
ratio are additional factors were taken into consideration. Six small scaled
columns divided into two categories according to the stirrups type were chosen
to represent the effect of the mentioned factors. For category one, the circular
hoops were used and spiral reinforcement was used in the second category. The
tested specimens were subjected to top displacement saw-tooth acting lateral

force.
The study has reached to some major conclusions such as:-
1- The main failure mode was similar in all specimens.

2-Using spiral stirrups with the same volumetric ratio increase the failure
strength of the columns by about 15% and the cycles required for failure is

increased accordingly.

3- The circular reinforced concrete columns casted with high strength concrete
(60Mpa) has an increased failure strength value (about 50%) compared with the

same columns casted with normal concrete strength (25Mpa).

4- Increasing the ratio of the main reinforcement improve the ductility in

addition to the failure strength of columns to resist cyclic loads.

5- Using spirall stirrups eliminate the tendency of the local buckling of main
rebars which decrease the strains on these rebars and delay the time required

for the concrete cover spalling.



6-Strength losses in reinforced concrete columns casted by using normal
concrete strength is much more these ones casted by using high strength

concrete,

Finally, the study has highlighted that, The circular column laterally confined
with spirally circular stirrups, casted with high concrete strength and
longitudinally reinforced by about 2.5% has a much more improved behavior
than that for the column with the circular hoops; this behavior appeared in the
capacity of columns and the strength losses, the maximum drift ratio, the

energy dissipation and stiffness degradation.



ACKNOWLEDGEMENTS

All praise belongs to God, Most Gracious, and Most Merciful. Only Through His
Grace and Guidance, This Work was Completed.

I wish to express my deepest appreciation to Dr. Osama Hamdy Abd EI-Wahed
for enlightening, direction and supporting me at all times.

All appreciation and gratefulness to Dr. Ayman H.H.Khalil who provided,
support, enlightening, direction, and supervision without which this work would
have not been present as such.

I wish to express my gratitude to Dr. Haddad Sayied Haddad . | can not find the
suitable words to express my respect, | thank him for his guidance and support,
providing me all information | need, enlightening me to finish this research.

I am deeply indebted to my Family, Friends and Work's Mates for their help
patience and support at all times.



syl gasll alll gy

A S A R A AL I R e
o Bl Ly T3iaa ulaxg Lyels ¢33 ¥ 153
slagll 2l Z6l &8sy L4

sl Alll g



detecated

To my father's and mother's souls........ '






