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Abstract
Interlocking spiras are used in bridge columns not only because they provide
more effective confinement than rectangular hoops but also because interlocking spirals
simplify the column fabrication. The behavior of columns with interlocking spirals has
been studied only to a limited extent. A study was conducted at University of Nevada,
Reno, on the seismic behavior of double interlocking spirals columns to determine the
effect of some of the more critical parameters.

Experimental and analytical studies were conducted on six large scale concrete
columns with double interlocking spirals. The primary test variables were the levels
shear stress and the limits of the horizontal distance between the centers of the spirals.
The specimens were tested under increasing amplitudes of the Sylmar record from the
1994 Northridge Earthquake, in the strong direction of the columns until failure. The
tests revealed that the Caltrans upper spirals spacing limit of 1.5 times the radius is
satisfactory even under high shear. However, supplementary cross ties are needed to
prevent premature vertical shear cracking.

The analytical studies included push-over analysis, development of a plastic shear
stiffness model, and development of design recommendation for crossties. The proposed
shear stiffness model improved the calculated shear deformation.



Table of Contents

Chapter 1. INtrodUCLION .......coceeiii et 1
1.1, Introductory REMAIKS .........cooiiiiiiiiseeeee e 1
1.2, PreVioUS SEUAIES.......cc.coieieiesiesie sttt sn e 2

1.2.1. Shake Table Testing of Circular Column ...........ccceivrerneenenieneeens 2
1.2.2.  Static-Cyclic LOad TESHNG ....cccvveeerieiecie e eeeseesee e 2
1.2.3.  MoNnotonic Load TESHING.....c.cieerierirriieiieeie et 5
1.2.4. Concentric Axial Load TeSING.....ccceeveereerieiieseeresieeseese e s seeeneens 5
1.3. ObJECHIVES AN SCOPE......eeieeteeierierieesie et besee e e sseseesseeseeas 6

Chapter 2. Design of the Specimensand Preliminary Analysis.............. 7
P20 W 1 g (0o [0 Tox i o] o USSP 7
2.2. Average Shear SIrESS INUEX .....oceeieeiierieree e 7
2.3. TESE VATADIC....ceeeeeeee e 7
2.4. Current Design Guidelines for Columns Reinforced with Interlocking Spirals
................................................................................................................................. 7

2.4.1. Horizontal Distance between Centers of the Spirals, di........ccccoeueenee. 8
24.2. Longitudinal ReINfOrCEMENt .........cccceveereeieseere e 8
24.3. Minimum Vertical Reinforcement in Interlocking Portion ................ 8
2.4.4.  Nomina Shear CapaCity ........ccccvieererieeriereeieeseeseeseeseesreesee e sseees 9
2.45.  Confinement ReiNfOrCemMent.........cccoveeierieneeneeeseeree e 11
2.5. Cross Ties Reinforcement Specimen ISHLST ......ccvveeveece e 12
2.6. Material PrOPEITIES.....ccuoiiiiieieeestee ettt 13
2.7. AXia LOBA INAEX ...cviviiiiiieieee et 13
2.8. SCAlING FACLO ....c.eiieeieee ettt sttt r e e e 13
2.9. Cross Section Area of the SPeCIMENS........cccecveviveveere e 13
2.10. Displacement Based DESIQN ........ccooeriereerieriinee et 14
2.11. Description of the SPECIMENS ........cccvcciiieiiee e 15
2.12. Footing and Loading Head DeSIgN ........ccoieeiriiniesie e 15
2.13. Preliminary ANAlYSIS.......ccvciieeiiee et ee et eie e 16
2.13. 1.  Moment-Curvature analySiS........cccereeriereerierieeseesiessee e see e 16
2.13.2.  DYNamMiC ANAIYSIS.....ccciieiieeieseesie e see e e see s e sre e e nee e sne e 19

Chapter 3. Construction of the Specimens and Experimental Setup... 21
G300 IR 1 011 0o [0ox i o o RSP URRURPRN 21
3.2. Construction of the Test SPECIMENS ........ccvevreeerieie e 21
3.3. Material PrOPerti€S.....ccceiiiieiiieeee ettt s nne s 22
34, INSITUMENEALION ...ttt 22

G N I X o o= (= - 1 o o H USSR 23
3.4.2. Lateral and AXial LOBd ........ccooeiireriiieeiesee e 23
3.4.3. Latera Displacement ........ccooeeiirienieieee e 23
G S (= T 7= 0o = 23
345, Curvature TranSUCES ..........coeerierieereeriee e siee e see e saee e 24



3.4.6. Pan@l INSETUMIEINES. ... ennnn 24

O =S S 11 o OSSPSR 25
35.1.  Specimen With LOW SNEar .......ccccceveriniiieee e 25
3.5.2.  Specimen with High Shear...........cccocveeiieiiie e, 26

Chapter 4. Experimental Resultsfor Specimenswith Low Shear ....... 27

72 I | 11 0o (U Tox 1 o o PSR 27

VR W= 1ol )0 oo U 27

4.3. Observed PerformanCe. ..........ooeoiiieeieeriesee et 27

4.4, Target and Measured ACCEIEration .........ccecveeereeresie e 28

A5, AXial LOBD VATAHION ..c..eeiieieeie ittt 28

4.6. Force and Displacement Hysteresis Curves and Envelopes..........cccoceveenen. 29

A.7. DYNAMIC PrOPEITIES.....ccveeieiiesieeie ettt st s ne s 29

4.8. CUVAUIE Profil€........cceiieeeiese e 31

4.9. Flexural and Bond SIip Deformation...........c.cceoeeeereenieneeneeniesee e 31

4.10. Shear DEfOrMELTON........c.oiiiereserieee e 31

4.11. MEBSUIEd SEFAINS......ceivieieeiesieeieeee sttt st be et e sreesre e e e neenens 32

4.12. Idealized Force-Displacement Relationship........cccccevveveecesevecce e, 33

4.13. Plastic HINGE LENGEN.....cuiiiiieiece e 33

Chapter 5. Experimental Resultsfor Specimenswith High Shear ....... 35

5.1, INEFOAUCTION. ...ttt sa e e 35

5.2. TESHNG PrOLOCOL .....cueeeieiieieeiee ettt et aesneen 35

5.3. Observed PerfOrmManCe... ... 35

5.4. Target and Measured ACCEIEration............ccceeireriinieneeie e 36

5.5. AXial LOBA Va@liON ....ccueiueriieieieiiesiesiesiesiee et s 37

5.6. Force and Displacement Hysteresis Curves and Envelopes............ccocveeeee. 37

5.7. Moment Demands and Head ROtatioN...........cccoviveneninieieese e 38

5.8. DYNAMIC PrOPEITIES.......coiuiiiiiieeiee ettt ne s 39

5.9. CUIVEIUIE Profil€.....c.oiviiiiieieieeeer e 40

5.10. Flexural and Bond Slip Deformation...........ccccevereneeienieeseese e 40

5.11. Panel Zone DefOrMationS ..........c.coereririereninieieesie s 41

5.12. Shear DEfOrMELION ..........coiiriierieieesiesee ettt e e ee s 41

5.13. MEASUIEd SITAINS......ccuiiuiriiriisiisieeiree et 42

5.14. Idealized Force-Displacement RelationsShip ........ccceveeveiiininiinin e 43

5.15. Plastic HINGE LENGLN........ocuiee et 44

Chapter 6. AnalysSiSof SPECIMENS........ccccvvviiieiiece e 46

(G300 R 1 1 (0o (1o o PSSP URURTRN 46

6.2. Strain Rate Effect on Material Properties..........coccevveveeieeveesesceseeseecie s 46

6.3. Moment CUrvature ANAIYSIS........ooeeieirieerieeie et see s sneens 48

6.4. Plastic HINgE LENGLN.........oieeececee e 49

6.5. Load-Deflection Analysisof ISL1.0and ISL1.5......ccoeeieiiiniiniereeieene 50
6.5.1.  Total DEflECHION .....cceiiriieieeee e 51

6.5.1.1. Deflection dueto Flexural ..........cccovveviieeneninnieeneee e 51



6.5.1.2. Deflection dueto Bond Sip ......cccceeeeveienirenenenieieeseese e 52

6.5.1.3. Deflection dueto Shear.........ccoceeereeirienene e 54
6.5.1.4. Comparison of Analytical and Experimental Results............... 55

6.5.2.  PUSN OVEr ANAIYSIS....cciiiieiieiie et sie et 55
6.6. Load-Deflection Analysis of ISH1.0, ISH1.25, ISH1.5 and ISH1.5T........... 57
6.6.1.  Total DEfOrmMation..........cooeriririerise s 57
6.6.1.1. Deflection dueto Flexural ..........cccoooevvenieeiinienieseeee e 57
6.6.1.2. Deflection dueto Bond Sip ......cccceveveveeieeiicie e, 57
6.6.1.3. Deflection dueto SNEar.........cccceevvevereere e 58
6.6.1.4. Comparison of Analytical and Experimental Results............... 58

6.6.2.  PUSN OVEr ANAIYSIS....cooiiiiiieeieeesee et 58
6.6.3.  Shear CapaCity ANAlYSIS......ccccceeierieerieeie e e et 60
6.6.4.  Shear SHITNESS ....cooiiie e 66
6.7. Effect of Interlocking Distance and Shear Stress........ccooeeveceeveevieceesieeeene, 68

Chapter 7. Description of the Existing and Modified Shear Stiffness
M odel 71

% R 1 (0o (1o o PSSP URPRRN 71

7.2. Shear Stiffness using Park and Paulay Method ............cccoooveveieececiecicenee, 71

7.3. Proposed Shear SffnesSMOdE ..o 73

7.3.1.  Formulation of the Column Shear StIffness..........cccoocvveveninenennene, 74

7.3.2.  Plastic Shear Stiffness MOdElS.........ccooovreireiiiniiee e 75

7.4. Comparison of the Proposed and Existing Shear Stiffness Model ................ 79

7.5. Ultimate Shear Deformation...........cccveceieeneriieniesee e 80

7.6. Application to a Typical COlUMN.........cceeiieiiiierece e 80
Chapter 8. Design Procedurefor CrosSTI€S......ccoeveevveeeieesieesensenenees 82
<300 IR 1 011 0o [0 Tox i o o TSP 82

8.2. Shear Capacity Method...........ccocoveiieiiceceee e 82

8.3. Equilibrium of Spiral Forces at Middepth Method............cccoeiieeieniininnen, 85

8.4. Shear-Friction Method...........cocveiiiiirieree e 86

8.5. Comparison of Different Methods and Design Recommendations............... 87

8.6. Recommended Simple Method for DeSIgN.........cccveeveerenieeseese e 88
Chapter 9. Summary and CONCIUSIONS..........cccoveeiieiiece e 89
0.1, SUMIMEIY ...ttt n e sn b e b e e nn e e nneennens 89

S O] 11T o] SRR 91

9.3. RECOMMENUELIONS......ccveieieieeieeiiesieenieseeseee e sseesreeneeeseesseensesseesseensesneesseensens 92

RE B BNCES. .o e e e 94
T Al .. 97
e 10 0> 217



Appendix A: Derivation of the Scaling Factor.............................l. 417

Appendix B: Executive Summary
Appendix C: List of CCEER Publ

Tor= 110] 0 ST

Vi



List of Tables

Table 1-1 Relevant Details of the Previous Studies Specimens with Interlocking Spirals

....................................................................................................................... 97
Table 2-1 Test Variables for Column SPeCIMENS........cccoovrerieiiresese e 98
Table 2-2 Longitudinal Bars Size in the Interlocking Portion.............cccoeceevveiecceceenen, 98
Table 2-3 Model Scale Factors for Different Parameters ...........ccocovevevenenenieeieeneneenee. 98
Table 2-4 Shake Table SPeCIfiCatioNS..........cccccviieieeie e 99
Table 2-5 Summary of Values Last [teration ...........ccocevererereneninieeseese e 99
Table 2-6 Design Parameters of the SPECIMENS.........cccevveieieerieie e 100
Table2-7 FOOtiNg HEIGNL ..o s 100
Table 2-8 Material Properties Program SPMC .........ccccoveeieeceniese e 101
Table 2-9 Plastic Moment, Idealized Yield Curvature and Ultimate Curvature............ 101
Table 2-10 Elastic Shear, Idealized Yield Displacement and Elastic Stiffness............. 102
Table 2-11 Comparison of Results Dynamic Analysis Program RCShake................... 102
Table 3-1 Footing Concrete Compressive Strength..........cccooceeeeve e 103
Table 3-2 Column Concrete Compressive Strength..........oocoveeceeeeneeiencesceeeee e 103
Table 3-3 Longitudinal Steel Bars 9.5 mm ¢ (# 3) Properties..........ccoeveeevveveecenseenne 104
Table 3-4 Plain Wires (W2.8 and W2.0) Properties.........cccceveeveeieeieesiecceseese e 104
Table4-1 Loading ProtOCOL...........cocooiiiiireeeee e 105
Table 4-2 Performance Specimen ISLL.0 ..o 105
Table 4-3 Performance Specimen ISLL.5 ... 106
Table 4-4 Target and Achieved Peak Table Accelerations for Specimen ISL1.0.......... 106
Table 4-5 Target and Achieved Peak Table Accelerations for Specimen ISL1.5.......... 107

Table 4-6 Target and Achieved Spectral Response Acceleration for Specimen 1SL1.0 108
Table 4-7 Target and Achieved Spectral Response Acceleration for Specimen 1SL1.5 108

Table 4-8 Measured Peak Forces and Displacement for Specimen ISL1.0................... 109
Table 4-9 Measured Peak Forces and Displacement for Specimen ISL1.5................... 110
Table 4-10 Dynamic Properties from Low Level Elastic Response for Specimen ISL1.0
..................................................................................................................... 111
Table 4-11 Dynamic Properties from Snap Ramp for Specimen ISL1.0....................... 111
Table 4-12 Calculated Dynamic Properties from Peak Force with the Corresponding
Displacement for Specimen ISLL.0......c.cccevieieiieeeese e 112
Table 4-13 Dynamic Properties from Low Level Elastic Response for Specimen ISL1.5
..................................................................................................................... 112
Table 4-14 Dynamic Properties from Snap Ramp for Specimen ISL1.5.........ccccceenee 113
Table 4-15 Calculated Dynamic Properties from Peak Force with the Corresponding
Displacement for Specimen ISLL.5........cooiiiiinieeeee e 113
Table 4-16 Flexural and Shear Deformation Percentages for Specimen ISL1.0........... 114
Table 4-17 Flexural and Shear Deformation Percentages for Specimen ISL1.5........... 114
Table 4-18 Measured Strain in Longitudinal Bars at =152 mm (-6 in) and O mm ( 0 in)
from the Top of the Footing for Specimen ISL1.0.......ccoceviverieeiencrenn 115
Table 4-19 Measured Strain in Longitudinal Bars at 127 mm (5 in) from the Top of the
Footing for SPecimen ISLL.0 ....ocoiiiieieeeseeeee e 116

Vii



Table 4-20 Measured Strain in Longitudinal Bars at 254 mm (10 in) from the Top of the

Footing for SPeCiMen ISLL.0 ......ccoveeeceece e 117
Table 4-21 Measured Strain in Longitudinal Bars at 381 mm (15 in) and 508 mm (20 in)
from the Top of the Footing for Specimen ISL1.0.......ccceevvveveececeecieenee, 118
Table 4-22 Measured Strain in Longitudina Bars at =152 mm (-6 in) from the Top of the
Footing for SPeCiMen ISLLS ......covieceee e 119
Table 4-23 Measured Strain in Longitudinal Bars at 0 mm (0 in) from the Top of the
Footing for SPeciMen ISLLS ......cooveeceeeee e 120
Table 4-24 Measured Strain in Longitudina Bars at 127 mm (5 in) from the Top of the
Footing for SPeciMen ISLLS ......coveeceee e 121
Table 4-25 Measured Strain in Longitudinal Bars at 254 mm (10 in) from the Top of the
Footing for SPeciMen ISLLS ......cooveieeeeeee e 122
Table 4-26 Measured Strain in Longitudinal Bars at 381 mm (15 in) and 508 mm (20 in)
from the Top of the Footing for Specimen ISL1.5.......ccccvvvevevceceecieenee, 123
Table 4-27 Measured Strain in Spirals at -152 mm (-6 in) from the Top of the Footing for
SPECIMEN ISL L0, s 124
Table 4-28 Measured Strain in Spirals at 0 mm (0 in) from the Top of the Footing for
SPECIMEN ISL L0, b s 125
Table 4-29 Measured Strain in Spirals at 127 mm (5 in) from the Top of the Footing for
SPECIMEN ISL L0, b s 126
Table 4-30 Measured Strain in Spirals at 254 mm (10 in) from the Top of the Footing for
SPECIMEN ISL L0, e 127
Table 4-31 Measured Strain in Spirals at 381 mm (15 in) and 508 mm (20 in) from the
Top of the Footing for Specimen ISLL.0.......ccoveveveeveerececeee e 128
Table4-32 Measured Strain in Spirals at -152 mm (-6 in) and O mm (0 in) from the Top
of the Footing for Specimen ISLL.5 ... 129
Table 4-33 Measured Strainin Spirals at 127 mm (5 in) from the Top of the Footing for
SPECIMEN ISL LS ... 130
Table 4-34 Measured Strain in Spirals at 254 mm (10 in) from the Top of the Footing for
SPECIMEN ISL LS ... 131
Table 4-35 Measured Strain in Spirals at 381 mm (15 in) and 508 mm (20 in) from the
Top of the Footing for Specimen ISLL.5.......coooiiiieeeee e 132
Table 4-36 Comparison of Methods to Calculate |dealized Force-Displacement Curve
SPECIMEN ISL L0, e 133
Table 4-37 Comparison of Methods to Calculate Idealized Force-Displacement Curve
SPECIMEN ISL LS ... 133
Table 4-38 Summary of the Values Used to Calculated Experimental Plastic Hinge
LENGN g 133
Table5-1 Loading ProtOCOL...........ccoiieiiiecece et 134
Table 5-2 Performance Specimen ISHL.0.......oooiiiiiiiieeeeese e 135
Table 5-3 Performance Specimen ISHL.25..........cooeiiiie e 135
Table 5-4 Performance Specimen ISHLS........ooo e 136
Table 5-5 Performance Specimen ISHLST ..o 136
Table 5-6 Target and Achieved Peak Table Accelerations for Specimen ISH1.0......... 137
Table 5-7 Target and Achieved Peak Table Accelerations for Specimen ISH1.25....... 138

viii



Table 5-8 Target and Achieved Peak Table Accelerations for Specimen ISH1.5......... 139

Table 5-9 Target and Achieved Peak Table Accelerations for Specimen ISH1.5T ....... 140
Table 5-10 Target and Achieved Spectral Response Acceleration for Specimen ISH1.0
..................................................................................................................... 141
Table 5-11 Target and Achieved Spectral Response Acceleration for Specimen ISH1.25
..................................................................................................................... 141
Table 5-12 Target and Achieved Spectral Response Acceleration for Specimen ISH1.5
..................................................................................................................... 142
Table 5-13 Target and Achieved Spectral Response Acceleration for Specimen ISH1.5T
..................................................................................................................... 142
Table5-14 Axial Load Variation for Specimens with High Shear ..o 143
Table 5-15 Measured Peak Forces and Displacement for Specimen ISH1.0................. 143
Table 5-16 Measured Peak Forces and Displacement for Specimen ISH1.25............... 144
Table 5-17 Measured Peak Forces and Displacement for Specimen ISH1.5................. 145
Table 5-18 Measured Peak Forces and Displacement for Specimen ISHL.5T .............. 146
Table 5-19 Distance of the Inflection Point Relative to the Top of the Column ........... 147
Table5-20 Head ROtation iN ISHIL.0.......ooiiiiiieeeee e s 147
Table 5-21 Head Rotation iN ISHL.25..........ccooiiiiieeeeeeee e 148
Table5-22 Head ROtation iN ISHIL.S.......ooiiiiieeeee e 148
Table 5-23 Head Rotation iN ISHLET ...c..oouiiiiiieeeee e 149
Table 5-24 Dynamic Properties from Low Level Elastic Response for Specimen ISH1.0
..................................................................................................................... 149
Table 5-25 Dynamic Properties from Snap Ramp for Specimen ISH1.0....................... 150
Table 5-26 Calculated Dynamic Properties from Peak Force with the Corresponding
Displacement for Specimen ISHL.0 .......cooveieiiiiiniieeeeee e 150
Table 5-27 Dynamic Properties from Low Level Elastic Response for Specimen ISH1.25
..................................................................................................................... 151
Table 5-28 Dynamic Properties from Snap Ramp for Specimen ISH1.25 .................... 151
Table 5-29 Calculated Dynamic Properties from Peak Force with the Corresponding
Displacement for Specimen ISHL.25 ... 152
Table 5-30 Dynamic Properties from Low Level Elastic Response for Specimen ISH1.5
..................................................................................................................... 152
Table 5-31 Dynamic Properties from Snap Ramp for Specimen ISH1.5...................... 153
Table 5-32 Calculated Dynamic Properties from Peak Force with the Corresponding
Displacement for Specimen ISHLS ... 153
Table 5-33 Dynamic Properties from Low Level Elastic Response for Specimen ISH1.5T
..................................................................................................................... 154
Table 5-34 Dynamic Properties from Snap Ramp for Specimen ISHL.5T ...........c..c..... 154
Table 5-35 Calculated Dynamic Properties from Peak Force with the Corresponding
Displacement for Specimen ISHLET .....ooo i 155
Table 5-36 Comparison of Deflection at the Top Panel Nodes and Deflection at the
Bottom of the Head Specimen ISHL.0 ......ocovveieiiiiiereeeeeeeeeeeie e 155
Table 5-37 Comparison of Deflection at the Top Panel Nodes and Deflection at the
Bottom of the Head Specimen ISHL.25 ... 156



Table 5-38 Comparison of Deflection at the Top Panel Nodes and Deflection at the

Bottom of the Head Specimen ISHL.S ........cccooveviececeeee e 156
Table 5-39 Comparison of Deflection at the Top Panel Nodes and Deflection at the
Bottom of the Head Specimen ISHL5T .......ccoooveveececeecece e 157
Table 5-40 Shear Deformation for Individual Panel for the Predominant Direction of
Motion SPeCiMeN ISHL.O ......coevieeeeeeeseee e 157
Table 5-41 Shear Deformation for Individual Panel for the Predominant Direction of
Motion SPecimen ISHL.25 ... 158
Table 5-42 Shear Deformation for Individual Panel for the Predominant Direction of
Motion SPeCiMEN ISHLS ..o 158
Table 5-43 Shear Deformation for Individual Panel for the Predominant Direction of
Motion SPeCiMeEN ISHLST ......oceieceee e 159
Table 5-44 Flexural and Shear Deformation Percentages for Specimen ISH1.0........... 159
Table 5-45 Flexural and Shear Deformation Percentages for Specimen ISH1.25......... 160
Table 5-46 Flexural and Shear Deformation Percentages for Specimen ISH1.5........... 160

Table 5-47 Flexural and Shear Deformation Percentages for Specimen ISH1.5T ........ 161
Table 5-48 Measured Strains in Longitudinal Bars at—229 mm (-9 in), =152 mm (-6 in), —
76 mm (-3in) and 0 mm (0 in) from the Top of the Footing for Specimen

S 0O RS 162
Table 5-49 Measured Strainsin Longitudinal Bars at 127 mm (5 in) and 254 mm (10 in)
from the Top of the Footing for Specimen ISHL.0........ccccoeviverieninneenne. 163
Table 5-50 Measured Strains in Longitudinal Bars at 381 mm (15 in) and 1092 mm (43
in) from the Top of the Footing for Specimen ISH1.0.......cccccceveevirinnnene 164
Table 5-51 Measured Strainsin Longitudinal Bars at 1219 mm (48 in) and 1346 mm (53
in) from the Top of the Footing for Specimen ISH1.0.......cccccceveeivrennnenne 165

Table 5-52 Measured Strainsin Longitudinal Bars at 1473 mm (58 in), 1549 mm (61 in),
1626 mm (64 in) and 1702 mm (67 in) from the Top of the Footing for
SPECIMEN ISHTL.0 .. 166

Table 5-53 Measured Strains in Longitudinal Bars at—229 mm (-9 in), =152 mm (-6 in), —
76 mm (-3in) and 0 mm (0 in) from the Top of the Footing for Specimen