TABLE OF CONTENTS

CHAPTER (1)t e 8
INTRODUCTION. ...ttt e 8
L1 GENETAL .. 8
1.2 Objectives and SCOPE .....eeevieeieeiieiieeieeteete ettt 9
1.3 ThesiS LayOut ....cc.eeeecuiiieiiieciieeeee ettt s e e 10
CHAPTER (2) .ttt e 12
LITERATURE REVIEW. ..., 12
2.1 GENCTAL ...t e ens 12
2.2 Basic Structural Properties .........cccueerveeeiieeeiiie et 12
22,1 SEEENGLN...eiiiiiiieiieie et et ens 12
2.2.2 SHTITNESS .ottt 13
2. 2.3 DUCHIILY ..ottt ettt ettt et et e s eenaeens 15
2.3 Failure Classification of Columns under Lateral Loads.............c............ 18
2.4 Typical Progression of Flexural Damage in R.C. Columns.................... 22
2.5 Previous Research Results.........ocoooieiiiiiiiiiiiiiiieeceeee 25
2.5.1 Member Geometry and Reinforcement.............ccceeeveeriieiienieenieennnnn. 26
2.5.1.1 Column Aspect Ratio and Length ..........ccccoeeiiiiiiiiniiiinieeeieee, 27
2.5.1.2 CONCIELE COVET ..cuuviiiiiieeiiieeiiieeiiee ettt ettt et e e e e abeesaeee s 28
2.5.1.3 Longitudinal Reinforcement Ratio...........cccceevveveeiieiniiecciiecieeee, 30
2.5.1.4 CONTINEMENL .....eoiiieiiieiieeiieiie ettt et ee e s sieeeneaens 32
2.5.1.5 Longitudinal Bar Diameter..........cccceeevieveieeeiiieeiee e 35
2.5.2 Material PrOPETtieSs ........ccveeiueeriieeiieiieeit ettt et sae e e 36
2.5.2.1 Plain and Confined Concrete...........coovueeneeiiiienieniieenieeieeiesieeieene 37
2.5.2.2 Longitudinal Reinforcement..............occeeveiieniieeiienieeiiienieeieeeve e 37
2.5.2.3 Transverse Reinforcement...........cocoeevuieiiiiiiiiiiiniiiniieeeeeeeeee 39
2.5.3 LOAAINEG ..eetieiiieiieeee ettt ettt ettt et et ens 40
2.5.3.1 AXIAl LA .. .iiiieiieieeeeee e 40
2.5.3.2 Lateral Displacement HiStOry..........ccccceeviieiiieniieniieniieiieeieeiee e 43
2.5.3.3 L0ad Path...cc.cooiieiieieeeeee e 44
2.6 Damage INAICES ......eevueieiieiiieiieiie ettt et ens 46
2.7 Plastic Hinge Length EXpressions.........ceccveeeeieeeiiieeiiee e 48
CHAPTER (3) .ttt e 52
EXPERIMENTAL PROGRAM.. ..o 52
3.1 GONETAL . e et 52
3.2 MAtETIALS ..o 53
3.2.1 COMCIELR. ..uvteeiiieeeiieeeite ettt et ettt e et e et e st e e s ateesabeeesabeeenes 53
3.2.2 ReINTOTCEMENL ....c..ueiiiiiiiiiiieeice et s 58
3.3 TSt SPECIMENIS ...c..eeevvieiiieiieeiieeiie et eite et et et seeeebeesteessbeessaesseenaeeenne 59
3.4 Preparing Forms and Placing Reinforcement..............ccccoveevvieeeciieennnnnn. 65
3.5 Preparing SPECIMENS ......ccvieruiieiierieeiienieeteesteesieeeteesteessreeseesseenseeenne 65
3.5.1 Casting, Compacting and CUIING ........cccceevveeerieeeiiieeeiieeeieeeeireesneeenns 65
3.5.2 Pre-StIESSINZ . .cecuvieuiieriieeiieeiieeieeete et et e et e stae e e e sateebeessaesnseesaaeenseennns 67
3.5.3 Calculation of Pre-stressing FOTCe.......coovvviieriieiniieeiieeciee e 72
3.6 Strain MEaSUICMENLS ........c.eeruiierrierieeitienieetiesaeesieesteeseessreeseesnseenseennne 74
3.7 INStrUMENTATION .....eeiiieiie ettt et 74