S 2 TSSO 167
Table 5-54 Measured Strainsin Longitudinal Bars at 127 mm (5 in) and 254 mm (10 in)
from the Top of the Footing for Specimen ISH1.25..........ccccccooveveeveenenee. 168
Table 5-55 Measured Strainsin Longitudinal Bars at 381 mm (15 in) and 1219 mm (48
in) from the Top of the Footing for Specimen ISH1.25 ...........cccoveieneee. 169
Table 5-56 Measured Strainsin Longitudinal Bars at 1346 mm (53 in) and 1473 mm (58
in) from the Top of the Footing for Specimen ISH1.25............ccccveieneee. 170

Table 5-57 Measured Strainsin Longitudinal Bars at 1600 mm (63 in), 1676 mm (66 in),
1753 mm (69 in) and 1829 mm (72 in) from the Top of the Footing for
SPECIMEN ISHL.25 ...t b 171

Table 5-58 Measured Strains in Longitudinal Bars at—229 mm (-9 in), =152 mm (-6 in), —
76 mm (-3in) and 0 mm (O in) from the Top of the Footing for Specimen

S 1 SRS 172
Table 5-59 Measured Strainsin Longitudinal Bars at 127 mm (5 in), 254 mm (10 in) and
381 mm (15 in) from the Top of the Footing for Specimen ISH1.5............ 173



Table 5-60 Measured Strainsin Longitudinal Bars at 1372 mm (54 in), 1499 mm (59 in)
and 1626 mm (64 in) from the Top of the Footing for Specimen ISH1.5.. 174
Table 5-61 Measured Strainsin Longitudinal Bars at 1753 mm (69 in), 1829 mm (72 in),
1905 mm (75 in) and 1981 mm (78 in) from the Top of the Footing for
SPECIMEN ISHILS ... e e 175
Table 5-62 Measured Strains in Longitudinal Bars at—229 mm (-9 in), =152 mm (-6 in), —
76 mm (-3in), 0 mm (0 in) and 127 mm (5 in) from the Top of the Footing
for SPECIMEN ISHLET ..o 176
Table 5-63 Measured Strainsin Longitudinal Bars at 254 mm (10 in), 381 mm (15 in)
and 1372 mm (54 in) from the Top of the Footing for Specimen ISH1.5T 177
Table 5-64 Measured Strainsin Longitudinal Bars at 1499 mm (59 in) and 1626 mm (64
in) from the Top of the Footing for Specimen ISH1.5T .........cccccvevveienene 178
Table 5-65 Measured Strainsin Longitudinal Bars at 1753 mm (69 in) and 1829 mm (72
in), 1905 mm (75 in) and 1981 mm (78 in) from the Top of the Footing for
SPECIMEN ISHILET ..o e 179
Table 5-66 Measured Strainsin Spiralsat 0 mm (0 in) and 152 mm (6 in) from the Top
of the Footing for Specimen ISHL.0.......ccoveiiiriineeeeeeeee e 180
Table 5-67 Measured Strainsin Spirals at 305 mm (12 in) and 457 mm (18 in) from the
Top of the Footing for Specimen ISHL.0 .......ccoooeiiienieneseee e 181
Table 5-68 Measured Strains in Spirals at 648 mm (26 in) and 826 mm (33 in) from the
Top of the Footing for Specimen ISHL.0 .......ccoooiviiieeiineeeeeeeeeee 182
Table 5-69 Measured Strainsin Spirals at 1016 mm (40 in) and 1168 mm (46 in) from
the Top of the Footing for Specimen ISHL.0 .......cccoovieeiiniineneeeeeeens 183
Table 5-70 Measured Strainsin Spirals at 1321 mm (52 in) and 1473 mm (58 in) from
the Top of the Footing for Specimen ISHL.0 .......cccooviieiiniineeneeeeeeens 184
Table 5-71 Measured Strainsin Spiralsat 0 mm (0 in) and 178 mm (7 in) from the Top
of the Footing for Specimen ISHL.25........ccccovieii e 185
Table 5-72 Measured Strainsin Spirals at 356 mm (14 in) and 533 mm (21 in) from the
Top of the Footing for Specimen ISHL.25 .........cccooeveeveeeceeceee e, 186
Table 5-73 Measured Strainsin Spirals at 711mm (28 in) and 889 mm (35 in) from the
Top of the Footing for Specimen ISHL.25 .........ccccocevieveeeceeceee e, 187
Table 5-74 Measured Strainsin Spirals at 1067 mm (42 in) and 1245 mm (49 in) from
the Top of the Footing for Specimen ISHL.25 ..o 188
Table 5-75 Measured Strainsin Spiras at 1422 mm (56 in) and 1600 mm (63 in) from
the Top of the Footing for Specimen ISHL.25 .........cccocoeiieieceveece e, 189
Table 5-76 Measured Strainsin Spiralsat 0 mm (0 in), 178 mm (7 in) and 356 mm (14
in) from the Top of the Footing for Specimen ISH1.5..........cccooveiveieeee 190
Table 5-77 Measured Strainsin Spirals at 559 mm (22 in) and 762 mm (30 in) from the
Top of the Footing for Specimen ISHLS ..., 191
Table 5-78 Measured Strainsin Spirals at 991 mm (39 in) and 1194 mm (47 in) from the
Top of the Footing for Specimen ISHLS .......cccoovieiicieeeceeee e, 192
Table 5-79 Measured Strainsin Spirals at 559 mm (22 in) and 762 mm (30 in) from the
Top of the Footing for Specimen ISHLS ... e, 193
Table 5-80 Measured Strainsin Spiralsat 0 mm (0 in) and 178 mm (7 in) from the Top
of the Footing for Specimen ISHL.ET ......covoeieeiece e, 194

Xi



Table 5-81 Measured Strainsin Spirals at 356 mm (14 in) and 559 mm (22 in) from the

Top of the Footing for Specimen ISHLS5T ........ccoovvevieiececeee e, 195
Table 5-82 Measured Strainsin Spirals at 762 mm (30 in) and 991 mm (39 in) from the
Top of the Footing for Specimen ISHLS5T ........cccvvevieeveeeeeee e, 196
Table 5-83 Measured Strainsin Spiralsat 1194 mm (47 in) and 1397 mm (55 in) from
the Top of the Footing for Specimen ISHL5T ......ccccovveveecece e 197
Table 5-84 Measured Strainsin Spirals at 1575 mm (62 in) and 1753 mm (69 in) from
the Top of the Footing for Specimen ISHLS5T ......cccccovveveeie e 198
Table 5-85 Measured Strainsin Cross Tiesin Specimen ISHLST .......ccoccevviennieceenne 199
Table 5-86 Comparison of Methods to Calculate Idealized Force-Displacement Curve
SPECIMEN ISHIL.O .. 200
Table 5-87 Comparison of Methods to Calculate Idealized Force-Displacement Curve
SPECIMEN ISHIL.25 ... e e 200
Table 5-88 Comparison of Methods to Calculate Idealized Force-Displacement Curve
SPECIMEN ISHILS ... e e e 200
Table 5-90 Summary of the Vaues Used to Calculated Experimental Plastic Hinge
LENGN Lpeiiii 201
Table 6-1 Relative Increase in Tensile Yield Strength of Steel due Strain Rate Effect
SPECIMEN ISL L0t sttt s 202
Table 6-2 Relative Increase in Tensile Yield Strength of Steel due Strain Rate Effect
SPECIMEN ISL LS.t e e 202
Table 6-3 Relative Increase in Tensile Yield Strength of Steel due Strain Rate Effect
SPECIMEN ISHIL.O .. e e 202
Table 6-4 Relative Increase in Tensile Yield Strength of Steel due Strain Rate Effect
SPECIMEN ISHIL.25 ... et e 202
Table 6-5 Relative Increase in Tensile Yield Strength of Steel due Strain Rate Effect
SPECIMEN ISHLS ... 203
Table 6-6 Relative Increase in Tensile Yield Strength of Steel due Strain Rate Effect
SPECIMEN ISHLET .t 203
Table 6-7 Relative Increase in Concrete Compression Strength due Strain Rate Effect
SPECIMEN ISL L0, 203
Table 6-8 Relative Increase in Concrete Compression Strength due Strain Rate Effect
SPECIMEN ISLLD. ..t 204
Table 6-9 Relative Increase in Concrete Compression Strength due Strain Rate Effect
SPECIMEN ISHL.O .. 204
Table 6-10 Relative Increase in Concrete Compression Strength due Strain Rate Effect
SPECIMEN ISHL.25 ... e 204
Table 6-11 Relative Increase in Concrete Compression Strength due Strain Rate Effect
SPECIMEN ISHLS ... e 205
Table 6-12 Relative Increase in Concrete Compression Strength due Strain Rate Effect
SPECIMEN ISHLET ..t 205
Table 6-13 Yield Stress and Concrete Compression Strength used in SPMC................ 205
Table 6-14 Effect of the Strain Rate on the Idealized Moment Curvature Properties for
SpecimenS With LOW SNEAK .........ccooiiiiii e 206

Xii



Table 6-15 Effect of the Strain Rate on the Idealized Moment Curvature Properties for

Specimens With High Shear...........cccvee e 206
Table 6-16 Comparison of the Moment Curvature Properties for the Specimens with Low

Shear Using SPMC and XSECTION........cccooririnnineneene e 206
Table 6-17 Comparison of the Moment Curvature Properties for the Specimens with

High Shear Using SPMC and XSECTION........ccccccvvieeneeiereerie e 207
Table 6-18 Calculated and Measured Plastic Hinge Length expressed as a Fraction of

(@0 1101010 11 D= o1 o S 207
Table 6-19 Hinge Properties used in SAP 2000..........ccoeriiniinenienee e 207
Table 6-20 Rotational Stiffness, Moment of Inertia and Hinge Properties used in SAP

2000 ...ttt r e ae et et e ntentesbeebenreeneeneeneas 208

Table 6-21 Calculated Shear Capacity using Caltrans, Tanaka and Benzoni Methods. 208
Table 6-22 Uncracked and Post Yield Shear Stiffness Using Priestley‘s Method......... 209

Table 6-23 Uncracked, Cracked and Measured Cracked Shear Stiffness..........c.c........ 209
Table 6-24 Post Yield Measured and Calculated Shear Stiffness Using Priestley’s
MELNO.......ee e 209
Table 7-1 Horizontal Strain from Transducers (H1, H2, H3) Specimen ISH1.0........... 210
Table 7-2 Horizontal Strain from Transducers (H1, H2, H3) Specimen ISH1.25......... 210
Table 7-3 Horizontal Strain from Transducers (H1, H2, H3) Specimen ISH1.5........... 210

Table 7-4 Horizontal Strain from Transducers (H1, H2, H3) Specimen ISH1.5T ........ 211
Table 7-5 Diagonal Strain from Transducers (D1, D2, D3, D4) Specimen ISH1.0 ...... 211
Table 7-7 Experimental Post Yield Stiffness, Kypye With the Corresponding Be............ 212
Table 7-8 Diagonal Strain from Transducers (D1, D2, D3, D4) Specimen ISH1.25 .... 212
Table 7-9 Diagonal Strain from Transducers (D1, D2, D3, D4) Specimen ISH1.5 ...... 213
Table 7-10 Diagonal Strain from Transducers (D1, D2, D3, D4) Specimen ISH1.5T .. 213
Table 7-11 Comparison between Measured Shear Stiffness, Proposed and Existing Shear

SHFFNESSMOEL ... e e 214
Table 7-12 Comparison between Measured Post Yield Shear Stiffness, Priestley Post
Yield Shear Stiffness and Proposed Post Yield Shear Stiffness.................. 214
Table 7-14 Material Properties and Relevant Details of the Column Used in the
Application Example of the Proposed Shear Stiffness.........ccceeveveceenenee. 215
Table 7-15 Material Properties and Relevant Details of the Column Used in the
Application Example of the Proposed Shear Stiffness.........cccvevevveeecienee. 216
Table 7-16 Yield and Ultimate Shear Deformation with the Corresponding Force and
Stiffness for Different ASPect Ratios..........ccecveeeveeceveesece e 216

Xiii



List of Figures

Figure 2-1 Interlocking Spirals CroSs SECHION.........ccevirererieiere e 217
Figure 2-2 Specimens CroSS SECHIONS.........coiieieieereeiee e eee e et ee e s 217
Figure 2-3 Specimens EI@VaLION ..........ooviiiiiiieeeeee e 218
Figure 2-4 Typical Plan and Profile View of the Footing...........cccccevevieiicie e, 219
Figure 2-5 Plan and Section View of the Top Specimen Head with Low Shear ........... 220
Figure 2-6 Plan and Section View of the Top Specimen Head with High Shear .......... 221
Figure 2-7 The Hognestad Model for Unconfined Concrete...........oovveeeiencnencneenne. 222
Figure 2-8 The Modified Mander et a Model for Confined Concrete.......................... 222
Figure 2-9 The Parabolic Strain Hardening Steel Modél ..o 223
Figure2-10 M-¢ Curve SPeCimen ISLL. ..o 223
Figure 2-11 M-¢ Curve Specimen ISLL.S ..o 224
Figure2-12 M-¢ Curve SPeCcimen ISHI. .......ccoiiiiiiiree e 224
Figure 2-13 M-¢ Curve Specimen ISHL.25........ccco e 225
Figure 2-14 M-¢ Curve Specimen ISHL.S.......c.oooiiiiiieccceseee e 225
Figure 2-15 M-¢ Curve Specimen ISHLET ..o e 226
Figure 2-16 El Centro RECOIT........cciiiiiiiiinieeiee et 226
Figure 2-17 Sylmar RECOIM........cc.ecuiiieie ettt ee e nesneens 227
Figure 2-18 ATC 32-D Artificial Earthquake............cccooeririniniicee e 227
Figure 2-19 RCShake Force Displacement Hysteresis Curve for Sylmar Record
SPECIMEN ISL L0ttt e 228
Figure 2-20 RCShake Force Displacement Hysteresis Curve for Sylmar Record
SPECIMEN ISL LS. 228
Figure 3-1 Individual Spiral Cage.........ccceeiueiieiiiie et 229
Figure 3-2 Steel Cage of the ColUMN...........cooiiiiiee e 229
Figure 3-3 Steel Cage of the Column Ready to Strain Gages Installation..................... 230
Figure 3-4 Steel Cage of the Column Completed...........cooiririiieiieiereee e 230
Figure 3-5 Steel Bottom Mats of the Footing and the PVC Pipes........cccccocveviecieenee. 231
Figure 3-6 Footing Ready for Pouring of CONCIEte...........ccovvereeieeiieneie e 231
Figure 3-7 Wood and Steel Laminates Used for Column FOrm..........ccccecveveveeveeenene 232
Figure 3-8 Column Form with Lateral SIraps.........cccooeverineneneeieeieesesie e 232
Figure 3-9 Top Specimen Head for Specimens with High Shear ..........cccccoveieiienee 233
Figure 3-10 Column Form for Specimens with High Shear ..., 233
Figure 3-11 Stress-Strains for Typical Sample Test Bar NO 3 .......cccoeeveeieieevieciieenenns 234
Figure 3-12 Stress-Strains for Typical Sample Test Plain Wire..........ccccvvneneneneenns 234
Figure 3-13 Strain Gauge Location Specimens ISL1.0 and ISL15.........cccocoeeveineneee 235
Figure 3-14 Strain Gauge Location in Longitudinal Steel Specimens with High Shear 235
Figure 3-15 Strain Gauge Location in Transverse Steel SpecimensISH1.0................. 236
Figure 3-16 Strain Gauge Location in Transverse Steel SpecimensISH1.S................. 237
Figure 3-17 Strain Gauge Location in Transverse Steel Specimens ISH1.25............... 238
Figure 3-18 Strain Gauge Location in Transverse Steel Specimens ISH1.5T............... 239
Figure 3-19 Strain Gauge Location in Cross Ties Specimens ISH1L.5T ...........cccvee.... 240
Figure 3-20 Curvature Instrumentation Specimens with Low Shear...........c.ccccovceeennees 241

Xiv



Figure 3-21 Curvature Instrumentation Specimens with High Shear ............ccccoec...... 242

Figure 3-22 Curvature INStrumMEentation............ccvevereererieeseeseesie e sreesee e ssee e eneesneens 243
Figure 3-23 Total Displacements Panel Configuration.............cccceoeveeneeieneenennienens 243
Figure 3-24 Panel INStrumeNntation...........c.cceieerieeeeseesieseeseeseseeseesaesseeseeseessessseenseens 244
Figure 3-25 Novotecknik Transducers with Aluminum Channel and Rods Ends......... 244
Figure 3-26 Panel Configuration Specimens with High Shear ...........cccocevvvcevvcieennne 245
Figure 3-27 AXial Load SYSEM........ooiiiiieeeeseee et 246
Figure 3-28 Schematic of the Test Setup for Specimens with Low Shear .................... 246
Figure 3-29 Test Setup for Specimens with LOW Shear ........ccceeveeiveniecinnceniecieniene 247
Figure 3-30 Schematic of the Test Setup for Specimens with High Shear..................... 247
Figure 3-31 Test Setup for Specimens with High Shear...........ccccooiiiiiiiciiiie 248
Figure 3-32 Link CONNECIOr PLaLE.........ccveieiieice ettt 248
Figure 4-1 Flexural Cracks (ug = 0.2-0.8) Specimen ISL1.0....ccccoveeierinnienienieseeene 249
Figure 4-2 Flexural Cracks (pg = 0.1-1.5) Specimen ISLL.5......cccooiiiiiininieeeeeens 249
Figure 4-3 Shear Cracks (Lg = 1.5) Specimen ISL1.0 .....cccveevcieveeeceeeeee e 250
Figure 4-4 Shear Cracks (Lig = 2.4) Specimen ISLL.5 ... 250
Figure 4-5 Increasing of Cracks and Spalling (ug = 2.8) Specimen ISL1.0.................. 251
Figure 4-6 Increasing of Cracks and Spalling (g = 3.1) Specimen ISL1.5................... 251
Figure 4-7 Spirasand Long. Bars Visible (ug = 5.6) Specimen ISL1.0...........cco....... 252
Figure 4-8 Spirals Visible (ug = 7.5) Specimen ISLL.5......ccccoovvivininineeeeeee e 252
Figure 4-9 Failure (g = 9.6) SpeCimen ISLL.0 ......coceeiiriiieeee e 253
Figure4-10 Failure (g = 9.6) Specimen ISLL.5 ... 253
Figure 4-11 Comparison of Achieved and Target Response Spectrafor 0.1 x Sylmar
SPECIMEN ISL L0 ittt ae e s 254
Figure 4-12 Comparison of Achieved and Target Response Spectrafor 0.2 x Sylmar
SPECIMEN ISL L0 et s 254
Figure 4-13 Comparison of Achieved and Target Response Spectrafor 0.3 x Sylmar
SPECIMEN ISL L0t e e e 255
Figure 4-14 Comparison of Achieved and Target Response Spectrafor 0.5 x Sylmar
SPECIMEN ISL L0 ittt s nes 255
Figure 4-15 Comparison of Achieved and Target Response Spectrafor 0.75 x Sylmar
SPECIMEN ISL L0 it 256
Figure 4-16 Comparison of Achieved and Target Response Spectrafor 1.0 x Sylmar
SPECIMEN ISL L0 it s 256
Figure 4-17 Comparison of Achieved and Target Response Spectrafor 1.25 x Sylmar
SPECIMEN ISL L0 it 257
Figure 4-18 Comparison of Achieved and Target Response Spectrafor 1.5 x Sylmar
SPECIMEN ISL L0 it 257
Figure 4-19 Comparison of Achieved and Target Response Spectrafor 1.75 x Sylmar
SPECIMEN ISL L0t es 258
Figure 4-20 Comparison of Achieved and Target Response Spectrafor 2.0 x Sylmar
SPECIMEN ISL L0t es 258
Figure 4-21 Comparison of Achieved and Target Response Spectrafor 0.1 x Sylmar
SPECIMEN ISL LS. e 259

XV



Figure 4-22 Comparison of Achieved and Target Response Spectrafor 0.2 x Sylmar

SPECIMEN ISL LS. et 259
Figure 4-23 Comparison of Achieved and Target Response Spectrafor 0.4 x Sylmar
SPECIMEN ISL LS. e 260
Figure 4-24 Comparison of Achieved and Target Response Spectrafor 0.6 x Sylmar
SPECIMEN ISL LS. e 260
Figure 4-25 Comparison of Achieved and Target Response Spectrafor 0.8 x Sylmar
SPECIMEN ISL LS. bbb 261
Figure 4-26 Comparison of Achieved and Target Response Spectrafor 1.0 x Sylmar
SPECIMEN ISL LS.t 261
Figure 4-27 Comparison of Achieved and Target Response Spectrafor 1.25 x Sylmar
SPECIMEN ISL LS. s 262
Figure 4-28 Comparison of Achieved and Target Response Spectrafor 1.5 x Sylmar
SPECIMEN ISL LS. 262
Figure 4-29 Comparison of Achieved and Target Response Spectrafor 1.75 x Sylmar
SPECIMEN ISL LS. 263
Figure 4-30 Comparison of Achieved and Target Response Spectrafor 2.0 x Sylmar
SPECIMEN ISL LS. 263
Figure 4-31 Comparison of Achieved and Target Response Spectrafor 2.125 x Sylmar
SPECIMEN ISL LS. bbbt 264
Figure 4-32 Axia Load Variation Specimen ISLL.0.....ccccoveeiiiiininieceesee e 264
Figure 4-33 Axia Load Variation Specimen ISLL.5.......ccccevivieveeie e 265
Figure 4-34 Force Displacement Hysteresis Curve for ISL1.0 at 0.1xSlymar .............. 265
Figure 4-35 Force Displacement Hysteresis Curve for ISL1.0 at 0.2xSlymar .............. 266
Figure 4-36 Force Displacement Hysteresis Curve for ISL1.0 at 0.3xSlymar .............. 266
Figure 4-37 Force Displacement Hysteresis Curve for ISL1.0 at 0.5xSlymar .............. 267
Figure 4-38 Force Displacement Hysteresis Curve for ISL1.0 at 0.75xSlymar ............ 267
Figur e 4-39 Force Displacement Hysteresis Curvefor ISL1.0 at 1.0xSlymear .............. 268
Figure 4-40 Force Displacement Hysteresis Curve for ISL1.0 at 1.25xSlymar ............ 268
Figure 4-41 Force Displacement Hysteresis Curvefor ISL1.0 at 1.5xSlymar .............. 269
Figure 4-42 Force Displacement Hysteresis Curve for ISL1.0 at 1.75xSlymar ............ 269
Figur e 4-43 Force Displacement Hysteresis Curvefor ISL1.0 at 2.0xSlymear .............. 270
Figure 4-44 Accumulated Force Displacement Hysteresis Curvefor ISL1.0............... 270
Figur e 4-45 Envelope of Accumulated Force Displacement Hysteresis Curve for ISL1.0
............................................................................................................................. 271
Figur e 4-46 Force Displacement Hysteresis Curvefor ISL1.5 at 0.1xSlymar .............. 271
Figure 4-47 Force Displacement Hysteresis Curve for ISL1.5 at 0.2xSlymar .............. 272
Figur e 4-48 Force Displacement Hysteresis Curvefor ISL1.5 at 0.4xSlymar .............. 272
Figure 4-49 Force Displacement Hysteresis Curve for ISL1.5 at 0.6xSlymar .............. 273
Figur e 4-50 Force Displacement Hysteresis Curvefor ISL1.5 at 0.8xSlymar .............. 273
Figure 4-51 Force Displacement Hysteresis Curve for ISL1.5 at 1.0xSlymar .............. 274
Figure 4-52 Force Displacement Hysteresis Curvefor ISL1.5 at 1.25xSlymar ............ 274
Figure 4-53 Force Displacement Hysteresis Curve for ISL1.5 at 1.5xSlymar .............. 275
Figur e 4-54 Force Displacement Hysteresis Curvefor ISL1.5 at 1.75xSlymar ............ 275
Figure 4-55 Force Displacement Hysteresis Curve for ISL1.5 at 2.0xSlymar .............. 276

XVi



Figure 4-56 Force Displacement Hysteresis Curve for ISL1.5 at 2.125xSlymar .......... 276

Figure 4-57 Accumulated Force Displacement Hysteresis Curvefor ISL1.5............... 277
Figure 4-58 Envelope of Accumulated Force Displacement Hysteresis Curve for ISL1.5
............................................................................................................................. 277
Figure 4-59 Curvature Profile at the Maximum Peak Lateral Force for Specimen ISL1.0
............................................................................................................................. 278
Figure 4-60 Curvature Profile at the Minimum Peak Lateral Force for Specimen ISL1.0
............................................................................................................................. 278
Figure 4-61 Curvature Profile at the Maximum Peak Lateral Force for Specimen ISL1.5
............................................................................................................................. 279
Figure 4-62 Curvature Profile at the Minimum Peak Lateral Force for Specimen ISL1.5
............................................................................................................................. 279
Figure 4-63 Moment Area Method to Calculate Flexural Deformation........................ 280
Figure 4-64 Lateral Force versus Flexural Deformation for Specimen ISL1.0............. 280
Figure 4-65 Lateral Force versus Flexural Deformation for Specimen ISL1.5............. 281
Figure 4-66 Lateral Force versus Shear Deformation for Specimen ISL1.0................. 281
Figure 4-67 Lateral Force versus Shear Deformation for Specimen ISL1.5................. 282
Figure 4-68 Strain Profile Strain Gauge # 1 Specimen ISLL.0.......ccccccevvevvvceveeiiennns 282
Figure 4-69 Strain Profile Strain Gauge # 1 Specimen ISLL.5........cocoveiiinenieienene 283
Figure 4-70 Maximum Average Strain in the Spirals Specimens1SL1.0and ISL1.5... 283
Figure 4-71 Elasto-Plastic Idealized CUIVe ... 284
Figure 4-72 Elasto-Plastic Idealized Curve Specimen ISLL.0.......cccocevevveivveereciiennens 284
Figure 4-73 Elasto-Plastic Idealized Curve Specimen ISL1.5.........ccoviiiieicicicnee, 285
Figure 4-74 The Elasto-Plastic Idealization for the Average Measured Moment-
Curvature at 50.8 mm (2 in) and 152.4 mm (6 in) Specimen ISL1.0................. 285
Figure 4-75 The Elasto-Plastic Idealization for the Average Measured Moment-
Curvature at 50.8 mm (2 in) and 152.4 mm (6 in) Specimen ISL1.5................. 286
Figure5-1 Flexural Cracks (pg = 0.06-0.4) Specimen ISHL.0 .....ccoovevvieereninenieeenes 287
Figure 5-2 Flexural Cracks (ug = 0.1-0.6) Specimen ISH1.25........ccccocvevvevevencieennenn, 288
Figure 5-3 Flexural Cracks (ug = 0.2-0.7) Specimen ISHL.S ......coooiiiiiiinieceee 289
Figure 5-4 Flexural Cracks (pg = 0.1-0.6) Specimen ISHLS5T ..o 290
Figure 5-5 Vertical Crack (ug=0.7) Specimen ISHL5.......cccoo e, 291
Figure 5-6 Shear Cracks Top and Bottom (ug = 0.9) Specimen ISH1.0........................ 292
Figure 5-7 Shear Cracks Top and Bottom (ug = 1.4) Specimen ISH1.25...................... 293
Figure 5-8 Shear Cracks Top and Bottom (pg = 1.0) Specimen ISHL.5.........ccccveeeeees 294
Figure 5-9 Shear Cracks Top and Bottom and Localized Vertical Cracks (uq = 1.2)
SPECIMEN ISHLET ..t 295
Figure 5-10 Increasing of Flexural, Shear Crack and Spalling (ug = 2.5) Specimen
LSHLLO e bbb bbb 296
Figure 5-11 Increasing of Flexural, Shear Crack and Spalling (ug = 2.2) Specimen
S 0 297
Figure5-12 Increasing of Flexural, Shear Crack and Spalling (uq = 1.7) Specimen
S 0 TS 298

XVii



Figure 5-13 Increasing of Flexural, Shear Crack and Spalling (ug = 2.5) Specimen

Figure5-14 Spiras Visible Top and Bottom of the Column (uq = 2.9) Specimen ISH1.25
............................................................................................................................. 299
Figure 5-15 Longitudinal Bars Visible at Top and Bottom of the Column (ug = 3.6)
SPECIMEN ISHL.O ...t s 300
Figure 5-16 Longitudinal Bars Visible at Top and Bottom of the Column (ug = 3.7)
SPECIMEN ISHTL.25 ... 301
Figure 5-17 Longitudinal Bars Visible at Top and Bottom of the Column (ug = 2.2)
SPECIMEN ISHLS ..o e 302
Figure 5-18 Longitudinal Bars Visible at Top and Bottom of the Column (uq = 2.8)
SPECIMEN ISHILET .. et 303
Figure 5-19 Shear Failure at the Bottom of the Column (ug = 4.7) Specimen ISH1.0.. 304
Figure 5-20 Shear Failure at the Top of the Column (ug = 5.0) Specimen ISH1.25 ..... 305
Figure 5-23 Buckling of the Longitudinal Bars at the Bottom of the Column (uq = 3.4)
SPECIMEN ISHLS ... 307
Figure 5-24 Buckling of the Longitudinal Bars at the Bottom of the Column (ug = 3.4)
SPECIMEN ISHILET .. 307
Figure 5-25 Failure (ug = 4.0) Specimen ISHLS........cov e 308
Figure5-26 Failure (g = 3.8) Specimen ISHLET ... 308
Figure 5-27 Comparison of Achieved and Target Response Spectrafor 0.1 x Sylmar
SPECIMEN ISHTL.0 .. 309
Figure 5-28 Comparison of Achieved and Target Response Spectrafor 0.2 x Sylmar
SPECIMEN ISHTL.0 ..t 309
Figure 5-29 Comparison of Achieved and Target Response Spectrafor 0.4 x Sylmar
SPECIMEN ISHTL.0 ..t 310
Figure 5-30 Comparison of Achieved and Target Response Spectrafor 0.5 x Sylmar
SPECIMEN ISHTL.0 ..t 310
Figure 5-31 Comparison of Achieved and Target Response Spectrafor 0.75 x Sylmar
SPECIMEN ISHTL.0 ..t 311
Figure 5-32 Comparison of Achieved and Target Response Spectrafor 1.0 x Sylmar
SPECIMEN ISHTL.0 ..t st 311
Figure 5-33 Comparison of Achieved and Target Response Spectrafor 1.25 x Sylmar
SPECIMEN ISHTL.0 ..t 312
Figure 5-34 Comparison of Achieved and Target Response Spectrafor 1.5 x Sylmar
SPECIMEN ISHTL.0 .. s 312
Figure 5-35 Comparison of Achieved and Target Response Spectrafor 1.75 x Sylmar
SPECIMEN ISHTL.0 .. s 313
Figure 5-36 Comparison of Achieved and Target Response Spectrafor 2.0 x Sylmar
SPECIMEN ISHTL.0 ..t 313
Figure 5-37 Comparison of Achieved and Target Response Spectrafor 0.1 x Sylmar
SPECIMEN ISHIL.25 ... 314
Figure 5-38 Comparison of Achieved and Target Response Spectrafor 0.2 x Sylmar
SPECIMEN ISHIL.25 ... 314

XViii



Figure 5-39 Comparison of Achieved and Target Response Spectrafor 0.5 x Sylmar
SPECIMEN ISHTL.25 ... 315
Figure 5-40 Comparison of Achieved and Target Response Spectrafor 0.75 x Sylmar
SPECIMEN ISHTL.25 ... 315
Figure 5-41 Comparison of Achieved and Target Response Spectrafor 1.0 x Sylmar
SPECIMEN ISHTL.25 ... e 316
Figure 5-42 Comparison of Achieved and Target Response Spectrafor 1.25 x Sylmar
SPECIMEN ISHTL.25 ... b e 316
Figure 5-44 Comparison of Achieved and Target Response Spectrafor 1.75 x Sylmar
SPECIMEN ISHTL.25 ... 317
Figure 5-45 Comparison of Achieved and Target Response Spectrafor 2.0 x Sylmar
SPECIMEN ISHTL.25 ... bbb 318
Figure 5-46 Comparison of Achieved and Target Response Spectrafor 2.125 x Sylmar
SPECIMEN ISHTL.25 ... 318
Figure 5-47 Comparison of Achieved and Target Response Spectrafor 2.25 x Sylmar
SPECIMEN ISHTL.25 ... st 319
Figure 5-49 Comparison of Achieved and Target Response Spectrafor 0.1 x Sylmar
SPECIMEN ISHLS ... e 320
Figure 5-50 Comparison of Achieved and Target Response Spectrafor 0.2 x Sylmar
SPECIMEN ISHLS ... e 320
Figure 5-51 Comparison of Achieved and Target Response Spectrafor 0.4 x Sylmar
SPECIMEN ISHLS ..o s 321
Figure 5-52 Comparison of Achieved and Target Response Spectrafor 0.6 x Sylmar
SPECIMEN ISHLS ..o 321
Figure 5-53 Comparison of Achieved and Target Response Spectrafor 0.75 x Sylmar
SPECIMEN ISHLS ... 322
Figure 5-55 Comparison of Achieved and Target Response Spectrafor 1.25 x Sylmar
SPECIMEN ISHLS ... 323
Figure 5-56 Comparison of Achieved and Target Response Spectrafor 1.5 x Sylmar
SPECIMEN ISHLS ... 323
Figure 5-57 Comparison of Achieved and Target Response Spectrafor 1.75 x Sylmar
SPECIMEN ISHLS ... 324
Figure 5-58 Comparison of Achieved and Target Response Spectrafor 2.0 x Sylmar
SPECIMEN ISHLS ... 324
Figure 5-59 Comparison of Achieved and Target Response Spectrafor 2.125 x Sylmar
SPECIMEN ISHLS ... 325
Figure 5-60 Comparison of Achieved and Target Response Spectrafor 2.25 x Sylmar
SPECIMEN ISHLS ...t 325
Figure 5-61 Comparison of Achieved and Target Response Spectrafor 2.375 x Sylmar
SPECIMEN ISHLS ..ot 326
Figure 5-62 Comparison of Achieved and Target Response Spectrafor 0.1 x Sylmar
SPECIMEN ISHLET ..ot 326
Figure 5-63 Comparison of Achieved and Target Response Spectrafor 0.2 x Sylmar
SPECIMEN ISHLET ..ot 327

Xix



Figure 5-64 Comparison of Achieved and Target Response Spectrafor 0.4 x Sylmar

SPECIMEN ISHLET ...t 327
Figure 5-65 Comparison of Achieved and Target Response Spectrafor 0.6 x Sylmar
SPECIMEN ISHLET ... 328
Figure 5-66 Comparison of Achieved and Target Response Spectrafor 0.75 x Sylmar
SPECIMEN ISHLET ..o 328
Figure 5-67 Comparison of Achieved and Target Response Spectrafor 1.0 x Sylmar
SPECIMEN ISHLET ..ot 329
Figure 5-68 Comparison of Achieved and Target Response Spectrafor 1.25 x Sylmar
SPECIMEN ISHLET ..o 329
Figure 5-69 Comparison of Achieved and Target Response Spectrafor 1.5 x Sylmar
SPECIMEN ISHLET ..o 330
Figure 5-70 Comparison of Achieved and Target Response Spectrafor 1.75 x Sylmar
SPECIMEN ISHLET ...t 330
Figure 5-71 Comparison of Achieved and Target Response Spectrafor 2.0 x Sylmar
SPECIMEN ISHLET ..ot 331
Figure 5-72 Comparison of Achieved and Target Response Spectrafor 2.125 x Sylmar
SPECIMEN ISHLET ..o 331
Figure 5-73 Comparison of Achieved and Target Response Spectrafor 2.25 x Sylmar
SPECIMEN ISHLET ..o 332
Figure 5-74 Comparison of Achieved and Target Response Spectrafor 2.375 x Sylmar
SPECIMEN ISHLET ...t 332
Figure 5-75 Comparison of Achieved and Target Response Spectrafor 2.5 x Sylmar
SPECIMEN ISHLET ..o 333
Figure 5-76 Comparison of Achieved and Target Response Spectrafor 2.625 x Sylmar
SPECIMEN ISHLET ... 333
Figure 5-77 Axia Load Variation Specimen ISHL.0 ......c.cccoeoveievieiececece e 334
Figure5-78 Axial Load Variation Specimen ISHL.25 .........cocviiiiinene e 334
Figure 5-79 Axia Load Variation Specimen ISHL.5 ........cccoovievieiececece e, 335
Figure5-80 Axial Load Variation Specimen ISHL.ST ......ccccovvriiiiinee e 335
Figure 5-81 Force Displacement Hysteresis Curve for ISH1.0 at 0.1xSlymear.............. 336
Figur e 5-82 Force Displacement Hysteresis Curve for ISH1.0 at 0.2xSlymar .............. 336
Figure 5-83 Force Displacement Hysteresis Curve for ISL1.0 at 0.4xSlymar .............. 337
Figur e 5-84 Force Displacement Hysteresis Curvefor ISL1.0 at 0.5xSlymear .............. 337
Figure 5-85 Force Displacement Hysteresis Curve for ISH1.0 at 0.75xSlymar............ 338
Figur e 5-86 Force Displacement Hysteresis Curve for ISH1.0 at 1.0xSlymar .............. 338
Figure 5-87 Force Displacement Hysteresis Curve for ISH1.0 at 1.25xSlymar............ 339
Figur e 5-88 Force Displacement Hysteresis Curve for ISH1.0 at 1.5xSlymar .............. 339
Figure 5-89 Force Displacement Hysteresis Curve for ISH1.0 at 1.75xSlymar............ 340
Figur e 5-90 Force Displacement Hysteresis Curve for ISH1.0 at 2.0xSlymar .............. 340
Figure 5-91 Accumulated Force Displacement Hysteresis Curve for ISH1.0............... 341
Figure 5-92 Envelope of Accumulated Force Displacement Hysteresis Curve for ISH1.0
............................................................................................................................. 341
Figur e 5-93 Force Displacement Hysteresis Curve for ISH1.25 at 0.1xSlymar............. 342
Figure 5-94 Force Displacement Hysteresis Curve for ISH1.25 at 0.2xSlymar............ 342

XX



Figure 5-95 Force Displacement Hysteresis Curve for ISH1.25 at 0.5xSlymar............ 343

Figure 5-96 Force Displacement Hysteresis Curve for ISH1.25 at 0.75xSlymear .......... 343
Figure 5-97 Force Displacement Hysteresis Curve for ISH1.25 at 1.0xSlymar............ 344
Figure 5-98 Force Displacement Hysteresis Curve for ISH1.25 at 1.25xSlymear .......... 344
Figure 5-99 Force Displacement Hysteresis Curve for ISH1.25 at 1.5xSlymar............ 345
Figure 5-100 Force Displacement Hysteresis Curve for ISH1.25 at 1.75xSlymar ........ 345
Figure 5-101 Force Displacement Hysteresis Curve for ISH1.25 at 2.0xSlymar .......... 346

Figure 5-102 Force Displacement Hysteresis Curve for ISH1.25 at 2.125xSlymar ...... 346
Figure 5-103 Force Displacement Hysteresis Curve for ISH1.25 at 2.25xSlymar ........ 347
Figure 5-104 Force Displacement Hysteresis Curve for ISH1.25 at 2.375xSlymar ...... 347

Figure 5-105 Accumulated Force Displacement Hysteresis Curve for ISH1.25........... 348
Figure 5-106 Envelope of Accumulated Force Displacement Hysteresis Curve for

1S N 22 SRR 348
Figure 5-107 Force Displacement Hysteresis Curve for ISH1.5 at 0.1xSlymar............ 349
Figure 5-108 Force Displacement Hysteresis Curve for ISH1.5 at 0.2xSlymar............ 349
Figure 5-109 Force Displacement Hysteresis Curve for ISH1.5 at 0.4xSlymar............ 350
Figure 5-110 Force Displacement Hysteresis Curve for ISH1.5 at 0.6xSlymar............ 350
Figure 5-111 Force Displacement Hysteresis Curve for ISH1.5 at 0.75xSlymear .......... 351
Figure 5-112 Force Displacement Hysteresis Curve for ISH1.5 at 1.0xSlymar............ 351
Figure 5-113 Force Displacement Hysteresis Curve for ISH1.5 at 1.25xSlymear .......... 352
Figure 5-114 Force Displacement Hysteresis Curve for ISH1.5 at 1.5xSlymar............ 352
Figure 5-115 Force Displacement Hysteresis Curve for ISH1.5 at 1.75xSlymear .......... 353
Figure 5-116 Force Displacement Hysteresis Curve for ISH1.5 at 2.0xSlymar............ 353
Figure 5-117 Force Displacement Hysteresis Curve for ISH1.5 at 2.125xSlymar........ 354
Figure 5-118 Force Displacement Hysteresis Curve for ISH1.5 at 2.25xSlymear .......... 354
Figure 5-120 Accumulated Force Displacement Hysteresis Curve for ISH1.5............. 355
Figure 5-121 Envelope of Accumulated Force Displacement Hysteresis Curve for

1 0 OSSPSR 356
Figure 5-122 Force Displacement Hysteresis Curve for ISH1.5T at 0.1xSlymar ......... 356
Figure 5-123 Force Displacement Hysteresis Curve for ISH1.5T at 0.2xSlymar ......... 357
Figure 5-124 Force Displacement Hysteresis Curve for ISH1.5T at 0.4xSlymar ......... 357
Figure 5-125 Force Displacement Hysteresis Curve for ISH1.5T at 0.6xSlymar ......... 358
Figure 5-126 Force Displacement Hysteresis Curve for ISH1.5T at 0.75xSlymar ....... 358
Figure 5-127 Force Displacement Hysteresis Curve for ISH1.5T at 1.0xSlymar ......... 359
Figure 5-128 Force Displacement Hysteresis Curve for ISH1.5T at 1.25xSlymar ....... 359
Figure 5-129 Force Displacement Hysteresis Curve for ISH1.5T at 1.5xSlymar ......... 360
Figure 5-130 Force Displacement Hysteresis Curve for ISH1.5T at 1.75xSlymar ....... 360
Figure 5-131 Force Displacement Hysteresis Curve for ISH1.5T at 2.0xSlymar ......... 361

Figure 5-132 Force Displacement Hysteresis Curve for ISH1.5T at 2.125xSlymear ..... 361
Figur e 5-133 Force Displacement Hysteresis Curve for ISH1.5T at 2.25xSlymar ....... 362
Figure 5-134 Force Displacement Hysteresis Curve for ISH1.5T at 2.375xSlymear ..... 362

Figur e 5-135 Force Displacement Hysteresis Curve for ISH1.5T at 2.5xSlymar ......... 363
Figure 5-136 Force Displacement Hysteresis Curve for ISH1.5T at 2.625xSlymar ..... 363
Figure 5-137 Accumulated Force Displacement Hysteresis Curve for ISHL.5T .......... 364

XXi



Figure 5-138 Envelope of Accumulated Force Displacement Hysteresis Curve for

L SH L DT e e e e e 364
Figure 5-139 Link Forces and Moment Arms to Calculate Moment Demand at the Top
and Bottom of the COlUMN...........oiiiire s 365
Figure 5-140 Moment Demand Top and Bottom of the Column for the Predominant
Direction of Motion Specimen ISHL.0......cccooovieeciee e 365
Figure 5-141 Moment Demand Top and Bottom of the Column for the Predominant
Direction of Motion Specimen ISHL.25........ccccoovee e 366
Figure 5-142 Moment Demand Top and Bottom of the Column for the Predominant
Direction of Motion Specimen ISHLS ... 366
Figure 5-143 Moment Demand Top and Bottom of the Column for the Predominant
Direction of Motion Specimen ISHLST ..o 367
Figure 5-144 Vertica Rotation of the Head versus Lateral Displacement for the
Predominant Direction of MOLION...........ccoceiirirenieee e 367
Figure 5-145 Curvature Profile for Predominant Direction of Motion Specimen ISH1.0
............................................................................................................................. 368
Figure 5-146 Curvature Profile for Predominant Direction of Motion Specimen ISH1.25
............................................................................................................................. 368
Figure 5-147 Curvature Profile for Predominant Direction of Motion Specimen ISH1.5
............................................................................................................................. 369
Figure 5-148 Curvature Profile for Predominant Direction of Motion Specimen ISH1.5T
............................................................................................................................. 369
Figure 5-149 Idealized Curvature Used in the Moment Area Analysis........cccocevueeneee. 370
Figure 5-150 Lateral Force versus Flexural Deformation for Specimen ISH1.0........... 370
Figure 5-151 L ateral Force versus Flexural Deformation for Specimen ISH1.25......... 371
Figure 5-152 Lateral Force versus Flexural Deformation for Specimen ISH1.5........... 371
Figure 5-153 Lateral Force versus Flexural Deformation for Specimen ISH1.5T ........ 372
Figure 5-154 Total Displacements Panel Configuration..............ccoceeerererieeseeneencseennes 372
Figure 5-154 Tota Displacements Panel Configuration.............cccccceveeveeieseeseeseennnnns 372
Figure5-155 Lateral Force versus Shear Deformation for Specimen ISH1.0............... 373
Figure 5-156 Lateral Force versus Shear Deformation for Specimen ISH1.25............. 373
Figure5-157 Lateral Force versus Shear Deformation for Specimen ISH1.5............... 374
Figure 5-158 Lateral Force versus Shear Deformation for Specimen ISH1.5............... 374
Figure 5-159 Strain Profile Gauge # 6 for Predominant Direction of Motion Specimen
S 0SSR 375
Figure 5-160 Strain Profile Gauge # 6 for Predominant Direction of Motion Specimen
S 12 SRR 375
Figure5-161 Strain Profile Gauge # 6 for Predominant Direction of Motion Specimen
S 1 S SRR 376
Figure5-162 Strain Profile Gauge # 6 for Predominant Direction of Motion Specimen
S 1Y SRR 376
Figure5-162 Strain Profile Gauge # 6 for Predominant Direction of Motion Specimen
S 1Y SRR 376
Figure 5-163 Maximum Average Strain in the Spirals for Specimens with High Shear377
Figure 5-164 Elasto-Plastic Idealized Curve Specimen ISHL.0........ccccoveeveeiecciecnenns 377

XXii



Figure 5-165 Elasto-Plastic Idealized Curve Specimen ISH1.25.........ccoovieveicicnienne. 378

Figure 5-166 Elasto-Plastic Idealized Curve Specimen ISHL.5 ........ccccoeecvveeviecieenen, 378
Figure 5-167 Elasto-Plastic Idealized Curve Specimen ISHL.5T .......ccoooviiiiiiinienenne 379
Figure 6-1 Typical Measured Strain Rate History for Ste€l .........ccccvoevvevvvceviecieiens 380
Figure 6-2 Typical Measured Strain Rate versus Strain for Steel..........ccooevvieienene 380
Figure 6-3 Calculated and Idealized M-¢ Curves using SPMC and xSECTION

SPECIMEN ISL L0ttt s 381
Figure 6-4 Calculated and Idealized M-¢ Curves using SPMC and xSECTION

SPECIMEN ISLLD ...t s 381
Figure 6-5 Calculated and Idealized M-¢ Curves using SPMC and xSECTION

SPECIMEN ISHTL.0 ..t 382
Figure 6-6 Calculated and Idealized M-¢ Curves using SPMC and xSECTION

SPECIMEN ISHIL.25 ...t 382
Figure 6-7 Calculated and Idealized M-¢ Curves using SPMC and xSECTION

SPECIMEN ISHLS ..ot s 383
Figure 6-8 Calculated and Idealized M-¢ Curves using SPMC and xSECTION

SPECIMEN ISHLET ..ot s 383
Figure 6-9 Comparison of Anaytical and Experimental Force vs. Displacement

Including Flexural with Bond Slip Deformationsfor ISL1.0.........cccccvevevveenene. 384
Figure 6-10 Comparison of Analytical and Experimental Force vs. Displacement

Including Flexural with Bond Slip Deformationsfor ISL1.5.........cccccvevevieneee. 384
Figure 6-11 Comparison of Analytical and Experimental Force vs. Displacement

Including Flexural, Bond Slip and Shear Deformationsfor ISL1.0................... 385
Figure 6-12 Comparison of Analytical and Experimental Force vs. Displacement

Including Flexural, Bond Slip and Shear Deformationsfor ISL1.5................... 385
Figure 6-13 Measured and Calculated Force vs. Displacement Curvesfor ISL1.0....... 386
Figure 6-14 Measured and Calculated Force vs. Displacement CurvesISL1.5............ 386
Figure 6-15 Comparison of Analytical and Experimental Force vs. Displacement