3.8 Test System Configuration ............cceeeeeeeiierieniieenieeieerie e eiee e 75

3.8.1 Measurement DEVICES ........c.cevueeriiiiiieriieiieeie et siee et 75
3.8.2 Control Station and Data Acquisition System............ccceeeverrreervreneenne. 77
3.9 TeSt ProCedUIE.......cccueeiiiiiieiiieieee et 81
CHAPTER (4) . et e 83
EXPERIMENTAL RESULTS. ... 83
4.1 INEEOAUCTION ..ttt sttt 83
4.2 Modes of failure, crack pattern and general observations....................... 84
4.2 TGTOUP (A) cetettenieeiieeteeie ettt ettt ettt sttt et et e st et st e bt et e eneesbeetenneens 85
4.2.1.1 Model (A-1)-Reference Model..........ccceeviiieciiieiiieeieeceeeeeeeen 85
4.2.1.2 MOAEL (A2) ettt 85
4.2.2GTOUP(B).eiie et 86
4.2.2.1 MOl (BI-1) ittt 86
4.2.2.2 MOl (B1-2) .ueieiieiieiieciieieeeetete ettt 87
4.2.2.3 MOAEL (B2-1) ciieiieiieeesteee ettt 88
4.2.2.4 MOAEL (B2-2) ..ueeiieiieieeeee ettt 88
4.3 Load-displacement relationsShips ..........cceeeveeeiierieiiiienieeiienie e 89
4.3 TGIOUP (At ettt ettt et e et e et e st e enbeesateebeenaeeens 89
4.3.1.1 Model (A-1) -REFERENCE MODEL .......cccccccooviniiinininieneeenee. 89
4.3.1.2 MOAEL (A2) ettt ettt sttt 90
4.3.2 GIOUP (B)eeetieniieieeteee et 90
4.3.2.1 MOl (B-1-1)ueieiieiieiieieiteeetee ettt 90
4.3.2.2 MOl (B-1-2) .ot 91
4.3.2.3 MOl (B-2-1) ueiiiieiieeeeiieeee ettt 92
4.3.2.4 MOEL (B-2-2) .ttt 92
4.4 Strength, Stiffness and Energy Dissipation Characteristics .................. 105
44,1 GENETAL ..o 105
4.4.2 GIOUP(A) tnetteieeeiet ettt ettt ettt et ettt et esat e et esseeeabeesaeeenbeennes 105
4.4.2.1 Model (A-1) —Reference Model ..........c.cocuveeiierciieniieniieieeieeee, 105
4.4.2.2 MOAEL (A=2) ittt 106
4.4.3 GIOUP (B) ettt e 106
4.4.3.1 MOl (BI-1) ceoiieiiiiieieeieeeeie ettt 106
4.4.3.2 MOl (BI-2) .ueiiiiiiiiiiiieieeeee et 107
4.4.3.3 MOl (B2-1) ittt 108
4.4.3.4 MOEl (B2-2) ..utiiiieiieieeiieteee ettt 108
CHAPTER (5) ittt 115
ANALYSIS AND DISCUSSION. ...ttt 115
5.1 INErOAUCTION ..ottt 115
5.2 Displacement Ductility AnalysiS........ccccecveecuierieesiienieeiienie e 115
5.2.1 Yield Displacement .........cccueeeiiieeriieeiiieeiee et 115
5.2.2 Displacement Ductility Factor and Accumulated Displacement
DUCHIIEY 1ttt ettt et et e et e e e aae e enraeeeesaeennns 117
5.2.3 Drift RAtIO...coiiieiieiiiieeeeeee e 118
5.3 Strength Evaluations...........cccvieeiiieeiieeciieceecee et 119
5.4 SENESS ANALYSIS ..oeuviiiiiiiiieiieeieeie ettt st 119
5.5 Energy DiSSIPation ........cccveeecuiieriieeniieeiiieecieeeeee e e eveeeeveeesveeesenee s 124



5.0 DUCHIIEY ..ttt et e st aee e es 125

CHAPTER (6) ...ttt e e e 126
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS. .............. 126
6.1 SUMMATY ...cuiiiiiiiiiiiieieeee ettt s 126
0.2 CONCIUSIONS ....oniiiieiieiiieieeie ettt sttt et 126
6.3 Recommendations for Practice...........cccovieriiieniiniiiiiieiiieieeceeee, 128
6.4 Proposals for the Future Studies...........ccoeveeviieriieniieniieiiecieeceee e 128

APPENDIX (A) ittt e 130
EFFECT OF THE CONFINMENT TYPE ON THE CIRCULAR COLUMNS
ACCORDING TO DESIGN CODE ......ccceoiiiiiiinienienineeeieeesieneeans 130
Effect of the Confinement Type on Axially Loaded Columns.................... 130
Effect of the Confinement Type on Eccentric Columns .........c..ccccceveuneee. 131
List Of RETEIeNCes. ...ccouviiiiiiiiiiieiiieeeee e 132



LIST OF FIGURES

Figure 2- 1 Axial compressive Load-displacement relationship for

reinforced concrete member[1]........cooooviiiiiiiiiiiii e 14
Figure 2- 2 Moment-curvature relationship for reinforced concrete