Including Flexural with Bond Slip Deformationsfor ISH1.0...........cccccevvenneee. 387
Figure 6-16 Comparison of Analytical and Experimental Force vs. Displacement

Including Flexural with Bond Slip Deformations for ISH1.25.............cccccveee.... 387
Figure 6-17 Comparison of Analytical and Experimental Force vs. Displacement

Including Flexural with Bond Slip Deformationsfor ISHL.5..........ccccocceeveeeee. 388
Figure 6-18 Comparison of Analytical and Experimental Force vs. Displacement

Including Flexural with Bond Slip Deformationsfor ISHL.5T .........ccccceeveeeee. 388
Figure 6-19 Comparison of Analytical and Experimental Force vs. Displacement

Including Flexural, Bond Slip and Shear Deformations for ISH1.0................... 389
Figure 6-20 Comparison of Analytical and Experimental Force vs. Displacement

Including Flexural, Bond Slip and Shear Deformations for ISH1.25................. 389
Figure 6-21 Comparison of Analytical and Experimental Force vs. Displacement

Including Flexural, Bond Slip and Shear Deformations for ISH1.5................... 390
Figure 6-22 Comparison of Analytical and Experimental Force vs. Displacement

Including Flexural, Bond Slip and Shear Deformations for ISH1.5T ................ 390
Figure 6-23 Moment vs. Rotation of the Loading Head Specimen ISH1.0................... 391
Figure 6-24 Moment vs. Rotation of the Loading Head Specimen ISH1.25................. 391

XXiii



Figure 6-25 Moment vs. Rotation of the Loading Head Specimen ISH1.5................... 392

Figure 6-26 Moment vs. Rotation of the Loading Head Specimen ISH1.5T ................ 392
Figure 6-27 SAP 2000 MOGE! ........ccoiiiieiieeee e e 393
Figure 6-28 WFRAME MOGEL ..........c.oooiiieece et 393
Figure 6-29 Force Displacement Curves for SAP 2000, WFRAME and Experimental
SPECIMEN ISHTL.0 ..t 394
Figure 6-30 Force Displacement Curves for SAP 2000, WFRAME and Experimental
SPECIMEN ISHTL.25 ... b e 394
Figure 6-31 Force Displacement Curves for SAP 2000, WFRAME and Experimental
SPECIMEN ISHLS ..o s 395
Figure 6-32 Force Displacement Curves for SAP 2000, WFRAME and Experimental
SPECIMEN ISHLET .. 395
Figure 6-33 Equivaent Transversal Section by Shear Carried by Interlocking Spirals396
Figure 6-34 Cross Section RC Column with Interlocking Spirals.........ccccoevveceeieenene. 396
Figure 6-35 Cross Section RC Column with Interlocking Spirals.........cccooevvvceiieennee 397
Figure 6-36 Calculated Shear Capacity Based on Flexural Displacement Ductility and
Experimental Resultsfor Specimen ISHL.0 ......cooeeiiiiinieeeeeeeee 397
Figure 6-37 Calculated Shear Capacity Based on Flexural Displacement Ductility and
Experimental Resultsfor Specimen ISHL.25 ... 398
Figure 6-38 Calculated Shear Capacity Based on Flexural Displacement Ductility and
Experimental Resultsfor Specimen ISHL.S ... 398
Figure 6-39 Calculated Shear Capacity Based on Flexural Displacement Ductility and
Experimental Resultsfor Specimen ISHLS5T ..o 399
Figure 6-40 Calculated Shear Capacity Based on Flexural, Bond Slip and Shear
Displacement Ductility and Experimental Results for Specimen ISH1.0.......... 399

Figure 6-41 Calculated Shear Capacity Based on Flexural, Bond Slip and Shear
Displacement Ductility and Experimental Results for Specimen ISH1.25......... 400

Figure 6-42 Calculated Shear Capacity Based on Flexural, Bond Slip and Shear
Displacement Ductility and Experimental Results for Specimen ISH1.5.......... 400

Figure 6-43 Calculated Shear Capacity Based on Flexural, Bond Slip and Shear
Displacement Ductility and Experimental Results for Specimen ISH1.5T ........ 401

Figure 6-44 Tri- Linear Idealization of Flexural Deformation ............cc.cccvevrenrccnnennee. 401
Figure 6-45 Lateral Force vs. Shear Deformation ISHL.0........cccovveveiececviecie e, 402
Figure 6-46 Lateral Force vs. Shear Deformation ISHL.25...........ccooiviiccniincceeene, 402
Figure 6-47 Lateral Force vs. Shear Deformation ISHLS..........cooveieiececce e, 403
Figure 6-48 Lateral Force vs. Shear Deformation ISHL.ST .......ccooevviiviicccneneeeene, 403
Figure 6-49 Horizontal Component of the Spiral Force at the Middepth of Column

<o [ o) o SR 404

Figure 6-50 Maximum Average Strain in the Spirals SpecimensISL1.0and ISL1.5... 404
Figure 6-51 Normalized Lateral Force and Displacement for Specimens with Low Shear

and di Of L.LOR @NA L5R.....c.ooiiiieieiceee e 405
Figure 6-52 Vertical Stress due to the Separate Two Column ACtioN.........c.cccceeeeenees 405
Figure 6-53 Comparison of Plain Concrete at the Interlocking Region for Columns with

0i Of LOR @NA L5R..... oottt s r e 406

XXV



Figure 6-54 Normalized Lateral Force and Displacement for Specimens with High Shear

and d; of 1.0R. 1.25R, 1.5R and 1.5R with Cross TIi€S........cccecvrerererenerenennes 406
Figure 6-55 Displacement Ductility Capacity vs. Average Shear Stress Index............. 407
Figure 7-1 Analogous TrusSfor SNEar.........cccevveeeieeie e 408
Figure 7-2 Analogous Truss for Shear and Shear DIStOrtion..........ccocceveeeveeinseeieennnnne 408
Figure 7-3 Modified Shear StiffnessModel ...........cccoevvreiieiececcee e 409
Figure 7-4 Axial Stiffness of the Spirals and Diagonal shear Friction Moddl................ 409
Figure 7-5 Horizontal Transducer of the Panel Instrumentation ............ccccceeevveevieennee. 410
Figure 7-6 Diagona Transducer of the Panel Instrumentation............ccccooveevvrcnnennnene 410
Figure 7-7 Hognestad Model and [dealized CUrVe..........cccveeeeeeveece s 411
Figure 7-8 Second Slope from the Idealized Hognestad Model, E¢p, versusf'e............ 411
Figure 7-9 Stress-Strain Relationship for Cracked Concrete in Compression............... 412
Figure 7-10 Stress-Strain Relationship for Cracked Concrete with Tensile Strain, €; of O

=10 IO 0 L TSSO 412
Figure 7-11 Contribution of Yield Deformation Due to Shear to the Total Yield

Deformation for Different ASPect RatiOS ..........cooveverereriieiesese e 413
Figure 7-12 Effect of the Ultimate Shear Deformation on the Displacement Ductility

Capacity for Different ASPECt RELIOS.........ccoeeiiririerereeee s 413
Figure 8-1 Horizontal Component of the Spiral Force at the Middepth of Column Section

............................................................................................................................. 414
Figure 8-2 Spacing of the Cross Ties as a Function of the Spacing of the Spirals (1/B)

versus d; in terms of the Spiral Radius (o) “Shear Capacity Method™ ............... 414
Figure 8-3 Shear Friction Method...........cooviiiiiiieesesee e 415
Figure 8-4 Comparison of the Three Methods to Design Horizontal Cross Ties.......... 416

XXV



Chapter 1. Introduction

1.1. Introductory Remarks

New design strategies have been investigated during the last decade in an effort to
improve the general performance of structures and elements under earthquake loading.
The current seismic design philosophy is based on ductility capacity of the structural
members. The confinement provided by the transversal steel has an important role in
improving the ductility capacity and the strength of reinforced concrete members.
Confinement reinforcement in bridge columns usually consists of spiralsin columns with
circular shape and ties in columns with square or rectangular cross sections. Past
experience has shown that circular spirals confine concrete much more effectively than
rectangular or square hoops. In addition, circular spirals are often easier to construct and
require fewer amounts of transverse steel than tied columns. Thus, interlocking spirals
have been used as transverse reinforcement in bridge columns, especialy in large
rectangular cross sections that would normally be detailed as tied columns.

The Cadifornia Department of Transportation (Caltrans) Bridge Design
Specifications (BDS)® and Seismic Design Criteria Version (SDC) are the only codes in
the United States that include provisions for the design of columns with interlocking
spirals. Dueto alack of research on interlocking spirals, the provisions are driven mainly
by those of single spirals and constructability considerations. Previous studies*>* have
being conducted on the effect of several design parameters, including a comparison
between interlocking spirals and ties, horizontal spacing between centers of the spirals,
quantity of transverse reinforcement, variation of the axial load ratios, appropriate size
and spacing of longitudinal bars in the interlocking region, variation in flexural detailing,
and cross section shape. Those studies concluded that the performance of interlocking
spirals was satisfactory and the flexural and shear capacities can be conservatively
calculated using current procedures. Nevertheless, none of previous studies addressed
the Caltrans upper limit on spiral spacing in detail and none used dynamic testing.

In order to refine or possibly revise the current Caltrans design provisions,
Caltrans funded this study on the seismic performance of interlocking spirals columns.
Based on past research important design parameters in RC column with interlocking
spirals were: the level of average shear stress, the limits of the horizontal distance
between the centers of the spirals, di, as a function of the radius of the spiras, R,
rectangular columns cross sections versus oblong cross section, two versus three
interlocking spirals, presence of flare, number and position of longitudinal bars within the
interlocking spirals, presence of cross ties connecting the spirals, column aspect ratio, and
longitudinal steel ratio. The last two-design parameters are inter-related to the first
parameter. The level of average shear stress and the limits of the horizontal distance
between the centers of the spirals, d; as a function of the radius of the spiras, R, were
investigated in this study because they were considered by Caltrans designers to be of the
highest priority. Two additional variables, one an intermediate level of d; and the other
supplementary cross ties were studied based on the test results of the first columns.



The purpose of the present study was to assess the seismic performance of
reinforced concrete bridge columns with interlocking spirals using shake table simulation
of earthquake loads, including the effect of the above mentioned design parameters.

1.2. Previous Studies

An extensive literature review on previous research was conducted. Only a few
previous studies had been reported on columns reinforced with interlocking spirals. All
of those were performed on specimens subjected to static loading. Because dynamic
testing was used in the present study, a brief review of the shake table testing of circular
columnsisfirst presented.

The following discussion on past research includes shake table testing of circular
columns and the performance of columns with interlocking spirals subjected to static-
cyclic loading, monotonic loading, and concentric axial loads.

1.2.1. ShakeTable Testing of Circular Column

Laplace et al.*® tested two 1/3- scale circular reinforced concrete bridge columns
with identical properties on the shake table system. The columns were 406 mm (16in) in
diameter and 1829 mm (72 in) in height and they were designed based on 1992 Caltrans
design provisions. All the columns had an axia index of 10% with a longitudinal and
transverse stedl ratio of 2% and 1%, respectively. The scale of the columns was chosen
based on the models of the prototype column used in standard-cyclic studies concluded at
the National Institute of Standards and Technology (NIST)?. Two different earthquake
loading scenarios to compare the effect of load history on the two columns were done.

Based on the test results, the author concluded that the columns subjected to a
high amplitude motion in an undamaged state exhibited a slightly higher capacity than a
column subjected to incrementally increasing amplitudes as is usually used in shake table
testing. The author also concluded that as displacement increase the difference between
test results of high amplitude motion and incrementally increasing amplitudes becomes
less. Comparing the slow cyclic testing performed at NIST? with the experimental
results, an increase of 7% in a column capacity was estimated due to the strain rate effect
on the material properties. In addition, ductility and drift levels under dynamic excitation
were greater than those achieved in the slow cyclic testing.

1.2.2. Static-cyclic Load Testing

Important details of the specimens in previous are shown in Table 1.1. The level
of shear stress was determined by the shear index. The average shear stress was
calculated as the maximum measured shear force divided by 0.8 times the gross area.



The shear index is found by dividing the average shear stress by 0.083+/f'c [MPa] or

Ve [psi.

Tanaka and Park® performed the first test on columns with interlocking spirals.
Three columns with interlocking spiral were tested and, for comparison, one column with
rectangular hoops and cross ties was tested as well. The columns were designed using
provisions for columns with single spirals in the New Zealand concrete design code. The
objective of the research was to assess a series of methods to evaluate effectiveness of
interlocking spirals as shear and lateral confining reinforcement.

The test results showed similar satisfactory performance for the interlocking
spirals and tied columns, however the tied columns had almost double volumetric ratio
for the transverse reinforcement. The measured lateral load displacement hysteresis
loops showed very good energy dissipation and limited reduction in strength. All tested
columns exceeded a displacement ductility of 10. Yielding of interlocking spiras
occurred at a displacement ductility of 3 to 4 in all columns. The measured shear
deformation accounted for 10% to 30% of the column deflection.

Based on an analytical study, the authors concluded that the amount of transverse
reinforcement required for the confinement of the core concrete in the potential plastic
hinge region of a column can be reduced considerably by using interlocking spirals
instead of rectangular hoops and cross ties. The spiral reinforcement required for
confinement of columns with interlocking spirals could be designed using the provisions
for single spirals columns. A proposed method that considered the interlocking spirals as
an equivalent transverse reinforcement can be used to calculate the shear carried by the
interlocking spirals. In order to provide sufficient area of interlocking for adequate shear
transfer, the spacing between center to center of the spirals was limited to 1.2 times the
spiral radius according to that study. It was further recommended that, to insure adequate
shear transfer between the interlocking spirals, at least four bars should be placed inside
the interlocking area of the spirals.

A study conducted at the Washington State University by Buckingham et al.’,
compared the behavior of columns with interlocking spirals under shear, flexural and
torsional loading. Six 1/5-scale specimens with interlocking spirals and two with
conventional ties were tested. Design parameters investigated included spacing between
center to center of the spirals, size of longitudinal bars in the interlocking area, variations
in flexural detailing of interlocking spirals, column cross-sectional shape, and
performance of columns with interlocking spirals was compared with tied columns.

According to the test results, the specimens reinforced with interlocking spirals
performed as well as or better than the ones with ties under both shear and flexural
loading, despite 50 % less content of transverse reinforcement steel. The specimens
loaded to failure in shear with spacing between center to center of the spirals equal to 1.2
times the spiral radius demonstrated less strength degradation than similar specimens
with spacing between center to center of spirals equal to 1.5 times the spiral radius.



Higher degradation was found using small-diameter (nominal) longitudinal bars in the
interlocking zone compared with the similar specimen with the same size of longitudinal
bars in the interlocking zone as that used for the main column reinforcement. According
to the author, the degradation was due to the separation of the spiral cages resulting from
severe deformation of the interlock bars. Current procedures can be used in order to
obtain a reasonable estimate of shear and flexural capacities of columns with interlocking
spirdls. A conservative torsional capacity can be predicted using an approach adapted
from current design equations for the torsional capacity of rectangular beams.
Nevertheless, further investigation was recommended on this topic. The authors aso
recommend more research in columns with more than two interlocking spirals.

The Aristotle University Thessaloniki in Greece study by Tsitotas and Tegos* on
seismic behavior of columns and beams with interlocking spirals was reviewed. One
column with interlocking spirals was tested under cyclic lateral loading and constant axial
load. Experimental results showed that columns with interlocking spirals have an
excellent performance from a mechanical stand point. The influence of dlippage of the
reinforcement is negligible, since no hysteresis loop pinching was observed in the load
displacement diagram of the specimen. Thus, the cyclic shear had no deteriorating
influence upon the interlock of the two spirals. The spiral spacing of 35 mm (1.38 in)
satisfies the minimum required spacing in the Greek Concrete Code of at least 20 % of
the diameter of the circular core section.

Four 1/4-scale shear-critical rectangular reinforcement concrete columns with
interlocking spirals were tested in a study by Benzoni et a.* at the University of
California, San Diego (UCSD). The purpose of the study was to investigate the
behaviors of shear dominated interlocking spirals columns, under different axial load
ratios (P/f’cAg). Ratios of 0.0, 0.35, and -0.1 were used in the first three specimens tested
in double curvature. Vertical loads varying as function of the applied horizontal loads
from axial load ratios of —0.1 to 0.35 were applied to the last specimen. Most of the
research was focused on analysis of the shear strength of the columns with interlocking
spirals for the case of variable axial load. Different approaches of the shear capacity for
interlocking spirals were compared with the experimental results. The formulation
proposed by the authors was adequate to predict the shear capacity of the columns with
interlocking spirals. The shear capacity used took into account the effect of the neutral
axis depth. Differentia dlippage was experienced between the two spirally reinforced
sections. The authors suggested further investigation mainly on the extent of the
interlocking zone and its content of reinforcement.

Mizugami®® studied the performance of columns with interlocking spirals under
cyclic latera loading in single bending. Three columns with interlocking spirals were
loaded in the strong axis of the cross section and three more in the weak axis. For
comparison, one conventional column with rectangular hoops and cross ties was tested in
the weak axis. Different volumetric confinement steel ratios were used in al the
columns. The author concluded that the flexural strength and the deformation capacity of
the interlocking spirals were the same as conventional rectangular columns with 300 %



higher volumetric ratio than columns with interlocking spirals. The columns tested in the
strong direction with different volumetric ratios showed different failure mode
corresponding to the amount of the reinforcement. Nevertheless, no of the columns
exhibited brittle shear failure. Both flexural strength and deformation capacity of
interlocking spirals can be accurately predicted using conventional procedures. The shear
strength of the interlocking spirals can be conservatively estimated taking into account
the core area of the cross section as an effective shear area and the shear resistance of two
spirals. Based on ductility response of interlocking spirals columns, the volumetric
confinement ratio of at least 0.3% is recommended. In addition, a shear deformation of at
least 20% of the total deformation needs to be estimated in order to predict the columns
deformation.

1.2.3. Monotonic Load Testing

Tsitotas and Tegos™ tested two columns, one with interlocking spirals and one
with a single spiral. The interlocking column was 2000 mm (78.7 in) in height with an
oblong cross section 300 mm (11.81 in) in width and 205 mm (8.07 in) in depth and with
spacing between the centers of spirals equal to 1.0 times the spira radius. The
longitudinal and transverse steel ratios were 4.0% and 1.4 %, respectively. The single
gpiral column had a diameter of 205 m (8.07 in) with longitudinal and transverse steel
ratio of 3.7% and 1.4 %, respectively. The columns were subjected to monotonic loading
as ssimply supported beams. The shear span-to depth ratios were 3.0 for the interlocking
spiral column and 3.5 for single the spirals column.

According to the tests results, flexural and shear cracks appeared on either side of
the load points with typical shear cracks at a 45° degree inclination toward the support
points around the element axis. In the case of the interlocking spirals uniform cracking
was observed without any signs of separation of the interlocking spirals at any point in
the span length under the ultimate load. Maximum capacities of 350 kN (78.7 kips) and
220 kN (49.4 kips) were recorded for the interlocking spirals column and the single spiral
column, respectively.

The concept of a substitute section was introduced in this study. Rectangular and
circular envelope sections are proposed as the substitute section to estimate the section
resistance to shear with bending or bending only, respectively. Good agreement was
found between the values calculated using the substitute section and the experimental
results.

1.2.4. Concentric Axial Load Testing

A study by Kim and Park™® a Korea Advance Institute of Science and
Technology, South Korea, investigated the strength and the deformability of specimens
with interlocking spirals subjected to concentric axial load. For this purpose, 108
specimens with interlocking spirals were tested. The main test variables were concrete



strength, spacing of spirals or pitch, yield strength of spirals and the spacing between
center to center of the spirals. The compressive strengths of concrete was 27 MPa (3916
psi), 62 MPa (8992 psi), and 81 (11748 psi) MPa. Six spacing of spirals 120 mm (4.72
in), 60mm (2.36 in), 40 mm (1.57 in), 30mm (1.18 in), 25mm (1 in) and 20mm (0.78 in))
were used. Steel yield strength of the spirals was 451 MPa (65 ksi) and 1375 MPa (200
ksi). The spacing between center to center of spirals equal to 0.5, 1.0 and 1.5 times the
spiral radius were selected. On the basis of the experimental study, the authors concluded
that the spiral strain decreased with the increasing of the concrete strength for the same
details of reinforcement and with the increasing of the spacing of spirals for the same
concrete strength. In addition, they found that increasing the yield strength of spirals
improved the strength and the ductility of specimens with interlocking spirals. Model
equations for prediction of the strength and the axial strain at the peak stress of specimens
with interlocking spirals were proposed.

1.3. Objectivesand Scope

The primary objective of this research was to study the seismic performance of
bridge columns with interlocking spirals subjected to earthquake excitation on a shake
table and to assess the most critical design parameters that were of interest to Caltrans
designers. The level of average shear stress, the horizontal distance between the centers
of the spirals, d; as afunction of the radius of the spirals, R, and supplementary horizontal
cross ties were the design parameters included in this study.

Six large-scale columns reinforced with interlocking spirals were built based on
the current Caltrans design provisions. Two 1/4-scale specimens with d; of 1.0R and
1.5R subjected to low level of average shear stress (shear index of 3) and two 1/5-scale
specimens with d; of 1.0R and 1.5R subjected to high level of average shear stress (shear
index of 7) were tested in order to study the effect of the first two design parameters
mentioned above. Two additional variables, one an intermediate level of d; and the other
with supplementary cross ties and d; of 1.5R were studied after observed vertical cracks
in one of the high shear columns tested with the maximum horizontal spacing between
center to center of the spirals (d; of 1.5R). All the specimens were designed to fail in a
ductile mode and they were subjected to increasing amplitude of the Sylmar record from
the 1994 Northridge earthquake. The specimens were tested at James E. Rogers and
Louis Wiener Large-Scale Structures Laboratory at the University of Nevada, Reno.
Only in-plane response of the columns was studied with axial load index of 10%.

Based on the data and analyses in this and other studies, a new model to estimate
the post yield shear stiffness was developed and recommendations were made for
possible adoption by Caltrans.



Chapter 2. Design of the Specimensand Preliminary Analysis

2.1. Introduction

Reinforced concrete columns with double interlocking spirals were designed
based on the current Caltrans design provisions. The scales of the specimens were based
on the capacity of the shake table system. Typical steel ratios were chosen for the
longitudinal reinforcement. The transverse stedl ratios were selected based on target
displacement ductility of 5 as well as the limitations of Caltrans provisions. Moment-
curvature analysis was performed for al the columns using the progran SPMC¥,
developed at the University of Nevada, Reno. An idedlized elasto-plastic force and
displacement was used to perform a nonlinear response history of the columnsin order to
select the input record used in the shake table tests. This chapter describes the design as
well asthe preliminary analysis of the test specimens.

2.2.  Average Shear StresslIndex

The average shear stress is calculated as the lateral load over the effective shear
area. The effective shear areais equal to 80% of the gross area. The shear stressindex is
found by dividing the average shear stress by 0.083+f'c [MPa] or Jie [psi]. This
index is used to determine the level of shear stress in the column. In this project, two
level of shear were selected. Low index equal to 3 and high index equa to 7 were
chosen. Columns with alow shear index are called 1SL1.0 and ISL1.5 and columns with
a high shear index are ISH1.0, ISH1.25, ISH1.5 and ISH1.5T.

23. Test Variable

The primary test variables in the experimental studies were the shear index and
the horizontal distance between the centers of the spirals, di. Based on the test results of
the first two high shear columns, two additional variables, one an intermediate level of d;
and the other supplementary cross ties were added to the high shear models. Three
alphabetical characters followed by a number were used to identify the test specimens.
The initial 1 and S were for interlocking and spirals, respectively. The third initial L or H
was for the shear index of low or high, respectively. The number was the d; used in the
specimen. For the last specimen an additional initial (T) was used at the end in order to
identify the addition of the supplementary cross ties. A summary of the test variable in
the specimensislisted in Table 2-1.

24. Current Design Guidelinesfor Columns Reinforced with Interlocking Spirals

RC Columns reinforced with interlocking spirals have been implemented in New
Zealand (Tanaka and Park® and NZzS 3101%), Japan (JRA'®) and other countries.
Caltrans is the only code in the United States that has provisions for columns reinforced
with interlocking spirals. These provisions are based on the requirements of single spiral



reinforced column. Two different provisions of Caltrans, Seismic Design Criteria (SDC)’
and Bridge Design Specifications (BDS)®, were followed in order to design columns
specimens reinforced with interlocking spirals. Next is the description of the current
guidelines used in the design of the six specimens.

2.4.1. Horizontal Distance between Centers of the Spirals, di

The BDS®, Section 8.18.1.4, requires that when more than one cage is used to
confine an oblong column core, the spirals must be interlocked or the seismic design
must be modeled as having multiple single columns. A maximum limitation of 0.75
times the spiral diameter (1.5 times the radius of the spirals, R, is measured to outside of
the spiral) for the horizontal spacing of the spirals measured center-to-center of the
spirals, d;, is established by a geometrical relationship for stability normal to the bent
(Fig. 2-1). A minimum spacing of 0.50 times the spiral diameter (1.0R) is recommended
to avoid overlaps of more than two spiras. In addition, BDS® suggests to revise the
column shape, size, number of columns, etc, to avoid a closer spacing.

In this research, two specimens were designed with d; of 1.0R, one specimen with
d of 1.25R, and three with d; of 1.5R.

2.4.2. Longitudinal Reinforcement

Section 3.7 in SDC’ specifies a maximum and minimum area of the longitudinal
reinforcement for compresson members as 0.04A; and 0.01Agy respectively.
Longitudinal reinforcement area of 0.02xAy and 0.028xAy were selected for the
specimens with low shear (ISL1.0 and ISL1.5) and high shear (ISH1.0, ISH1.25, ISH1.5
and ISH1.5T), respectively. These values were chosen because they are typical. In
addition according to BDS®, Section 8.18.1.4 a minimum distance between adjacent bars
should be 20.32 mm (8 in). Taking into the account the scale factor (see Section 2.8) and
in order to meet BDS®, Section 8.18.1.4, 9.5 mm diameter (#3) longitudinal reinforcing
bars were used in al the specimens.

2.4.3. Minimum Vertical Reinforcement in Interlocking Portion

Section 3.6.5.3 in SDC’, specifies the minimum vertical reinforcement in the
interlocking portion. The interlocking portion is defined as the transverse area within the
interlocking of the spirals. According to SDC’, the longitudinal bars in the interlocking
portion of the column shall have a maximum spacing of 203mm (8 in) and need not be
anchored in the footing or the bent cap unless deemed necessary for the flexural capacity
of the column. The longitudinal bar size in the interlocking portion depends on the size
of the bars outside the interlocking portion as listed in Table 2-2.

In this project four bars of the same size as those of the bars outside the
interlocking portion were used in the interlocking region. This selection was made based
on previous research (Tanaka and Park® and Buckingham et a°) also because SDC®



Section 3.6.5.3 was not available when the design of the first 4 specimens were being
designed. These bars were anchored to the footing and they were taken into account in
the calculations of the flexural capacity of the columns (M-¢ analysis, Section 2.12.1).

2.4.4. Nominal Shear Capacity

Section 3.6.1 in SDC’, state the shear capacity for ductile concrete members shall
be conservatively based on the nominal material strengths as follows

¢Vn 2 Vo (2'1)

Where
V,, = Plastic shear associated with the overstrength moment, M,
¢ = Strength reduction factor = 0.85
V= Nominal shear strength =V, + Vs
V.= Nominal shear capacity provided by concrete
Vs = Nominal shear capacity provided by shear reinforcement

According to SDC’, Section 3.6.2, the concrete shear capacity (V) of members
designed for ductility shall consider the effects of flexure and axial load as specified in
the following equation

V. =VXAq (2-2)

Where
vc = Permissible shear stress carried by concrete defined in the Equations 2.5 and
2.6, for regions inside the plastic hinge zone and outside the plastic hinge zone,
respectively. For members whose net axial load isin tension, v.=0.

A= Effective shear area= 0.8xAq
Ag = Gross cross section area

v for inside of the plastic hinge can be found according to the following equation

v, = FIxF2x,/f', <033/ (MPa) = 4,/f", (ps) (2-3)

ve for outside of the plastic hinge can be found according to the following
equation

v, =0.25xF2x,/ ', <0.33/f"_(MPa) (2-43)

v, =3xF2x,/f', <4, f' (ps) (2-4b)
Where



Where

f'c= Compressive strength of unconfined concrete

Flisgiven by
f
F1=0.025< ‘152—;5“ 10.305- 0.0834, < 0.25(MPa) (2-53)
,05 fyh .

ps= Ratio of volume of spiral or hoop reinforcement to the core volume confined
by the spiral or hoop reinforcement (measured out-to-out), for columns with
circular or interlocking core sections, defined by Equation 2-8.

fyn = Nominal yield stress of transverse column reinforcement (M Pa, ksi)

g = is defined as the local displacement ductility demand. However, SDC’
specifies that the global displacement ductility demand pp shall be used in the
determination of the F1 provided a significant portion of the global displacement
is attributed to the deformation of the column or pier. In al other cases a local
displacement ductility demand p4 shall be used in F1.

ps can be found according to the following equation

Where

Where

_4Ay

"~ D's (2:6)

Ps

Ap=Areaof individual reinforcing steel bar (mm?, in?)

D’ = Cross-sectional dimension of confined concrete core measured between the
centerline of the peripheral hoop or spiral

s = Spacing of transverse reinforcement measured along the longitudinal axis of
the structural member (mm, in)

F2isgiven by
I:)C
1+ ———— < 1.5(MPa) (2-79)
13.8xA4
1+ —S% — <1.5(ps 2-7b
2000xA 4 (psi) (2-7)

P. = The column axial force including the effects of the overturning
Ay = Gross cross section area (mm?, in?)
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According to SDC’, Section 3.6.3, the shear reinforcement capacity (V) for
confined circular or interlocking core sectionsis defined as follows

A D’
Vg = % (2-8)

Where
A, = Total area of shear reinforcement = n(%)A b (2-9)

n = number of individual interlocking spirals or hoop core sections
Ap= Areaof individual reinforcing steel bar (mmz, in?)

According to SDC’, Section 3.6.5.1, the shear strength Vs provided by the
reinforcement steel shall be not be taken greater than:

0.67x,/f', A,(MPa) (2-10a)
8x,[f'cAq(ps) (2-10b)

In addition, SDC’ Section 3.6.5.2 specifies that the shear reinforcement for each
individual core of columns confined by interlocking spirals or hoops shall be greater than
the arearequired by the following equation

A, >017x 25 (mm?) (2-113)
fun
D's,. »
Ay 2 0025x—(in’) (2-11b)
yh

2.45. Confinement Reinforcement

According to SDC’, Section 3.8.1, the volumetric ratio, provided inside the plastic
hinge length and defined by Equation 2.6 shall be sufficient to ensure the column meets
the performance requirements of SDC’, Section 4.1, which establish that the
displacement capacity should be greater than the displacement demand. In addition
SDC’, Section 3.8.2 determine that the lateral reinforcement inside the plastic hinge
region shall meet the requirements of nominal shear capacity described above (Section
2.4.4) as well as the maximum spacing requirement of SDC’, Section 8.2.5, listed as
follows:
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e One fifth of the least dimension of the cross-section for columns and one-half

of the least cross-section dimension of piers

e Six timesthe nominal diameter of the longitudinal reinforcement

e 220 millimeter (8 in)

SDC’, Section 3.8.3 specifies that the volume of the lateral reinforcement required
outside of the plastic hinge region, shall not be less than 50% of the amount specified for
the lateral reinforcement inside the plastic hinge region (SDC’, Section 3.8.2) and meet
the shear requirements of nhominal shear capacity described above (Section 2.4.4).

BDS?, Section 8.18.2.2, requires that the volumetric ratio, for spiral reinforcement

shall be not less than
A 1
o.45[—g—1jf—° 05+1.25 'Pe (2.12)
A, fy f cAg

for columns less than 0.9 m (3 ft) in diameter

or

012" ¢| 054125 e (2-13)
fy feAq

for columns larger than 0.9m (3 ft) in diameter
Where

A 1
0.45(—9 - 1] e (2-14)
A fy
Ag = Gross cross section area

A = Areaof core measured to the outside diameter of the spiral
f'c = Compressive strength of unconfined concrete
fy = Specified yield strength of reinforcement (hoops/spirals)

. = Design axial load due to gravity and seismic loading

but not less than

25. CrossTies Reinforcement Specimen ISH1.5T

Currently, there are no design procedures available to design cross ties connecting
the interlocking hoops. These cross ties may be needed to reduce and delay vertical
cracks in the interlocking region under service load conditions. The specimen ISH1.5T
with di equal to 1.5R and high shear index was detailed with cross ties in order to study
the effectiveness of the crossties. A design procedure was developed and it is described
in the Chapter 8. As a result, cross ties with the same size of bar as the spirals and
spacing of 2.0 times the spacing of the spirals were recommended.

12



2.6. Material Properties

A concrete compressive strength of 34.5 MPa (5000 psi) was specified for the
design of the all specimens. In addition, specified minimum yield strength of 420 MPa
(60 ksi) was selected for all the reinforcement used in the design of the specimens.

2.7. Axial Load Index

The axial load index defined as the compressive axial force divide by the product
of the cross section area of the column and the concrete compressive strength, typically
varies between 5% to 25% for bridge columns. Particularly for this study an axial load
index of 10% was selected based on recommendations by Caltrans as being a typical
value.

2.8. Scaling Factor

Scale factors of 1/4 for the specimens with low shear and 1/5 for the specimens
with high shear were selected based on the typical cross section dimensions of bridge
columns. The scale factor was applied in away that stresses would not be scaled and redl
concrete and steel could be used. A different test setup for each set of specimens (low
shear and high shear) was used (see Section 3.5). The effective weight of the inertial
system (mass rig) was constant for all test setups. In order to account for the difference
between the applied axial load (Section 2.7) and the effective weight of the inertia system
and aso the effect of the scale of the specimens, a time scale factor for the earthquake

motion of 1/W—Pilr was used, where |, is the scale factor, w; is effective weight of the

inertia system including the mass rig and P is the applied axial force on the column (see
Appendix A for detailed derivation). The model scale factors for different parameters are
aslisted in Table 2-3.

2.9. Cross Section Area of the Specimens

The cross section areas of the specimens were selected in order to achieve failure
of the specimens when they were subjected to dynamic excitations based on the
maximum capacity of the shake table system. The shake table specifications are given in
Table 2-4. All specimens presented an oval shape cross section with semicircular ends.
The cross section is defined by the diameter of the semicircular ends as well as d; (see
Section 2.4.1) (Fig 2-1). The first set of models had a semicircular diameter of 305 mm
(12 in) with di of 1.0 R and 1.5 R, where R is the spiral radio equa to 140 mm (5.5 in).
The second set had a semicircular diameter of 254 mm (10 in) with di of 1.0R, 1.25R and
1.5R, with R equal to 114 mm (4.5 in). A cover of 127 mm (0.5 in) was selected based
on the scale factor. The first and the second sets corresponded to the low and high shear
specimens, respectively. The average shear stress was defined in the Section 2.2.
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2.10. Displacement Based Design

Section 3.1.4.1 in SDC’ states that each ductile member shall have a minimum
local displacement ductility capacity of 3 to ensure dependable rotational capacity in the
plastic hinge regions regardless of the displacement demand imparted to that member.
Particularly for this study, Caltrans recommended a target displacement ductility capacity
of 5 for the design of the specimens.

The provisionsin SDC’, Section 3.1.3 were used in order to design the specimens
with a target displacement ductility capacity of 5. According to this section the
displacement ductility capacity is defined as

(2-15)

Where
A= Member displacement capacity = A,” + A,

A, = Idealized effective yield displacement of the column at the formation of the
2

plastic hinge = L?gzﬁ

y

L = Distance from the point of maximum moment to the point of contra-flexure
¢y = Idealized yield curvature defined by an elastic-plastic representation of the
cross section M-¢ curve, see Section 2.13.1.

Ap = ldealized plastic displacement of the column at the formation of the plastic

. L
hinge= HP(L_éJ

L, = Plastic hinge length

= 0.08L+0.022 fye dp > 0.044 fye dy (MPa) or

= 0.08L+0.15 fyedy > 0.3 fyedy (ksi)
0, = Plastic rotation capacity = Ly (¢p)
¢p = Idealized plastic curvature capacity (assumed constant over Lp) = ¢y - ¢y
¢y = Ultimate curvature capacity, defined as the curvature when the concrete
strain reaching eq, or the confinement reinforcing steel reaching the reduced
ultimate strain 5.~ , from M-¢ analysis, see Section 2.13.1.

In order to calculate the height of the specimens, a target shear force was first
calculated. The target shear force was defined as the average shear stress (Section 2.2)
multiplied by 0.8 times the area gross. The heights of the specimens were calculated
based on the test setup (Section 3.5) for both specimens with low (single curvature) and
high shear (double curvature). For the specimens with low shear the height was
determined as the ratio of the idealized plastic moment capacity and the target shear force
and for the specimens with high shear the height was found as two times the ratio of the
idealized plastic moment capacity and the target shear force.
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An iterative approach was used in order to obtain a displacement ductility
capacity of 5. The vertical spacing of the spirals (pitch) was varied while the longitudinal
steel, material properties, axial load and the cross section dimension were kept constant.
The spirals were made of plain wire W2.9 and W2.0 for columns with low and high
shear, respectively. An initial value of the lesser of the values from the provisions
described in Section 2.3.4 and 2.3.5 was selected. The M—¢ analyses were performed
until a displacement capacity of at least 5 was achieved and the provisions described in
the Section 2.3.4 and 2.3.5 were met. Table 2-5 shows a summary of the final values of
the last iteration for all specimens, based on the details given in the next section.

211. Description of the Specimens

The dimensions of the cross section with the reinforcement detail and the
elevations of the specimens are shown in Figs. 2-2 and 2-3. The spirals were continuous
with constant pitch, through the height of the specimen. The spirals were extended along
the whole height of the footing and top loading head. The longitudinal reinforcement was
continuous and detailed at the ends with 90° degree standard hooks. The height of the
specimens with low shear (ISL1.0 and ISL1.5) was taken from the top of the footing to
the center of the application of the lateral load and for the high shear specimens (I1SH1.0,
ISH1.25, ISH1.5 and ISH1.5T) was taken as the clear height between the top of the
footing and the bottom of the loading head. It is due to the double curvature produced by
the dua link configuration. A summary of the most relevant design parameters are
presented in Table 2-6. The design of the footing as well as the loading head will be
describe in the following section.

212. Footing and L oading Head Design

The footings were designed to be rigidly attached to the shake table deck.
Fourteen steel rods were used in order to prevent uplift and sliding of the footing. The
steel rods were threaded and inserted into the strong holes in the shake table deck
distributed on a 30.48 cm (12 in) grid spacing. Based on the number and location of the
strong holes, afooting cross section dimension of 1.52 m x 1.52 m (5 ft x 5 ft) square was
selected. Fourteen PVC 7.62 cm (3 in) diameter duct were placed through the height of
the footing in order to provide a hole that alow the passage of the rods. The clamping
load used in each rod was about 111.2 kN (25 kips). The height of the footing was
selected in such way that the height of the column plus the height of the footing plus 3.81
cm (1.5 in) thickness grout match the distance between the shake table deck and the sets
of holes of the mass rig plate. The Table 2-7 shows the height of the footing for al the
specimens. Overturning moment, bearing, punching shear as well as one way shear
checks were made in the design of the footing. Based on the flexural bending analysis,
the minimum longitudinal steel ratio controlled the design. As a result two mats of steel
reinforcement, top and bottom in both directions, were needed in order to resist the
applied bending moments. Figure 2-4 illustrated a typical plan and profile views of the
footing with the distribution of the reinforcement steel. Number 4 footing longitudinal

15



bars were used in the vicinity of the column in order to alow the bars to pass through the
column and # 8 bars were used elsewhere. The # 8 bars were detailed with a 90°
crossties standard hook at the ends while the # 4 bars where detailed straight bars for
construction purpose. The concrete cover on all sides was 5.08 cm (2 in). Number 3
crossties, located at the intersection of the mats in both directions, were used in the
footing to provide shear reinforcement. The detail of the crosstiesis shown in Fig. 2-4.
Number 10 lift bars were designed and added to the footing for transportation purpose.

Figures 2-5 and 2-6 show plan and section views of the loading head for the
specimens with low and high shear, respectively. Minimum reinforcement was used in
the head for the low shear specimens due to small level of stress to which it was
subjected. Number 4 bars were placed in al of the direction of the faces of the head to
provide confinement (see Fig. 2-5). Four PV C pipes 5.08 cm (2 in) diameter were cast in
the column head to provide holes for the bolts in order to attach the head to the link
assembly load. The top head for the specimens with high shear was designed in order to
prevent separation of the vertical connecting plate which was post-tensioned to the head
using Dywidag bars. The dimensions of the head were controlled by the connecting plate
dimensions between the loading head and the dual link assembly. The head width was
determined based on the limitation on the edge distance of the post-tensioned bars. The
steel reinforcement was provided based on the flexural demand from the dual link couple
moment. The steel design details were very similar to the details provided in the footings
(see Fig. 2-6).

213. Préiminary Analysis

In order to design and predict the seismic performance of the scaled bridge
columns reinforced with double interlocking spirals. The progran SPMC* was used to
perform a moment-curvature analysis in order to estimate the lateral load and
displacement carrying capacities. Once the capacity was estimated, a dynamic analysis
using the program RCShake'® was done to determine the seismic response of the column
specimens with double interlocking spirals under different earthquake ground motions
and to select the input record for the shake table test.

2.13.1. Moment-curvature analysis

Program SPMC* was used for the cross sectional analysis of the specimens. This
program was specially developed for columns with interlocking spiral reinforcement.

The Hognestad model? is used for unconfined concrete stress-strain relationship.
The Figure 2-7 shows the stress-strain curve. This model consists of two segments. The
first segment is an ascending parabolic curve up to the point representing the unconfined
concrete and is strength expressed by the following equation
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o _f'{i[g—‘:j } (2-16)
€0 €0
Where

f.= concrete stress

f'c=  unconfined concrete compressive strength
€0 = Strain at concrete strength
€c = crushing strain of unconfined concrete

The second segment is a descending straight line starting from the peak point

: : . . 0.15f', . . .
connected to the ultimate point with a negative slope equal to ¢ inwhich g, is the
€y —€&,

ultimate strain.

The Modified Mander et al*’ model was used to model the confined concrete

stress-strain relationship (see Fig. 2-8). The equation for the curve is described by the
following equation:

o f'oc T (2-17)
r—1+x’
Where

x=€i

€ cc

Ec - Esec
E. =4730,/f'. [N/mm?] or E, =57000,/f'", [psi]
Esec zf:i

€cc

f’ .c = confined concrete compressive strength
€' cc = Strain at concrete compressive strength

When the effective confining stress, '), is the same in orthogonal x and y
directions of the circular or rectangular section, ' is related to the unconfined strength

by
floe=f'c [—1.254+ 2254 |1+ 7'?,5f L ?f ' J (2-18)
C Cc

Where
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fyn = yield strength of the lateral reinforcement

Aq = area of the stirrup or hoop

ds = distance between centers of the stirrup or hoop legs within each hoop set
S, = spacing of stirrups or hoops

The strain at concrete compressive strength (') and the ultimate compression

strain (gqu) are defined by
€= 0.002£1+ s(ff'fc - 1}] (2-19)
[

14p5f thSm

€0y = 0.004+ (2-20)

cc

Where
ps = volumetric transversal steel ratio (see Equation 2-6)
£sm = Steel strain at maximum tensile stress = 0.09 according to SDC?, Section 3.2

The parabolic strain hardening model was used to model the stress-strain
relationship for the steel. The curve is shown in the Fig. 2-9. The model consists of 3
segments. The first segment represents the elastic range of the steel with a constant
modulus of elasticity of steel, E. The second segment (segment 1-2) corresponds to the
yield plateau where the strain is constant without increasing of stress. The third segment
(segment 2-3) represents the strain hardening curve recommended by Priestley et al.?®

defined asfollows
012-¢, )
fo=f,|15-0. (2-21)
€y ~ &

Where
fs = steel stress
fy = steel yield stress
€sh = Strain at beginning of strain hardening
esu = Ultimate tensile strain

Table 2-8 shows the material properties used for the M—¢ analysis of al the
specimens. The vaues of the strain at concrete strength (eo), crushing strain of
unconfined concrete (g¢), strain at beginning of strain hardening (es,) and ultimate tensile
strain (es,) Were taken according to the recommendations in SDC’, Section 3.2. Also in
this section, a value of the expected steel yield stress of 475 MPa (68 ks) was
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recommend for a specified steel yield stress of 420 MPa (60 ksi). The concrete geometry
was defined according to the cross section areas of the specimens shown in the Fig. 2-2.
The discrete bars (interactive mode) option in SPMC* was used to defined the steel
geometry. This was possible because al the longitudinal bars were the same size and
properties. Because 4 longitudina bars were placed in the interlocking portion and
because the program places only two bars in that region (where the two spirals intersect),
two additional bars were added manually into the input file. Finally a reduction factor of
the concrete stress-strain curve of 0.85 was used. The M-¢ curves were idealized as
elasto-plastic models; they are shown in the Fig. 2-10 through Fig. 2-15. According to
SDC’, Section 3.3, the eastic portion of the idealized curve should pass through the M-
¢ point that corresponds to the first reinforcement bar yield. In addition, the idealized
plastic moment capacity is obtained by balancing the areas between the actual and the
idealized M- ¢ curves beyond the first reinforcing bar yield point. The plastic moment
with the idealized yield curvature as well as the ultimate curvature are shown in Table 2-
9 for al the specimens.

2.13.2. Dynamic Analysis

Dynamic analysis was performed using the Program RCShake'®. Itisanon-linear
single-degree-of-freedom analysis program that was developed in UNR to predict column
models response under dynamic excitations using shake table systems. RCShake'® takes
into account the equations of motion for the mass rig system (see Section 3.5), including
the P-Delta effect, earthquake amplitudes and other shake table parameters to check if the
shake table system limits are exceeded during earthquake simulations.

Program RCShake™ was used to define the earthquake ground motion record as
well as the testing protocol (see Sections 4.2 and 5.2) that were used in the shake table
test. In order to use program RCShake™ the elastic stiffness for each specimen needs to
be calculated. The elastic stiffness is defined by the plastic shear divide by idealized
yield displacement (see Section 2.10). The plastic shear is defined by the plastic moment
divide by the height of the specimen. For specimens with low shear the height was taken
as the height shown in the Fig. 2-1 and for specimens with high shear the height was
taken as half of the clear height shown in Fig. 2-1 because of the effect of double
curvature (see Section 3.5). The plastic shear, the idealized yield displacement and the
elastic stiffness are shown in Table 2-10 for all specimens.

Figure 2-16 through Figure 2-18 show the earthquake records used as input
motions in the dynamic analysis of the specimens with low shear. The time factor of
W—P‘Ir (see Table 2-3) was applied to these motions in order to take into account the
mass and the scale factors. The selection of the earthquake motion for the test was based
on the two specimens with low shear, since these were scheduled to be designed and
constructed first. A comparison of the dynamic analysis results for the two specimens
with low shear is made in the Table 2-11. The Sylmar record was selected based on the
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maximum displacement ductility demand. RCShake™ force-displacement hysteresis
curves for specimens ISL1.0 and ISL1.5, subjected to the Sylmar record, are shown in
Figs. 2-19 and 2-20, respectively. In order to allow for comparison between specimens
with low and high shear, Sylmar record was also selected as the input motion used in the
shake table test for specimens with high shear. The testing protocol for the specimens
will be discussed in Sections 4.2 and 5.2, for specimens with low and high shear,
respectively.
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Chapter 3. Construction of the Specimens and Experimental Setup

3.1. Introduction

The experimental study consisted of six scaled columns reinforced with double
interlocking spirals subjected to earthquake excitation on a shake table system. Two 1/4-
scale specimens with low shear (ISL1.0 and ISL1.5) and four 1/5-scale specimens with
high shear (ISH1.0, ISH1.25, ISH1.5 and ISH1.5T) were built, instrumented and tested at
James E. Rogers and Louis Wiener Large-Scale Structures Laboratory at the University
of Nevada, Reno. The geometric and reinforcement details for all the specimens were
discussed in Chapter 2. Standard procedures were used for the construction of the
specimens. Concrete cylinders and steel reinforcement samples were tested in order to
verify the strength on the day of the test and the stress-strain relationship, respectively.
Two different test setups were used for the specimens with low and high shear. The
construction procedure, material properties, instrumentation and the test setup are
presented in this Chapter.