1001510105 o |1 ) T S SRS USRS 17
Figure 2- 3 Plastic-Hinge Analysis [1]....cccccevviineiniiniiiiiieierieeiee 18
Figure 2- 4 Failure Classifications[4]........ccccceevveeniiienciieeiieeieeesieeee 23

Figure 2- 5 Force-Displacement Response of a Conventional
Reinforced Concrete Column and a Column with a Steel Jacket

[Chal 1991] [17] ettt 30
Figure 2- 6 Axial Strain Capacity vs. Spiral Reinforcement Ratio [44]34
Figure 2- 8 Displacement Histories of Specimens 1 To 6 [47]............ 46

Figure 3-1 Reinforcement Details Of Tested Specimen Type (B).....62
Figure 3-2 Reinforcement Details Of Tested Specimen Type (A).....63

Figure 3-3 Reinforcement Details Of Stub (I).........ccoeoveieiiiiiinneennne. 64
Figure 3-4 Reinforcement Details Of Stub (II) .........ccoceeeeiiiiennnnnne. 64
Figure 3-5 Reinforcement Steel of Specimens...........cccccvevvvvenneennnen. 66
Figure 3-6 Wooden Form for The Location of Anchor....................... 66
Figure 3-7 Placing Steel Reinforcementin Wooden Forms.............. 66
Figure 3-8 Plastic Pipe at The Location of Anchor...........cccecveneennee. 66
Figure 3-9 Column FOrm........ccooceiriiiiiiiiniiiicceceeeee e, 68
Figure 3-10 Adjusting Column Reinforcement.............c.ccoceeeneennen. 68
Figure 3-11 Additional Reinforcement at Bottom Connection........... 68
Figure 3-12 Transferring Reinforcement Steel Using Crane .............. 68
Figure 3-13 Strain Gauges on Circular StITups ........cccceeevevveeeeveeeenne. 69
Figure 3-14 Strain Gauges on Main Reinforcement............................ 69
Figure 3-15 Casting Lower Stub Using vibrator.............cccceeeeuveennneee. 69
Figure 3-16 Plastic Pipe at The Location of Anchor.........ccccueeeneee. 69
Figure 3-17 Casting Concrete Standard Cubes ..........ccccceevvvvenieennnen. 70
Figure 3-18 Forming The Column FOrms ..........ccccoevevveviieinieenieennen. 70
Figure 3-19 Adjusting Verticality of Column ...........cccoeeveevivennennnnen. 70
Figure 3-20 Casting Concrete for Column ..........cccceeveevienienieniennne. 70
Figure 3-21 Transporting Specimen Using Crane Girder ................... 71
Figure 3-22 Preparing Forms for Upper Stub Casting .........c.c.cccuee..e. 71
Figure 3-23 Final Specimen Shape and its Relevant Standard Cubes 71
Figure 3-24 Provide Specimen Identification and Casting date.......... 71
Figure 3-26 General View of The Acquisition System....................... 79
Figure 3-27 Load Cell and Actuator..........cccccveveecveeecciieeeiee e 80