3.2.  Construction of the Test Specimens

All the specimens were constructed at James E. Rogers and Louis Wiener Large-
Scale Structures Laboratory at the University of Nevada, Reno. The specimens with low
shear were scheduled to be constructed first. After the testing of the specimens with low
shear, specimens ISH1.0 and ISH1.5 were build. Specimens ISH1.25 and ISHO1.5T were
constructed four months after the testing of the first two high shear specimens (ISH1.0
and ISH1.5) and their design was affected by the performance of ISH1.0 and ISH1.5.
The construction procedure for all the specimens was the same. The column steel cage
was fabricated first. Each spiral cage was fabricated separate and then interlocked with
the other cage to form the steel cage of the column (Figs. 3-1 and 3-2). In order to alow
the installation of the strain gages in the spirals, the least possible amount of longitudinal
bars were used in the steel cageinitially (Fig. 3-3). Heat shrink plastic tubing of different
diameters were used to protect the strain gages wires during casting of concrete (Fig. 3-
4). Once the strain gages were placed on the spirals and the longitudinal bars, the steel
cage was completed with the rest of the longitudinal bars. Figure 3-4 shows the steel
cage of the column ready to place on the base of the footing. Before setting the column
steel cage on the base of the footing, the steel bottom mats in the footing as well as the
PV C pipes were placed (Fig. 3-5). The details of the reinforcement as well as the PVC
pipe locations were discussed in Sections 2.10 and 2.11. The column was placed in the
center of the footing and the rest of the reinforcement of the footing was placed (Figure
3-6). Then the concrete for the footing was poured. The construction of the column form
was started at |east three days after pouring the concrete in the footing. Wood forms with
steel laminates were used to make the oval form of the column (Fig. 3-7). The wood
form for the column was reinforced every 30.48 cm (1 ft) in order to ensure the adequate
performance of the form under lateral pressure of the concrete (Fig. 3-8). Eight mm
(5/16 in) and 4.76 mm (3/16 in) thread rods were placed through the column section and
cast integral with the column in order to provide support for the displacements
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transducers. The form for the top column head was built and PVC pipes were placed
according to Figs. 2-4 and 2-5. Subsequently, the steel reinforcement for the head was
placed. Top column head for one of the specimens with high shear is shown in Fig. 3-9.
Lateral bracing was provided for the column form to prevent lateral instability. Figure 3-
10 shows the final column form for one of the specimens with high shear. Once the head
was compl eted the concrete was poured for the column and head at the same time.

3.3. Material Properties

Loca companies supplied the material used in the construction of the test
specimens, except for the galvanized plain wire W2.9 and W2.0 that were purchased
from Western Steel & Wire INC, San Francisco, CA. The fabrication of the spirals was
made by Camblin Steel Service INC, Sacramento, CA. The concrete was designed and
distributed by Reno-Sparks Ready Mix. The longitudinal bars # 3 of the column and the
steel reinforcement bars used in the footing and the loading head were supplied for
Northern Nevada Rebar, Blue Mountain Steel and Reno Iron Works.

The specified concrete compressive strength was 34.5 MPa (5000 psi) with 9.52 mm
(3/8 in) maximum aggregate size. In order to verify the concrete strength three concrete
cylinders were tested at 7 days, 14 days, 28 days and on the day of column test. Tables 3-
1 and 3-2 show the average values of the compressive strength of the concrete cylinders
for the footing and column, respectively.

Minimum vyield strength of 420 MPa (60ksi) was specified for the steel
reinforcement used in the construction of the specimens. Samples of longitudinal bars
(#3) as well as wires (W2.9 and W2.0) used in the spirals were tested either a Tinius-
Olsen or MTS testing machine. Table 3-3 shows the average values of the yield strength,
strain at the beginning of strain hardening, and at ultimate strength, and ultimate tensile
strain of the samples for the longitudinal bars for all the specimens. Figure 3-11 shows a
typical stress-strain curve for one of the #3 bar samples tested in the MTS machine.
Figure 3-12 shows atypical stress-strain relationship for the plain wires. No clear yield
point could be found for the wires. The 0.2% offset method described in ASTM A370,
Section 13.2.1 was used to determine the effective yield strength (Figure 3.12). Table 3-4
presents the average values of the yield strength, the ultimate strength and the ultimate
tensile strain for the samples of the plain wires for all specimens. The same plain wire
(W2.0) was used in al the specimens with high shear. Only the ultimate tensile strain of
the sample for the specimens with high shear was reported since this wire was tested in
the MTS machine that allowed the measurement of strain until failure.

3.4. Instrumentation

Different instruments were placed in the test specimens in order to measure
acceleration, axial force, lateral force and lateral displacement, and curvature. Also,
strain gages were placed on the longitudina and transversal steel. In addition, shear
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deformation was measured in the specimens with high shear. The following subsections
describe the instrumentation used in the test specimens.

3.4.1. Accderation

A Kinemetrics FBA-11g accelerometer was used to measure the horizontal
acceleration at the top of the specimen. It was located at the end of the swiveled link near
to the column. In addition, the acceleration of the shake table was recorded by an internal
accelerometer.

3.4.2. Lateral and Axial L oad

The lateral load was measured by a 667-kN (150-kip) Lebow load cell that was
attached to the swiveled links. Thisload cell captured the lateral force due to the massrig
inertia force and the mass rig P-A force due to the overturning effect, but did not capture
the inertia mass of the swiveled link between the load cell and the specimen as well as al
the mass inertia of the axial load system and the mass of the specimen (top loading head
and half of the column). The accelerometer placed at the top of the specimen and the
mass of the axial load system and the mass of specimen were used calculated the lateral
inertia force not captured by the load cell. Two load cells, Sensotec Model 41 (445 kN-
100 kips) and Model 41 (889 kN-200 kips) were used to measure the axial load on the
column. The load cells were placed in line with the threaded rods that were prestressed
to provide the vertical load.

3.4.3. Lateral Displacement

The absolute lateral displacement was measured by Temposonic (LA-Series 91
cm -36in) displacement transducers. The transducers were attached to the specimen head
at the level of the application of the lateral load for the specimens with low shear and to
the top and bottom of the specimen head for the columns with high shear. In addition,
the table displacement was recorded by an internal displacement transducer. The relative
displacement was calculated as the difference between the data from the Temposonic
instrumentation and the internal displacement transducer of the shake table.

3.4.4. Strain Gauges

Strain gauge series YFLA-2-5L (rated to measure large post strain) distributed by
Texas Measurements were placed on the longitudinal and transverse reinforcement. The
adhesive type CN-Y was used to install the gauges. 1n order to provide the best condition
to adhere the gauge, the bar surface was sanded and cleaned with molar hydrochloric acid
and base. After attaching the strain gauge with the adhesive, the gauge was covered with
at least three layers of electric tape in order to avoid damage during pouring of concrete.
In addition a heat shrink plastic tubing of different diameters were used to protect the
strain gauges wires at during placing of the concrete (Figure 3-4). The potential plastic
hinge region was the location selected for the strain gauges placed on the longitudinal and
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transversal reinforcement for the specimens with low shear. Figure 3-13 shows the
location of the strain gauges for specimens ISL1.0 and ISL1.5. For the specimen with
high shear, the potential plastic hinge region was also selected for the location of the
strain gauges placed on the longitudinal reinforcement (Figure 3-14) whereas the strain
gauges for the transverse reinforcement were located through the entire height of the
specimens. Figures 3-15 through 3-18 illustrate the location of the strain gauges placed
on the transversal steel for specimens with high shear. In addition, 22 strain gauges were
placed on the cross ties connecting the interlocking hoops in specimen ISH1.5T (Figure
3-19).

3.4.5. Curvature Transducer

Novotecknik TR-50 displacement transducers were used to measured
curvature in the potential plastic hinge region. These instruments were attached to 8mm
(5/16 in) thread rods on both sides of the column section. The thread rods were
continuous through the column section and they were cast integral with the column. For
specimens with low shear, the Novotecknik transducers were spanned a nominal distance
of 102 mm (4 in) from the top of the footing to a height of 508 mm ( 20 in). For
specimens with high shear the Novotecknik transducers were spanned a nominal distance
of 12.7 cm (5 in) at the top and bottom of the column in a region of 508 mm (20 in).
Figures 3-20 and 3-21 show the location of the Novotecknik displacement transducers for
specimens with low and high shear, respectively.

The strain at each location is calculated from the vertical displacement measured
in each Novotecknik transducer divide by the gauge length (Figure 3-22). Once the strain
is calculated the average curvature over the gauge length can be calculated as follows:

el, —e2;
bi = xL + D+ x2, (3]
Where

el; = strain at side 1 along the gauge length i
€2; = strain at side 2 along the gauge length i
x1; = distance from the column surface to the Novotecknik transducer at side 1 for
the gauge length i
x2; = distance from the column surface to the Novotecknik transducer at side 2 for
the gauge length i
D = column depth

3.4.6. Pand Instruments

The specimens with high shear were instrumented with fifteen Novotecknik TR-
50 displacement transducers forming a panel configuration that allow measurement of
total displacement at the corner of each panel (Figure 3-23). One 8mm (5/16 in) thread
rod was welded on each side of the 48 mm (3/16 in) thread rods that were cast with the
column. Four additional 8 mm (5/16 in) thread rod were bolted to the steel angles and
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they were anchored to the head and footing surface to provide support for the
Novotecknik transducers. The location of the thread rods used for the panel
instrumentation is shown in Figure 3-24. In order to install the Novotecknik transducers
to the thread rods, the Novoteckniks were attached to aluminum channel with rod ends
(Figure 3-25). Figure 3-26 shows the panel configuration for one of the specimens with
high shear.

3.5, Test Setup

An MTS shake table system was used to perform the dynamic tests on the
specimens. Each specimen was lifted with a crane and set on the shake table under wood
pieces in order to provide a gap of 38 cm (1.5 in) between the bottom of the footing and
the top of the table. A 1830 mm x 1830 mm x 102 mm (72 in X 72 in x 4 in) formwork
was placed around the footing of the specimen and 380 mm (1.5 in) thickness non-shrink
grout was poured. After the grout was dry, the specimen was attached to the shake table
deck using 14 steel thread rods connected at the strong holes of the shake table deck.

The axial load system consisted of a steel spreader beam bolted to embedded 19
mm (3/4 in) diameter and 305 mm (12 in) long thread rod at the top of the head. This
beam transferred the axial load that was applied through two Enerpac 30 ton (66 kips)
hole rams (Figure 3-27). The axia load was kept constant by a Reddick 9.46L (2.5
galon) accumulator connected to the ramps. Two 22 mm (7/8 in) high strength steel
thread rods run from the rams through the footing into strong holes of the shake table
deck. Two load cells between the rams and the spread beam were used to monitor the
axial load.

The inertia mass system designed by Laplace et al.*® was used to apply the lateral
inertia force to the column. The mass rig is an eight pin frame with concrete blocks
placed on its deck. These concrete blocks determine the inertia mass applied to each
specimen. Different number of concrete blocks and different swiveled links were used
for the specimens with low and high shear, as described in the next sections.

3.5.1. Specimen with Low Shear

The same test setup was used for specimens ISL1.0 and ISL1.5. Four concrete blocks
were used with the mass rig as the inertiamass. The total inertia mass was 445 kN (100
kips) that came from the weight of four concrete blocks [89 kN (20 kips)] each and the
effective weight of the massrig itself, also 89 kN (20 kips). The lateral load was applied
on the top of the column through one rig swiveled link, testing the specimens as a
cantilever member with single curvature. The test setup schematic is shown in Fig. 3-28
and the actual test setup is shown in Fig. 3-29.
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3.5.2. Specimen with High Shear

All the specimens with high shear, ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, were
tested using the same test setup. The test setup schematic is shown in the Fig. 3-30 and
the actual test setup is shown in Fig. 3-31. The tota inertia mass was 36289 kg (2487
slug) and it consisted of three concrete blocks each with aweight of 89 kN (20 kips) each
plus the mass rig with an effective of weight of 89 kN (20 kips). A double swiveled link
system was used to transmit the lateral load from the mass rig to the column. This dual
link configuration alows the specimens to be tested in double curvature. A link
connector plate was post-tensioned to the specimen top head and bolted to the double
links (Fig. 3-32).
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Chapter 4. Experimental Resultsfor Specimenswith Low Shear

41. Introduction

The seismic behavior of six bridge RC column models with double interlocking
spirals was studied experimentally using shake table tests. Two of the models were 1/4-
scale with low average shear stress (ISL1.0 and I1SL1.5). They were tested under
increasing amplitudes of the Sylmar record from the 1994 Northridge Earthquake until
faillure. The observed performance and measured response of the specimens are
described in this chapter. This chapter also presents plastic hinge length, the effective
force-displacement yield point and the ductility displacement capacity calculated based
on the experimental datafor each specimen.

4.2.  Testing Protocol

The Sylmar record was selected as the input motion for the shake table tests based
on the maximum displacement ductility demand (Section 2.13.2). Time compression
factor of 0.51 and 0.50 was applied to the input motion for specimens 1SL1.0 and ISL 1.5,
respectively. The testing sequence for each specimen is shown in the Table 4-1. The
testing sequence was defined based on the dynamic response obtained from the Program
RCShake™ with the estimated properties of each specimen. A fine-tuning of the shake
table with the specimen was done prior to the test in order to minimize the different
between the target and the achieved acceleration. Small increments of the Sylmar record
were applied to the specimens in order to determine the elastic response as well asto find
the effective yield point. Once the effective yield was reached, the amplitude of the input
record was increased until failure. Intermittent free vibrations tests were conducted to
measure the change in frequency and damping ratio of the columns.

4.3. Observed Performance

A lime and water mixture was applied to the surface of the column in order to
make the cracks more visible. Flexural cracks were observed in specimen 1SL1.0 during
the first three runs (displacement ductility demand, pg, between 0.2 and 0.8) and in
specimen ISL1.5 during the first six runs (pq between 0.1 and 1.5). Most of these cracks
were located in the lower third of the column height. Figure 4-1 and 4-2 show the
flexural cracks for specimens ISL1.0 and ISL1.5, respectively. First spalling and shear
cracks were formed in ISL1.0 at 0.5xSylmar (uq = 1.5) and ISL1.5 at 1.25xSylmar (ug =
2.4). The shear cracks for specimens ISL1.0 and ISL1.5 are shown in Figs. 4-3 and 4-4,
respectively. These cracks were located in the interlocking region in the lower third of
the height of the column and they were connected with the flexural cracks. Considerable
spalling in the bottom of the column, as well as propagation of flexural and shear cracks
was observed after 1.25xSylmar (uq = 2.8) in ISL1.0 (Fig. 4-5) and 1.5xSylmar (ug = 3.1)
in ISL1.5 (Fig. 4-6). Spirals were visible at 1.5xSylmar (ug =4.1) and longitudinal bars
were exposed at 1.75xSlymar (ug = 5.6) in ISL1.0 (Fig. 4-7). Spirals were visible in
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ISL1.5 after 1.75xSlymar (ug = 4.5) and become clearly exposed at 2.0xSlymar (ug = 7.5)
(Fig. 4-8). There was no visible core damage in either specimen. Specimens ISL1.0 and
ISL1.5 failed during 2.0xSylmar (1.21g PGA and pg = 9.6) and 2.125xSylmar (1.299
PGA and g = 10.4), respectively. The failure in both columns was due to rupture of the
gpirals and buckling of the longitudinal bars at the bottom of the column in the plastic
hinge zone. Figures 4-9 and 4-10 show the damage after failure for specimens ISL1.0
and ISL1.5, respectively. The observed performance is summarized in Table 4-2 for
specimen ISL1.0 and in Table 4-3 for specimen ISL1.5.

44. Target and Measured Acceleration

Even though a fine-tuning of the shake table was performed before the test, some
differences between the target accelerations (Sylmar record) and the achieved
accelerations by the shake table were noted. Tables 4-4 and 4-5 show the target
accelerations and the peak maximum and minimum accelerations achieved for the
specimens ISL1.0 and ISL 1.5, respectively, at each run. The ratios of achieved and target
PGA’s are also reported in the tables. The ratios of the maximum value of PGA were
constant in most of the motions with an average value of 1.19 for specimen ISL1.0 and
1.30 for specimen I1SL1.5. Program Degtra 2000** was used to calculate the elastic
response spectra for a single degree of freedom. A comparison between the elastic
response spectra for target and achieved input motions are shown in Figs. 4-11 through 4-
20 for specimen ISL1.0 and in Figs. 4-21 through 4-31 for specimen ISL1.5. Also shown
in the figures are the elastic periods of the models during each run. A Fourier analysis of
acceleration data, between the last 10 to 15 seconds for the accelerometer attached at the
swiveled link, was performed to find the elastic period a each motion. Most of the
variation between target and achieved acceleration is at the low period of the spectrum.
The impact of these variations is not significant since the potential column response is at
higher periods as is shown in the previous figures. Tables 4-6 and 4-7 show the ratios of
the achieved and target spectra response for the elastic period of the specimens at each
motion. Better agreement was found from this ratio and the table performance was
acceptable for the period range of interest.

45. Axial Load Variation

Two load cells between the hydraulic jacks and the spreader beam were used to
monitor the axial load, as mentioned in Chapter 3. An accumulator connected to the
jacks was used to minimize the variation of the axial load. The target axial load was —
400 kips (-90 kips) for specimen ISL1.0 and —472 kN (-106 kips) for specimen ISL1.5.
The variation of the axial load versus top displacement of the column is shown in the
Figures 4-32 and 4-33, for specimen 1SL1.0 and ISL1.5, respectively. The axia load
fluctuated between —338 kN (-87 kips) and —422 kN (-95 kips) for specimen ISL1.0 and —
436 kN (-98 kips) and —472 kN (-106 kips) for specimen ISL1.5. The average value of
the axial load variation was -396 kN (-89 kips) for specimen 1SL1.0 and -444 kN (-100
kips) for specimen ISL1.5. The performance of the axial load system was satisfactory
with a 1% and 6 % difference between target and the average value of the axial load for
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specimens ISL1.0 and ISL 1.5, respectively. The average value of the axial load variation
will be used in the section analysis (M-¢) in the Chapter 6.

4.6. Forceand Displacement Hysteresis Curves and Envelopes

The lateral force was measured by a load cell attached to the swiveled link. The
load cell captured the lateral force due to the mass rig inertia force and the mass rig P-A
force due to the overturning effect, but did not capture the inertia force due to the mass of
the swiveled link between the load cell and the specimen, the mass of the axial load
system and the tributary mass of the specimen (top specimen head plus half of the
column). In order to calculate the inertia force that was not captured by the load cell, the
accelerometer attached at the end of the swiveled link was used. Therefore, the
summation of the mass of the swiveled link between the load cell and the specimen, the
mass of the axial load system, the mass of the top specimen head and half of the column
were multiplied by the acceleration measured by the accelerometer at each time step in
order to calculate the additional inertiaforce. The total lateral force applied at the top of
the column was calculated as the summation of the additional inertia force and the force
measured by the load cell.

The absolute lateral displacement was measured at the top specimen head at the
level of the applied horizontal load. The displacement at the top of the column relative to
the footing was calculated as the different between the absolute lateral displacement and
the displacement of the shake table.

The measured force-displacement hysteresis curves for different motions are
shown in Figs. 4-34 through 4-43 for I1SL1.0 and Figs. 4-46 through 4-56 for ISL1.5. An
accumulated hysteresis is plotted for all the motions in Figure 4-44 and 4-57 for
specimens I1SL1.0 and ISL1.5, respectively. The data were low-pass filtered at 80 Hz
with analog filters to eliminate high-frequency noise.

The measured peak forces with the corresponding displacements and the peak
displacements with the corresponding forces at each motion are shown in Tables 4-8 and
4-9 for ISL1.0 and ISL1.5, respectively. An envelope curve was developed based on the
peak forces with corresponding displacements for al the motions before failure. The
failure point for the envelope curve was assumed either by the peak displacement with
the corresponding force or 80 percent of the maximum force with the corresponding
displacement when the force for the peak displacement dropped more than 20 percent of
the maximum force. Figures 4-45 and 4-58 show the envelope of accumulated force
displacement hysteresis curve for specimens ISL1.0 and ISL 1.5, respectively.

4.7. Dynamic Properties

The low level elastic response for each motion was used to calculate the
frequency and stiffness of the specimens. The low level elastic response was taken as the
response of the accelerometer attached at the end of the swiveled link between last 10
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seconds and 15 seconds of each motion. A Fourier spectrum was performed to find the
predominate frequencies of each motion, using the Program Degtra 2000*. The
following equation was used in order to calculate the stiffness of the specimen at each
motion:

2
K=M ‘_‘riz (4-1)
Where
M = inertiamass
T = period

A summary of the dynamic properties are shown in Tables 4-10 and 4-13 for
specimens ISL1.0 and ISL 1.5, respectively.

A series of snap ramps or free vibration test were performed in order to calculate
the frequency and the damping of the specimens. The tests were part of the loading
protocol described in Section 4.2. They consisted of free vibration under square pulse at
low amplitudes of displacement. Program Degtra® was used to compute the frequencies
from the Fourier spectrum. Equation 4-1 was used to calculate the stiffness of the
specimens. The equivalent viscous damping ratio was calculated using the decrement
logarithmic method®. The damping ratio ¢ is calculated from the following equation:

In_Yn___2mnt (4-2)

Vhm 1[1—C2

Where
vn = peak values of force, displacement or acceleration at the first cycle
viem = peak values of force, displacement or acceleration at the m™ successive
cycle

Tables 4-11 and 4-14 show the dynamic properties for the specimens 1SL1.0 and
ISL 1.5, respectively, measured from the snap ramp tests.

In addition to low level elastic response and snap ramp test, the peak forces and
the corresponding displacements were used to calculate the effective stiffness of the
specimens at each motion. The stiffness was calculated as the ratio of the peak force and
the corresponding displacement. Tables 4-12 and 4-15 show the force and displacement
values used to calculate the stiffness for ISL1.0 and 1SL 1.5, respectively. The period and
the frequency were computed using the Equation 4-1.

Good agreement for the dynamic properties was found between the values for low
level eastic response, snap ramp and the peak force and corresponding displacement. In
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general, as the specimen degraded and the stiffness reduced and the period and the
damping of the specimen increased.

4.8. CurvatureProfile

Novotecknik displacement transducers were used to measure curvature in the
potential plastic hinge region. The strain on each side of the column is calculated from
the vertical displacement measured in each Novotecknik transducer divide by the gauge
length. Once the strain is calculated, the average curvature over the gauge length can be
computed as the difference of the strains on the sides of the column, divided by the total
horizontal distance between the instruments. This procedure assumes that the sections
remained plane. The curvature instrumentation details were presented in Section 3.4.5.

The curvature profiles are shown in Figs. 4-59 and 4-60 for specimen ISL1.0 and
Figs. 4-61 and 4-62 for specimens ISL1.5. The values of the curvature profiles
correspond to the maximum and minimum peak values of lateral force. Due to the
asymmetry of Sylmar motion, relatively high curvature were developed when the peak
lateral forces were minimum (Figs. 4-60 and 4-62) that correspond to the predominate
direction of motion. The high curvature values were measured at the base of the column
due to the high moment at the base in both specimens.

4.9. Flexural and Bond Slip Deformation

The curvature profiles were used to calculate the flexural deformation by
integrating the curvature using the moment-area method. The curvatures were assumed
to be constant over the gauge length. Since no instruments were placed from 609 mm (24
in) above the top of the footing to the top of the column, a straight line connecting the
curvature measured at 609mm (24 in) to zero curvature at the top was assumed. Figure
4-63 shows the moment area method and the constant curvature profile. The flexural
deformation was calculated only for the peak values of lateral force that correspond to the
predominant direction of motion. Figures 4-64 and 4-65 show the lateral force versus
flexural deformation for specimens ISL1.0 and ISL1.5, respectively. Additiona rotation
due to the bond dlip is recorded by the curvature instruments. Therefore, the flexural
deformation calculated by these instruments present a component from the bond dlip
effect that can not be uncoupled.