Figure 3-28 Steel Frame Connected to Load Cell..............cccuueee.... 80

Figure 3-29 Steel Frame Connected to Upper........coccvvveevvveeeevveeennee. 80
Figure 3-30 Top Displacement Recording ..........c.cccecevvvieviieencneeennee. 80
Figure 3-31a Bending Moment Diagram ...........ccccceeveirenieenieenieeenen. 82
Figure 3-31b Axial Force Diagram ..........ccccoevvieniienciieniieeieeieee, 82
Figure 4-01 Crack Propagation at Bottom of Column................... 94
Figure 4-02 Cracks Propagation at The Top of The Column............. 94
Figure 4-03 Crack Extended Through The Column.............c...c.......... 94
Figure 4-04 Start Concrete Cover Spalling ..........cccceevevvveerieenieennnen. 94
Figure 4-05 Main Reinforcement Buckling at Bottom ...................... 95
Figure 4-06 Main Reinforcement Buckling at Top .........cccceeevveeennnenn. 95
Figure 4-07 Concrete Cover Spalling.........ccccceeevveevcieeincieeeieeeen, 95
Figure 4-08 Double Curvature Failure .........c.cccoeoieeniiniiiniiinenen, 95
Figure 4-09 Crack Pattern -Specimen (A1) at TOp ..eveeevvvveevveeenneee. 96
Figure 4-10 Crack Pattern- Specimen (A2)at Bottom......................... 96
Figure 4-11 Crack Pattern -Specimen (B1-1) at Top ......cccceeeeuveenneee. 96
Figure 4-12 Crack Pattern- Specimen (B1-2)at Top .......ccceeeeuveenneee. 96
Figure 4-13 Crack Pattern Specimen (B2-1) at Bottom...................... 97
Figure 4-14 Crack Pattern Specimen (B2-2) at Bottom...................... 97
Figure 4-15-, Displacement — History Chart ............ccoceviiiiiiniennnnee. 98
Figure 4-16, Load-Displacement Hystreis for Specimen Al ............... 99
Figure 4-17, Load —No. of Cycles Chart for Specimen Al................. 99
Figure 4-18, Load-Displacement Hystreis for Specimen A2 ............. 100
Figure 4-19, Load —No. of Cycles Chart for Specimen A2................ 100
Figure 4-20, Load-Displacement Hystreis for Specimen B1-1.......... 101
Figure 4-21, Load —No. of Cycles Chart for Specimen B1-1............. 101
Figure 4-22, Load-Displacement Hystreis for Specimen B1-2.......... 102
Figure 4-23, Load —No. of Cycles Chart for Specimen B1-2............. 102
Figure 4-24, Load-Displacement Hystreis for Specimen B2-1........... 103
Figure 4-25, Load —No. of Cycles Chart for Specimen B2-1............. 103
Figure 4-26, Load-Displacement Hystreis For Specimen B2-2......... 104
Figure 4-27, Load —No. of Cycles Chart for Specimen B2-2............. 104
Figure 4-28, Stiffness—No. of Cycles Chart for Specimen Al ........... 109
Figure 4-29, Energy Dissipations- No. of Cycles Chart for Specimen

AL e ettt st 109

Figure 4-30, Stiffness—No. of Cycles Chart for Specimen A-2& A-1110
Figure 4-31, Energy Dissipations- No. of Cycles Chart for Specimen
AC2EA-T s 110
Figure 4-32, Stiffness—No. of Cycles Chart for Specimen B1-1&A1-1111



Figure 4-33, Energy Dissipations-No. of Cycles Chart for

Specimen BI-TT&AT-1 .cooiiiiiieeeeeee e 111
Figure 4-34, Stiffness—No. of Cycles Chart for Specimen B1-2 &

A2 & B o 112
Figure 4-35, Energy Dissipations-No. of Cycles Chart for Specimen
Bl-2 & A-2 & Bl-1 it 112
Figure 4-36, Stiffness—No. of Cycles Chart for Specimen B2-1&B1-
LEA-T et 113
Figure 4-37, Energy Dissipations- No. of Cycles Chart for Specimen
B2-T&A-T-&BI-1..oiiiiieeeeeeee et 113
Figure 4-38, Stiffness—No. of Cycles Chart for Specimen B2-2&A-
2EBI=2 et 114
Figure 4-39, Energy Dissipations- No. of Cycles Chart for Specimen
B2-2&A-2&BI-2 .o 114
Figure 5-2 Calculation of Energy Dissipations ............ccccccvveeevveennnee. 120
Figure 5-3 Hysteresis Loops Envelope Of Lateral Load versus Disp.
AT ettt 120
Figure 5-4 Hysteresis Loops Envelope Of Lateral Load versus Disp.
A e ettt et e st et ebeenaeennee s 121
Figure 5-5 Hysteresis Loops Envelope Of Lateral Load versus Disp.

53 OSSR 121
Figure 5-6 Hysteretic Loops Envelope Of Lateral Load versus Disp.
Blo e et 122
Figure 5-7 Hysteresis Loops Envelope Of Lateral Load versus Disp.
BT e 122
Figure 5-8 Hysteresis Loops Envelope Of Lateral Load versus Disp.
B e 123