4.10. Shear Deformation

In order to determine the shear deformation of the column, the flexural
deformation calculated in the previous section was subtracted from the total displacement
at the top of the column (Section 4.6). The shear deformation was computed only for the
predominant direction of the motion. The lateral force versus shear deformation for
gpecimens ISL1.0 and ISL1.5 are shown in Figures 4-66 and 4-67, respectively. A
bilinear behavior is observed for the lateral force and the shear deformation, in both
cases. Tables 4-16 and 4-17 present the flexural and bond dlip deformation as percentage
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of the total deformation at the top of the columns. The shear deformation was 11% to
14% of the total deformation for specimen I1SL1.0 in all the motions. For specimen
ISL1.5 the shear deformation was 7% to 39% of the total deformation until 1.25xSylmar
and 16 % to 12 % of the total deformation for the last two motions. The relatively large
shear deformation in the first motions of specimen ISL1.5 correspond to the relative
small flexural deformation at the first motions since the curvatures did not increase
particularly at the base of the column. This was in agreement with the observed
performance described in Section 4.3.

411. Measured Strains

The strain gauges were placed at the potential plastic hinge region for
longitudinal and transverse reinforcement. The maximum and minimum strains
measured in the longitudinal bars are presented in Tables 4-18 through 4-21 for specimen
ISL1.0 and in Tables 4-22 through 4-26 for specimen ISL1.5. Positive strains correspond
to tensile strains, while negative strains correspond to compressive strain.  The yield
strain of 2310 microstrain, for the # 3 longitudinal bars, was calculated based on the yield
stress reported in Section 3.3 and a modulus of elasticity of 200 MPa (29000 Ksi). The
maximum strains were below yielding in the bars at —152 mm (-6 in) below the top of the
footing, for specimen ISL1.0. However in ISL1.5 strains exceeded the yield strain at —
152 mm (-6 in) below to the top of the footing. The yield strain was reached at
0.3xSylmar for specimen ISL1.0 with a value of 11,149 microstrains (Table 4-19) in
strain gauge #10 at 127 mm (5in). InISL1.5 the yield strain was reached at 0.4xSylmar
with a value of 18,896 microstrains in strain gauges # 10 at the top of the footing. Strain
gauges #4 and #7 measured strain in the longitudinal interlocking bars in both specimens.
In ISL1.0 strain gauge # 4 and # 7 yielded at 0.5xSylmar and 1.0xSylmar, respectively
(Table 4.18). Strain gauge # 4 yielded at 1.25xSylmar (Table 4-23) while strain gauge #
7 yielded at 1.5xSylmar (Table 4-24), for specimen ISL1.5. The strain profile for strain
gauge #1 is presented in the Figures 4-68 and 4-69 for 1SL1.0 and ISL1.5, respectively.
Higher strains were measured in both specimens at or near the base of the column
compared with the other locations through the height of the column. Also note that
yielding spread beyond the height of 508 mm (20 in), over which the longitudinal bar
gauges had been placed.

Tables 4-27 through 4-31 for specimen ISL1.0 and Tables 4-32 through 4-35 for
specimen ISL1.5 show the maximum and minimum strains measured in the spirals. The
same convention of signs used in longitudinal bars is used for the tensile strains and
compressive strain in the spirals. The spirals yield strain of 2,241 microstrain was
calculated based on the yield stress reported in Table 3-4 and a modulus of elasticity of
200 MPa (29000 Ksi). Strain gauge # 2 at the height of 254 mm (10 in) in specimen
ISL1.0 (Table 4-30) yielded at 0.5xSylmar with a value of 2,556 microstrains. Strain
close to yield was recorded in strain gauge # 1 (Table 4-32) at 1.25xSylmar in specimen
ISL1.5. Strain gauges # 2 in specimen ISL1.0 in # 1 for specimen ISL1.5 confirms the
formation of the first shear cracks described in the Section 4.3. In most of the locations,
strains below yielding were measured until the last motions, in both specimens. The
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average maximum spiral strain at each motion was plotted again displacement ductility
capacity in Fig. 4-70. This figure shows that average strain was bellow yield in most of
the locations for both specimens. In addition, spirals in specimen ISL1.5 were subjected
to higher strain compared with the spirals in ISL1.0, particularly toward end of the test.
Asaresult, slight degradation of the load capacity (Figure 4-58) was observed in ISL1.5.

4.12.  ldealized Force-Displacement Relationship

The measured envelope curves (Figs. 4-45 and 4-58) were idedlized by elasto-
plastic curves to quantify the ductility capacity of the specimens. Three methods were
used to find the force-displacement point (Fy1, Dy1) that defines the elastic portion of the
idealized curve (Fig. 4-71). The first method consists of taking the force-displacement
point that corresponds to the first reinforcement bar yield. In some cases, this point is not
on the envelope. In those cases, a different point needs to be chosen in order to force the
elastic portion of the idealized curve to pass through the measured curve. The second
method can be used in those cases. It consists of taking the force corresponding to the
first reinforcement yield and finds the corresponding displacement on the measured
envelope using linear interpolation. A third method is to take one-half of the peak force
and find the corresponding displacement on the measured curve. This method is useful
especially when no strain data are available. Once the elastic portion is defined the yield
level is establish by equalizing the area between the measured and the idealized curves
(Fig. 4-71). The failure was assumed to occur when the maximum displacement
corresponding to the column failure occurred at a force exceeding 80% of the peak force,
the actual column failure point was used.

Table 4-36 for specimen ISL1.0 and Table 4-37 for specimen ISL1.5 show a
comparison of the idealized force-displacement values obtained using the three methods.
A variation of 10 % to 20 % of the displacement ductility capacity was found between the
methods. Since strain data are available and the force-displacement point (Fy1, Dy1)
needs to be on the measured curve, the second method was selected to idealize of the
measured curve. Figure 4-72 and 4-73 present the elasto-plastic idealization of the
response in the predominant direction of motion for ISL1.0 and ISL1.5, respectively.

4.13. Plastic Hinge Length
The plastic rotation 0, over the equivalent plastic hinge length |, is defined by

0, = (¢u - ¢y) p (4-3)
Where

¢u = Ultimate curvature capacity
¢y = ldealized yield curvature capacity
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Equation 4-4 is used to calculate the plastic deformation of the cantilever column
when the plastic rotation is assumed to be concentrate at midheight of the plastic hinge.

I
Ay :ep(l‘_zj (4-4)

Where
L = Distance from point of maximum moment to the point of contra-flexure

In addition, the ultimate deformation of the column, A, can be related to the
plastic and idealized effective yield displacement, Ay, asfollows

A, =A,+A, (4-5)

Substituting Equations 4-3 and 4-4 into Equation 4-5 and solving for |, and taking
the negative root of the quadratic equation, the following equation is found

(bl 20, |
I, = y (4-6)

Where
¢p = Plastic curvature capacity = dy-dy
Ap = Plastic displacement of the column = A, - Ay

Equation 4-6 was used to calculate the measured |, based on the average value of
the measured curvatures at 50.8 mm (2 in) and 152.4 mm (6 in). The curvature over a
203 mm (8 in) rather than 101.6 mm (4 in) gauge length was used because the most of
plastic deformation was concentrated over that region according to the measured
curvature and strain values. The elasto-plastic idedlization for the average measured
moment-curvature at 50.8 mm (2 in) and 152.4 mm (6 in) is shown in Fig. 4-74 for
specimen ISL1.0 and in Fig. 4-75 for ISL1.5. Table 4-38 summarize the values used in
Equation 4-6 to calculate the experimental |, for both specimens. The values of |, of 0.75
and 0.83 times the total depth of the column were found base on Equation 4-6 for
specimens ISL1.0 and ISL 1.5, respectively.



Chapter 5. Experimental Resultsfor Specimenswith High Shear

5.1. Introduction

Previous chapter described the experimental results for the two specimens with
low shear. In this chapter the experimental results of four additional specimens with high
shear are presented. Note that specimens were designed to fail with considerable flexural
hinging despite their average shear strength. As part of the experimental program, four
1/5-scale specimens (ISH1.0, ISH1.25, ISH1.5 and ISH1.5T) were tested under
increasing amplitudes of the Sylmar record until failure. These specimens were loaded in
double curvature using the test setup described in Chapter 3. The observed performances
of the specimens are described in terms of increments amplitudes of Sylmar and
displacement ductility capacities to allow comparisons among specimens. The
experimental data from the instruments placed on the specimens and described in Chapter
3 are presented in this Chapter. In addition, measured dynamic properties are reported.
The yield point and the displacement ductility capacity for each specimen are calculated
based on the experimental data and discussed.

5.2. Testing Protocol

The Sylmar record was selected as the input motion for the shake table tests based
on the maximum displacement ductility demand of the specimens with low shear (Section
2.13.2). In order to allow for comparison between specimens with low and high shear,
the Sylmar record was used as the input motion in the testing protocol for specimens with
high shear. Based on the Section 2.8 a time compression factor of 0.49, 0.46, 0.50 and
0.45 was applied to the input motion for specimens ISH1.0, ISH1.25, ISH1.5 and
ISH1.5T, respectively. The testing protocols for each specimen are shown in Table 5-1.
The testing protocol was developed based on the dynamic response obtained from the
Program RCShake™ with the estimated properties of the each specimen. A fine-tuning
was performed at the beginning of the test in order to minimize the difference between
the target and the achieved accelerations. Small increments of Sylmar record were
applied to the specimens to determine the elastic response and to find the effective yield
point. Once the effective yield point was identified, the amplitude of the input record
was increased until failure. Notice that the testing protocol for specimens ISH1.5 and
ISH1.5T is the same until the failure of ISH1.5. Free vibrations tests were conducted to
measure the change in frequency and damping ratio of the columns.

5.3. Observed Performance

In order to make the cracks more visible, alime and water mixture was applied to
the surface of the column. Flexural cracks were observed during the first three or four
runsin I1SH1.0 with displacement ductility demand, pg, of 0.06 to 0.4, in ISH1.25 with pgq
= 0.1to 0.6, in ISH1.5 with pg = 0.2 to 0.7 and in ISH1.5T with uqg = 0.1 to 0.6. The
flexural cracks were located in the plastic hinge zones at the top and bottom on both sides
of the column. This crack pattern was observed in specimens ISH1.0, ISH1.25 and
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ISH1.5T and is shown in Figs. 5-1, 5-2 and 5-4, respectively. Figure 5-3 shows the
flexural cracks for specimen ISH1.5. These cracks were concentrated mainly at the lower
third of the column height. A vertical crack located in the interlocking region going from
the top of the column to the mid height of the column was visible after 0.4xSlymar (ug =
0.7) inISH1.5 (Fig. 5-5).

Shear cracks, located in the interlocking region in the plastic hinge zones, were
formed in all the specimens. These cracks began to form starting with 0.5xSylmar (ug =
0.6) and became pronounced under 0.75xSylmar (ug = 0.9) in ISH1.0 (Fig. 5-6) and
1.0xSylmar (ug = 1.4) in ISH1.25 (Fig. 5-7). InISHL1.5 shear cracks were visible starting
with 0.75xSylmar (ug = 1.0) and in ISH1.5T under with 1.0xSylmar (ug = 1.2). Figures
5-8 and 5-9 show the shear cracks for ISH1.5 and ISH1.5T, respectively. Localized small
vertical cracks were observed in ISH1.5T at 1.0xSylmar (Fig. 5-9).

After 1.0xSylmar (ug = 1.4), first spalling at top and bottom of the column was
observed in ISH1.0 and ISH1.5, whereas in ISH1.25 (ug = 1.6) and ISH1.5T (ug = 1.7),
first spalling at top and bottom of the column was observed during 1.25xSylmar.
Propagation of flexural, shear cracks and increasing of the spalling were observed after
1.5xSylmar (ug = 2.5) in ISH1.0 (Fig. 5-10), after 1.75xSylmar (ug = 2.2) in ISH1.25
(Fig. 5-11), after 1.25xSylmar (uq = 1.7) in ISHL1.5 (Fig. 5-12) and after 1.75xSylmar (ug
=2.5) in ISH1.5T (Fig. 5-13). The spirals were visible at top and bottom of the column
after 2.125xSylmar (ug = 2.9) in ISH1.25 (Fig. 5-14). The longitudina bars were
exposed during 1.75xSylmar (ug = 3.6) in ISH1.0 (Fig. 5-15), 2.25xSylmar (ug = 3.7) in
ISH1.25 (Fig. 5-16), 1.5xSylmar (ug = 2.2) in ISH1.5 (Fig. 5-17), and 2.0xSylmar (ug =
2.8) in specimen ISH1.5T (Fig. 5-18). Specimens ISH1.0 (Fig.5-19) and 1SH.125 (Fig.5-
20) failed in shear during 2.0xSylmar (ug = 4.7) at the bottom and 2.375xSylmar (ug =
4.7) at the top, respectively. Damage in the core was observed in ISH1.5 (Fig. 5-21) after
2.125xSlymar (ug = 4.7) and in ISH1.5T (Fig. 5-22) after 2.25xSylmar (ug = 3.0).
Buckling of the longitudinal bars at the bottom of the column was visible after
2.25xSylmar (ug = 3.4) in ISH1.5 (Fig. 5-23) and 2.5xSylmar (ug = 3.4) in ISHL1.5T (Fig.
5-24). Specimen ISH1.5 (Fig. 5-25) and ISH.5T (Fig. 5-26) failed during 2.375xSylmar
(ua = 4.0) and 2.625xSylmar (ug = 3.8), respectively. Failure in ISH1.5 was due to
fracture of the spirals and buckle of the longitudinal bars, whereasin ISH1.5T failure was
due to fracture of the spirals and one of the longitudinal bars. The observed performance
is summarized in Tables 5-2, 5-3, 5-4 and 5-5 for the specimens ISH1.0, ISH1.25,
ISH1.5, and ISH1.5T, respectively.

54. Target and Measured Acceleration

Tables 5-6, 5-7, 5-8 and 5-9 show the maximum and minimum peak target and
peak achieved accelerations for specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T
respectively, at each run. The ratios of achieved and target PGA’s are also reported in
tables. The maximum acceleration values correspond to predominant direction of
motion. The average values for the ratio of maximum achieved and target PGA’s were
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1.06, 1.11, 1.05 and 0.96 for specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T,
respectively. An additional comparison between the target and achieved acceleration
were made using the elastic response spectra. Program Degtra 2000? was used to
calculate the elastic response spectra for the target and achieved acceleration records.
The acceleration responses for target and achieved input motions are plotted in Figs. 5-27
through 5-36 for specimen ISH1.0 and in Figs. 5-37 through 5-48 for specimen ISH1.25
Figures 5-49 through 5-61 and Figs. 5-62 through 5-76 show the acceleration responses
for target and achieved input motion for specimens ISH1.5 and ISH1.5T, respectively.
The variation between target and achieved acceleration depends on the period of the
column which changes at each motion. A Fourier spectrum was performed to find the
predominate frequencies between last 10 seconds and 15 seconds of each motion, using
the Program Degtra 2000”*. The inverse of the frequencies from the Fourier spectrum
were used to find the elastic period at each motion. Tables 5-10, 5-11, 5-12 and 5-13
show the ratios of the achieved and target spectra response for the elastic period for
specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively. The maximum values of
the ratio of the achieved and target accelerations occurred after the effective yield was
reached (around 1.0xSylmar), since the tuning of the shake table was base on the initial
stiffness of the specimen. Average values of ratio of the achieved and target acceleration
of 0.97, 0.91, 0.98 and 1.10 were found for specimens ISH1.0, ISH1.25, ISH1.5 and
ISH1.5T, respectively for al the motions. Base on the comparison between the peak and
spectrum accel erations the table performance was acceptable.

55. Axial Load Variation

The axial load system was discussed in Section 3.5. The variation of the axial
load was controlled by an accumulator connected to the hydraulic jacks. The target axial
loads were —275 kN (-62 kips), —300 kN (-67 kips), =259 kN (-58 kips) and —356 kN (-80
kips) for specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively. The variation
of the axial load during the test versus top displacement of the column is shown in the
Figures 5-77 through 5-80. The variation of the axial load is summarized in Table 5-14
for al the specimens with high shear. The performance of the axial load system was
satisfactory with a maximum of 6%, 1%, 3% and 4% difference between target and the
average value of the axial load for specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T,
respectively. The average value of the axial load variation was used in sectiona analysis
(M-¢) discussed in Chapter 6.

5.6. Forceand Displacement Hysteresis Curves and Envelopes

The load cell attached to the swiveled links captured the lateral force due to the
mass inertia force and the mass rig P-A force due to the overturning effect. The load cell
did not capture the inertiaforce due to the mass of the swiveled link between the load cell
and the specimen, the mass of the axia load system and the tributary mass of the
specimen (loading head plus half of the column). The same procedure used in Section
4.5 was followed in order to calculate the additional inertia force that was not captured by
theload cell. Thetotal lateral force applied at the top of the column was calculated as the
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summation of the additional inertia force and the force measured by the load cells of the
links system.

In the absence of any head rotations, the displacements at the top and bottom of
the loading head are the same. However, because a head rotation is expected due to finite
element stiffness of the links, the absolute lateral displacement was measured at the top
and bottom of the loading head. The head displacement was calculated as the average of
the top and bottom displacement measurements. The specimen “top” displacement
relative to the footing was calculated as the difference between the average head
displacement and the displacement of the shake table.

The measured force-displacement hysteresis curves for different motions are
shown in Figs. 5-81 through 5-90 for ISH1.0, Figs. 5-93 through 5-104 for ISH1.25, Figs.
5-107 through 5-119 for ISH1.5 and Figs. 5-122 through 5-136 for ISH1.5T. The
accumulated hysteresis curves are plotted for all the motions in Figures 5-91, 5-105, 5-
120 and 5-137 for specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively. The
data were low-pass filtered at 80 Hz with analog filters to eliminate high-frequency noise.

The measured peak forces with the corresponding displacements and the peak
displacements with the corresponding forces at each motion are shown in Table 5-15, 5-
16, 5-17 and 5-18 for ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively. An envelope
curve was developed based on the peak forces with corresponding displacements for all
the motions before failure. The failure point for the envelope curve was assumed either
by the peak displacement with the corresponding force or 80 percent of the maximum
force with the corresponding displacement when the force for the peak displacement
dropped more than 20 percent of the maximum force. Figures 5-92, 5-106, 5-121 and 5-
138 show the envelopes of accumulated force displacement hysteresis curve for
specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively.

5.7. Moment Demands and Head Rotation

The moment demands at the bottom and top of the column were calculated using
the force recorded in the load cell attached at each link and the distances of the individual
links to the bottom of the head and to the top of the footing. Figure 5-139 shows the
forces of the links and the moment arms used to calculate the moment at top and bottom
of the column. The P-A effect due to the axial load and the weight of the head were
included in the calculation of the moment demands at the bottom of the column. The
moment demands were calculated at the same time instance of the values of the forces
used in the calculation of the envelope in the predominant direction of motion. Figures 5-
140, 5-141, 5-142, and 5-143 show the moment demand at the top and bottom of the
column for specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively.

The inflection point for each column was found based on the moment demand at

the top and bottom of the column. Table 5-19 summarizes the distance of the inflection
point from the top of the columns. A perfect double curvature implies that the inflection
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point should be located at the mid height of the column. The figures and the table show
the shifting of the inflection point at each motion. A relatively small variation of the
inflection point close to the mid height of the column was seen in ISH1.0. Significant
variation of the inflection point was noted for ISH1.25, ISH1.5 and ISH1.5T. In general,
the inflection point was located above the mid height of the column due to the higher
moment demand at the bottom of the column in the first few motions. Once the plastic
moment was reached at the bottom of the column, the moment demand was increased at
the top and the inflection point was shifted close to the mid height of the column. Under
1.25xSylmar the actual inflection point was within 5 % of one-half of the column clear
height in all the specimens.

The difference between the moment demand at the top and bottom of the column
was due to the vertical rotation produced at the head of the column. The head rotation
was recorded by two displacement transducers placed at top and bottom of the head.
Table 5-20, 5-21, 5-22 and 5-23 show the forces and displacements used in the envelope
of the force displacement hysteresis curves for the predominant direction of motion with
the corresponding rotation of the head. Figure 5-144 compares the head rotation for the
predominant direction of motion with the corresponding lateral displacement for the
specimens with high shear. Relatively higher rotation was recorded in specimen ISH1.5
and ISH1.5T compared with ISH1.0 and ISH1.25. The head rotation was stabilized after
the yielding of one end, which is in agreement with the variation of the moments
recorded at top and bottom of the column presented in Figs. 5-140 through 5-143. The
rotation of the head is attributed to a rocking movement produced at the contact surface
between the plate connection and the column head. The contact surface of the head is not
perfectly plane and it can be bulged during the concrete pouring process. The finite
stiffness of the dual link system can aso be a cause of the head rotation according to
Laplace et a™.

5.8. Dynamic Properties

The low level elastic response, described in Chapter 4.7, was used for each
motion to calculate the frequency and stiffness of the specimens. A summary of the
dynamic properties are shown in Tables 5-24, 5-27, 5-30 and 5-33 for specimens ISH1.0,
ISH1.25, ISH1.5 and ISH1.5T, respectively.

A series of snap ramps, free vibration tests, were performed in order to calculate
the frequency and damping of the specimens. The tests were part of the loading protocol
described in Section 5.2. They consisted of free vibration caused by a square pulse at low
amplitudes of displacement. Program Degtra® was used to compute the frequencies from
the Fourier spectrum. The stiffness of the specimens was calculated based on the
methodology described in Chapter 4.7. The equivalent viscous damping ratio was
calculated using the decrement logarithmic method®. Tables 5-25, 5-28, 5-31 and 5-34
show the dynamic properties for specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T,
respectively, measured from the snap ramps tests.
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In addition to low level elastic response and snap ramp test, the peak force and the
corresponding displacement were used to calculate the chord stiffness of the specimens at
each motion. The stiffness was calculated as the ratio of the peak force and the
corresponding displacement. Tables 5-26, 5-29, 5-32 and 5-35 show the force and
displacement values used to calculate the stiffness for specimens 1SH1.0, 1SH1.25,
ISH1.5 and ISH1.5T, respectively.

Frequencies extracted for low level response are generally higher than snap
results. This indicated that snap tests impose larger displacements than the amplitudes
considered in the low level response analysis. Frequencies for snap tests are higher than
those based on the chord stiffness, except for the initial runs. This is expected because
chord stiffness represents the stiffness under high amplitudes whereas the stiffness for
snap test stiffness is at relatively low loading. As the motion amplitudes increased, the
specimen degraded, the stiffness was reduced, the damping of the specimen increased.
Thistrend is seen in all three data sets for each specimen.

5.9. CurvatureProfile

Novotecknik displacement transducers were used to measure curvature in the
potential plastic hinge region at the top and bottom of the column. The strain on each
side of the column was calculated from the vertical displacement measured each
Novotecknik transducer divided by the gauge length. Once the stain is calculated, the
average curvature over the gauge length can be computed as the difference of the strains
on the sides of the column, divided by the total horizontal distance between the
instruments. This procedure assumes that the sections remained plane. The curvature
instrumentation details were presented in Section 3.4.5.

The curvature profiles for the predominant direction of motion are shown in Figs.
5-145, 5-146, 5-147 and 5-148 for specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T,
respectively. Higher values of curvature were observed at the top and bottom of the
column due to the double curvature deformation. Slightly higher curvatures were
measured at the base of the column compared to the curvature measured at the top of the
column due to the head rotation.

5.10. Flexural and Bond Slip Deformation

The curvature profiles were used to calculate the flexural deformation by
integrating the curvature using the moment-area method. The curvatures were assumed
to be constant over the gauge length. A straight line connecting the curvatures measured
at 508 mm (20 in) above the top of the footing and 508 mm (20 in) below the bottom of
the head was assumed because no instruments were placed between those locations.
Figure 5-149 shows the moment area method and the constant curvature profile. The
flexural deformation was calculated only for the peak vaues of lateral force that
correspond to the predominant direction of motion. Figures 5-150, 5-151, 5-152 and 5-
153 show the lateral force versus flexural deformation for specimens ISH1.0, ISH1.25,

40



ISH1.5 and ISH1.5T, respectively. Additional rotation due to the bond dlip at the base
and top is recorded by the curvature instruments. Therefore, the flexural deformation
calculated by these instruments includes a component from the bond slip effect that can
not be uncoupled.

5.11. Pand Zone Deformations

The total displacement at the panel configuration nodes was calculated using the
relative deformation from the Novotecknik transducers and a kinematic matrix [A] (Mc
Guire et a'®). This procedure was used before by Laplace et a*®. The kinematic matrix
relates the relative deformation {8} and the total displacement at each node of the panel
zone {A} asfollows:

{8} =[A{A} [5-1]
Where
{6} = vector of the relative deformation from the Novotecknik transducers
[A] = kinematic matrix
{A} = vector of total displacement at each node (Figure 5-154)

Thetotal displacement can be solved as follows:
{A} =[A]Y{3} [5-2]

Fifteen and sixteen row were used in {&} and {A}, respectively for all the
specimens. The number of rows in {3} and {A} represents the number of Novotecknik
transducers used panel configuration and the total vertical and horizontal displacement
component at each panel node (Fig. 5-154), respectively.

The total displacement was solved at every time steep for all the data. A Matlab
subroutine developed by Laplace et a™ was used to solve the total displacement using
the corresponding kinematic matrix. Tables 5-36, 5-37, 5-38, and 5-39 present a
comparison between the deflections at the top panel nodes using Eg. 5-2 and the
deflection measured with the displacement transducer located at the bottom of the head
for the predominant direction of motion. A good correlation was found between the
panel zone deflections and the displacement transducer located at the bottom of the head.
Laplace et al*> also reported a good agreement between the panel zone deflections and the
displacement transducer. It confirms the accuracy of the panel zone instruments to
measure deformation at the panel nodes.

5.12. Shear Deformation

The flexural deformation at the top of each panel was calculated using the
moment area method with average curvature described in Section 5.10. This deformation
was subtracted from the corresponding total node panel deformation to obtain the shear
deformation at the top of each panel. The shear deformation of individual panels was
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calculated as the difference between the average shear deformation of the top nodes and
the subsequent nodes. For the lowest panel, the shear deformation was taken as the
average shear deformation of the top nodes. Shear deformation was computed only for
the predominant direction of motion. Tables 5-40, 5-41, 5-42 and 5-43 present the shear
deformation for individual panels in percentage of the total shear deformation measured
at the top of the column for ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively. On
average, 60% to 70% of the total shear deformation comes from panels 1 and 4 located at
the plastic hinge zones of the column. Shear deformation in panels 1 and 4 tend to
increase compared with the other two panelsin the last five runs. The lateral force versus
shear deformation for specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T are shown in
Figures 5-155, 5-156, 5-157 and 5-158 respectively. A bilinear behavior is observed for
the lateral force and the shear deformation, in all the specimens. Tables 5-44, 5-45, 5-46
and 5-47 present the combined flexural and bond dlip deformation as percentage of the
total deformation at the top of the columns. Shear deformation in specimen ISH1.0 was
approximately 40% of the total deformation in the first five motions and 19% to 25% of
the total deformation for the last five motions. Shear deformation between 16% to 24%,
13% to 18% and 32% to 37% of the total deformation was measured in specimens
ISH1.25, ISH1.5 and ISH1.5T, respectively.

5.13. Measured Strains

Strain gauges were placed at the potential plastic hinge regions for longitudinal
steel whereas the strain gauges for the transverse steel they were located through the
entire height of the column. The maximum and minimum strains measured in the
longitudinal bars are presented in Tables 5-48 through 5-52 for specimen ISH1.0, in
Tables 5-53 through 5-57 for specimen ISH1.25, in Tables 5-58 through 5-61 for
specimen ISH1.5 and in Tables 5-62 through 5-65 for specimen ISH1.5T. Positive
strains indicated tension. The yield strain for the longitudina bars was 2,207
microstrains for specimens ISH1.0 and ISH1.5 and 2,172 microstrains for specimens
ISH1.25 and ISH1.5T. This strain was calculated based on the yield stress reported in
Section 3.3 and a modulus of elasticity of 200 MPa (29000 Ksi). Tensile strain
penetration was measured in the strain gauges located in to the footing and column head.
The yield strain was reached during 0.75xSylmar for ISH1.0 and 1SH1.25 and during
0.6xSylmar for ISH1.5 and ISH1.5T for strain gauges located in the footing and during
1.0xSylmar for ISH1.0 and ISH1.5 and during 1.25xSylmar for ISH1.25 and ISH1.5T for
strain gauges located in the head. The first yielding of the longitudinal bars was at
0.75xSylmar, 0.5xSylmar, 0.40xSylmar and 0.60xSylmar for specimens [ISH1.0,
ISH1.25, ISH1.5 and ISH1.5T, respectively. This first yielding was measured in strain
gauges #5 and #6 between the base of the column and 127 mm (5 in) above the footing.
Strain gauges #3 and #4 measured strain in the longitudina interlocking bars in all
specimens. The longitudinal interlocking barsyielded at 1.0xSylmar in all the specimens
in the vicinity of the base of the column. The strain profile for the strain gauge #6 in the
predominant direction of motion is presented in the Figures 5-159, 5-160, 5-161 and 5-
162 for ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively. Same levels of strains were
measured at or near the base and top of the column in specimens ISH1.0 and ISH1.25.
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For specimens ISH1.5 and ISH.15T higher strain were measured at the base of the
column compared to the strain measured at the top of the column. The strain profiles are
in agreement with the moment demand and curvature reported in Section 5.7 and 5.9. A
decrease in strain for ISH1.25 and 1SH1.5 was measured at 127 mm (5 in) above the base
of the column and the base of the column, respectively. This reduction of the strain was
measured after the spalling of concrete in ISH1.0 and after the longitudinal bar was
visible in ISH1.5. A localize damage, such as spalling of concrete and exposure of
longitudinal bar, that coincide with the location of specific gauges can affect their
measurements and cause reduction of strain.

Tables 5-66 through 5-70, Tables 5-71 through 5-75, Tables 5-76 through 5-79
and Tables 5-80 through 5-84 show the maximum and minimum strains measured in the
spirals for specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively. A positive
strain indicates tension. The spiras yield strain of 2,172 microstrains was calculated
based on the yield stress reported in Table 3-4 and a modulus of elasticity of 200 MPa
(29000 Ksi). The spiras in specimen ISH1.0 did not yield until the last motion. Strain
gauge# 2 at 178 mm (7 in) (Table 5-71) and strain gauges# 8 and # 9 at 1422 mm (56 in)
(Table 5-75) reached yield at 2.125xSylmar in specimen ISH1.25. The yield strain is
reached in strain gauge # 1 at 1.0xSylmar (Table 5-79) in specimen ISH1.5. For
specimen ISHL.5T yield strain was reached in strain gauge # 1 at 178 mm (7 in) (Table 5-
80) and in strain gauge # 10 at 1753 mm (69in) (Table 5-84) at 2.125xSylmar. The
average maximum spiral strain for gauges # 2 and # 5 for specimens ISH1.0 and ISH1.5
and gauges # 2 and # 9 for specimens ISH1.25 and ISH1.5T was plotted again
displacement ductility in Fig. 5-163. This figure shows average strains below yielding in
most of the locations for all the specimens. In addition this figure shows slightly smaller
strains in ISH1.0 compare to the rest of the specimens until the last motion. The average
maximum spira strainsin ISH1.25 and ISH1.5T were nearly the same level of strain and
the average maximum spiral strain in ISH1.5 was the highest until displacement ductility
of about 1.6.

Table 5-85 shows the maximum and minimum strains measured in the cross ties
of the specimen ISH1.5T. The yield strain was reached at 1.75xSylmar in gauge # 1 at
1391mm (54.75 in) and at 1562 mm (61.5 in). Strains below yielding were measured in
most of the locations along the height of the column.

5.14. Idealized Force-Displacement Relationship

The measured envelopes (Figures 5-92, 5-106, 5-121 and 5-138) were idealized
by elasto-plastic curves to quantify the ductility capacity of the specimens. The same
three methods described in Chapter 4.12 were used to find the force-displacement point
(Fy1, Dy1) that defines the elastic portion of the idealized curve. The failure was assumed
either by the peak displacement with the corresponding force or 80 percent of the
maximum force with the corresponding displacement when the force for the peak
displacement dropped more than 20 percent of the maximum force at failure.
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Tables 5-86, 5-87, 5-88 and 5-89 show a comparison of the idealized force-
displacement values obtained using the three methods for specimens ISH1.0, ISH1.25,
ISH1.5 and ISH1.5T, respectively. A variation of 3 % to 7 % of the displacement
ductility capacity was found among the methods for specimens ISH1.0, ISH1.25 and
ISH1.5T. A difference of 250 % was found between first method and the other two
methods in specimen ISH1.5. This is because the force-displacement point (Fy1, Dy1) is
not on the measured curve. The second method was selected to idealize of the measured
curve since strain data are available and the force-displacement point (Fy1, Dy1) needs to
be on the measured curve. Figure 5-164, 5-165, 5-166 and 5-167 present the elasto-
plastic idealization of the response in the predominant direction of motion for ISH1.0,
ISH1.25, ISH1.5 and ISH1.5T, respectively.

5.15. Plastic Hinge Length

Two different plastic hinge lengths, at the top and bottom of the column, were
developed in the specimens due to the double curvature deformation. The measured
plastic hinge lengths could not be calculated using Equation 4-6 defined in Chapter 4.13
because the corresponding ultimate deformation of the column, A, and idealized effective
yield displacement, Ay, for the top and bottom plastic hinge length were not measured
independently. Equation 5.1 was used in specimens with high shear to calculate the
plastic hinge lengths.

(—¢pL+(¢p(¢pL2 —4Ap));j

0= 1 (5-1)
2 ,
Where
dp = average measured plastic curvature capacity at top and bottom of the column
= ¢uavg _¢yavg

¢uavg = average measured ultimate curvature at top and bottom of the column
_ Do * Py
2

¢5yavg = average measured yield curvature at top and bottom of the column
_ Py TPy
R

¢,.., = Mmeasured ultimate curvature capacity at the top of the column

¢,... = measured ultimate curvature capacity at the bottom of the column

¢, = measured idealized yield curvature capacity at the top of the column
¢, = measured idealized yield curvature capacity at the bottom of the column
Ap = measured plastic displacement of the column = A, - Ay
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Equation 5-1 assumes that I, is the same at top and bottom of the column. The
curvature over a 254 mm (10 in) rather than 127 mm (5 in) gauge length was used for top
and bottom of the column. The 254 mm (10 in) gauge length was used because most of
plastic deformation was concentrated over that region according to the measured
curvature and strain values. The elasto-plastic idedlization for the average measured
moment-curvature over the first and last 254 mm (10 in) of the column height was used
to find the values of the yield and ultimate curvature capacities at top and bottom of the
column. Table 5-90 summarizes the values used in Eq. 5-1 to determine the measured |,
for specimens with high shear. The values of |, of 0.98, 0.96, 1.12 and 1.27 times the
total depth of the column were found based on Eq. 5-1 for specimens ISH1.0, ISH1.25,
ISH1.5 and ISH1.5T, respectively.
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Chapter 6. Analysisof Specimens

6.1. Introduction

Detailed analyses of the specimens with low and high shear were performed to
evaluate the adequacy of analytical models in estimating the lateral load carrying capacity
and displacements. Strain rate effect on the material properties of the specimens was
taken into account in the calculation of analytical lateral load and displacements. Cross
sectional properties were determined using SPMC*. A comparison between SPMC* and
XSECTION? was done since the program xSECTION? is used by Caltrans as a design
tool. A theoretical plastic hinge length, calculated using different methods, was
compared with the measured plastic hinge. Shear and bond dlip deflections were added
to the flexural deflection to obtain the total deformation. Push over analysis was
performed with SAP 2000™ using the section properties from SPMC* and including the
effect of the bond slip and shear deformations in the section properties. A comparison of
the push over analysis results was done between SAP 2000 and WFRAME?.
WFRAME? isa2-D push over analysis program used by Caltrans's engineers to perform
seismic analysisin bridge frames and bridge bents.

Caltrans’, Tanaka and Park®® and Benzoni et al.* shear equations were used to
calculate the shear capacity, and each was compared to the measured results. Shear
stiffness was calculated based on the equation developed by Park and Paulay®* and was
compared with the measured shear stiffness. The effects of the interlocking spiral
distance and the shear stress are discussed based on the performance of the specimens.

6.2. Strain Rate Effect on Material Properties

Stress-strain  properties of the concrete and steel are determined by slow
monotonic tests. High rate of loading such as earthquake ground motions can affect the
properties of the materials. High strain rate increases the yield strength of steel and the
compressive capacity of concrete. Kulkami and Shah'* studied the effect of the high
strain rate based on monotonic tests of reinforced beams conducted at high loading rates.
According to Kulkami and Shah' the yield strength of the steel due to the effect of the
strain rate isincreasing by the following factors:

R, = 0.0328Ln(X) + 0.9973 [for 310 MPA (45ksi) stedl]  (6-1)
R, = 0.0124Ln(x) + 0.9632 [for 520 MPA (75.4ks) steel] ~ (6-2)

Where
x=relative strain rate, dynamic strain rate / quasi_static strain rate

Kulkami and Shah' also recommended the following factor for increase in
concrete compression strength due to the effect of the strain rate

R, =0.022Ln(x) +0.9973 (6-3)
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There are no reported studies of strain rate effect under cyclic dynamic loading.
Therefore, Equations 6-1, 6-2 and 6-3 were used to calculate the effect of the strain rate
on the yield strength of steel and concrete compression strength. The measured strain
rate in the specimens was determined as follows

| (6-4)
Where

& =measured strain rate
& = measured strain at time i
At = time step

Since strain rate increases the yield strength of the steel, the motion at which the
extreme longitudinal bars yielded was used to study the strain rate effect. A typical strain
rate history is shown in Fig. 6-1. Strain rate versus strain is plotted in Fig. 6-2.
According to Figs. 6-1 and 6-2 the measured strain rate varies with time and strain.
Taking into account that the Egs. 6-1 and 6-2 were developed for a constant strain rate, a
procedure to find the strain rate at the yield strength of steel was developed. Hence, the
strain rate used to calculate the strain rate effect (Egs. 6-1 and 6-2) was taken as the strain
rate corresponding to the strain immediately after the static yield strain was reached.
Strain rate was calculated for strain gauges placed on three extreme longitudinal bars
located at the base on the column and 127 mm (5 in) above of the base for specimens
with low shear. Only two extreme longitudinal bars were instrumented with strain
gauges in specimens with high shear. In order to have the same number of data points for
specimens with low shear, strain gauges at 254 mm (10 in) were also used to calculate the
strain rate in specimens with high shear. An approximate quasi-static strain rate of 100pe
was calculated for concrete by dividing the displacement rate by the length of the
concrete cylinders. An average quasi-static strain rate for the steel of 612 pue was
measured in static testing of the sample longitudinal bars.

Tables 6-1 through 6-6 show the strain values with the corresponding strain rate
and the relative increasing in yield strength of steel for al specimens. The measured
yield strength of the longitudinal bars for each specimen was reported in Table 3-3. The
relative increase in the yield strength was found using linear interpolation between the
values obtained from Equations 6-1 and 6-2. An average increasing of 5% and 8 % was
used for the yield stress of the longitudinal reinforcement for specimen ISL1.0 and
ISL1.5, respectively. Based on the average increase of the yield stress of the longitudinal
reinforcement (Tables 6-3 through 6-6), 5% increase for 1SH1.0, 4% increase for
ISH1.25, 5% increase for ISH1.5, and 6 % increase for ISH1.5T was used for the yield
stress of the longitudinal reinforcement.

The extreme longitudinal bars yielded in compression were used to study the
strain rate effect in the concrete. The motion at which the extreme longitudinal barsyield
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in compression was used to study the strain rate effect since the yield strain of the steel
corresponds to the similar level of strain of the peak concrete compression stress. The
same procedure used to find the strain rate at the yield strength of steel was used. Tables
6-7 through 6-12 show the strain values with the corresponding strain rate and the relative
increase in concrete compression strength for all specimens. A 14 % of the average
increase of the concrete compression strength was used for ISL1.0 and ISL1.5. Based on
the average increasing of the concrete compression strength (Tables 6-9 through 6-12),
8% increase for ISH1.0, 9% increase for ISH1.5 and 12 % increase for 1ISH1.25 and
ISH1.5T was used for the concrete compression strength.

6.3. Moment Curvature Analysis

Program SPMC* was used to perform moment curvature analysis of the
specimens. The measured yield stress of the longitudinal reinforcement and the
measured concrete compression strength described in Section 3.3 were increased due to
the strain rate effect described in the previous section. The yield stress and concrete
compression strength used in SPMC** are shown in Table 6-13. The average value of the
measured axial load described in Sections 4.5 and 5.5 were used in the M-¢ analysis for
specimens with low and high shear, respectively. SPMC* input and parameters were
discussed in Section 2.13.1. Elasto-plastic idealizations of the M-¢ curves were done by
equalizing the areas under each curve. The effect on the idealized moment curvature
properties with and without strain rate effect is shown in Tables 6-14 and 6-15 for
specimens with low and high shear, respectively. The difference in the idealized moment
due to strain rate effect ranges from 6% to 7% for all specimens. The difference in the
idealized yield curvature ranges between 3% and 4% while the ultimate curvature varies
from 3% to 6%.

A comparison between SPMC* and xSECTION? was done since the program
XSECTION? is used by Caltrans as a design tool. Mander et al.** model was used to
model the confined concrete stress-strain relationship. The simple model, described in
user's manual for xSECTION?, was used for unconfined concrete stress-strain
relationship. Park’s model®® was used for steel stress-strain relationship in xXSECTIONZ.
Four sub-section, two polygonal and two arc strips, were used to establish the concrete
geometry in XSECTION?. In addition, reinforcing bars were laid out using single
schemes option. The same material properties used in SPMC* were also used in
XSECTION?, Figures 6-3 through 6-8 present the calculated and idealized M-¢ curves
using SPMC* and xSECTION® for all specimens. Tables 6-16 and 6-17 show a
comparison of the moment curvature properties for the specimens with low and high
shear using SPMC* and xSECTION?. Differences between 5% and 7% were found
between the idealized plastic moment using SPMC* and xSECTION®. The differencein
the idealized yield curvature ranged between 2% and 7% while the ultimate curvature
varied from 6% to 20%. The difference in the concrete and steel model, concrete
geometry as well as the failure criteria used in SPMC* and xSECTION? can produce
dight differences in the M-¢ results. In general, these differences are acceptable
considering the level of approximation in other steps of the structural analysis.
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6.4. Plastic Hinge Length

The equivalent length of a structural member at which the plastic curvature is
assumed constant for estimating plastic rotation is called plastic hinge length, Ip.
Different empirical equations of plastic hinge length have been proposed. Four empirical
formulas for plastic hinge length were compared to the measured plastic hinge length.
The measured material properties modified by the strain rate effect were used to
determine the plastic hinge length.

The expression developed by Paulay and Priestley®® defined the plastic hinge
length as follows
l,= 0.08L+0.022 fy dy (MPa) (6-58)
lo=0.08L+0.15f, dy (ksi) (6-5b)
Where
L = distance from the point of maximum moment to the point of contra-flexure
dyp = diameter of longitudinal reinforcement
fy = yield strength of the longitudinal reinforcement

Baker's® expression for member confined by transversal steel is defined as
follows

V4
| = 0.8k1k3(aJc (6-6)

Where
¢ = neutral axis depth at the ultimate moment
ky = 0.7 for mild steel and 0.9 for cold-work steel
ks =0.6for f'; = 35.2 MPa (5100 psi) or 0.9 for f’c = 11.7 MPa (1700 psi)
z = distance of critical section to the point of contra-flexure
d = effective depth of the member

According to Caltrans, SDC’ Section 7.6.3, Paulay and Priestley®® expression is

used but is limited as follows
|,= 0.08L+0.022 f, dhy > 0.044 f,echy  (MPa) (6-73)
lo = 0.08L+0.15 f, dy > 0.3 fyeCb  (KS) (6-8b)

Dowell and Hines™ derived an expression for the plastic hinge length that
included the aspect ratio, axia load ratio and the longitudinal and transversal steel ratio.
According to Dowell and Hines' the plastic hinge length is defined as follows:

2 2 2
1, =y wiang[1- 1 | WA OFT 0 (6-9)
2 2 A |8 6

Where
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. M

u = over-strength ratio = 1— v f
M, = idealized yield moment capacity
M, = ultimate moment capacity
L = cantilever length (distance from the point of maximum moment to the point
of contra-flexure)
w = column depth

V

77=V—

Vs = shear resisted by transversal steel
V= applied shear force
0 = shear crack angle

According to Dowell and Hines™ the first term in Equation 6-9 is the over-
strength ratio, the second term is associated with constant tension shift and the third term
reduces the constant tension shift due to the flattening shear cracks near the critical
section.

A 45° shear crack angle was selected based on the inclination of the shear cracks
observed in the test specimens. Caltrans’, Tanaka and Park®® and Benzoni et al.* shear
equations, described in Section 6.6.1, were used to calculate the shear resisted by
transverse steel.

The measured plastic hinge length was reported in Sections 4.13 and 5.15. The
calculated and measured plastic hinge lengths, as a fraction of column depth are given in
Table 6-18. Larger values of Iy, especially for specimen with high shear, are obtained
using Dowell and Hines's' equation compare to the other three equations. Differences
of 25% to 36% were found between the Dowell and Hines's' equation using Caltrans’
shear equation and the measured |, for specimens with low shear. For specimens with
high shear, differences of 8% to 37% were found between the Dowell and Hines's*
equation using Benzoni’s* shear equation and the measured lo. All the empirical formulas
for plastic hinge length underestimate the measured plastic hinge length. The Dowell and
Hines's™ |, equation using Benzoni’s* shear equation was used in the analysis because its
average difference (27%) between the calculated and measured |, was the smallest.

6.5. Load-Deflection Analysisof ISL1.0and ISL1.5

The total deflection including flexural, bond dlip, and shear deformations were
determined using hand calculations. A comparison between the push over analysis
performed in SAP 2000™° and WFRAME?’ was done based on the section properties from
SPMC* and including the effect of the bond slip and shear deformations. A comparison
of the experimental and the analytical force-displacement curves are presented in this
section.
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6.5.1. Total Deflection

The total deflection is calculated as the summation of flexural, shear, and bond
dlip deformations. Hence, the deformation at yield is calculated as follows:

Ay = Aty + Apsy + Ay (6-10)
Where
Aty = flexural deformation at yield
Apsy = bond slip deformation at yield
Asy = shear deformation at yield

The ultimate deformation is calculated as the summation of the deformation at
yield and the plastic deformation as follows:

The plastic deformation of the cantilever column, with the plastic rotation
assumed to be concentrated at midheight of the plastic hinge, is calculated as follows:

lp
A, = Hp[L _Ej (6-12)

Where
0, = plastic rotation = (4, — ¢, ),
I, = equivalent plastic hinge length
¢y = ultimate curvature capacity
¢y = idealized yield curvature capacity

No additional bond dlip and shear deformation are included in the ultimate
deformation if the equivalent plastic hinge length includes the effect of these
deformations.

6.5.1.1.Deflection dueto Flexural

Deflection due to flexural for cantilever column was calculated by using the
moment area moment theorem:

A = J|-¢(x) xdx (6-13)

Where
| = column length
¢ = measured curvature
x = column height location at the point of curvature measurement
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Assuming that the member is cracked and using the Equation 6-13, the flexural
deformation at yield can be calculated by the following equation:

1
Ay =30y 2 (6-14)

Where
¢ry = idealized yield curvature due to flexure

The idealized moment curvature properties from SPMC* including the strain rate
effect were used to calculate the flexural deformation at yield and the plastic deformation.
Flexural deformations at yield of 10 mm (0.40 in) for ISL1.0 and 13 mm (0.52 in) for
ISL1.5 were found using Equation 6-14. Plastic deformation of 36 mm (1.43 in) and 42
mm (1.66 in) were found for specimens ISL1.0 and ISL 1.5, respectively.

6.5.1.2.Deflection due to Bond Slip

The Wehbe's Method® was used to calculated bond slip deformation. Wehbe's
Method™ established that the bond slip deflection is equal to the product of the bond slip
rotation at the base of the column and the length of the element as follows:

Ap =0l (6-15)
Where
Ops = rotation due to bond dlip
L = length of the element

The rotation due to bond dlip is associated with the elongation of the tensile bar
within the support that is revealed at the base or top of the column as a concentrated
rotation and is assumed to occur about the neutral axis of the column cross section. The
rotation due to bond slip can be calculated as follows

ol
O, i o (6-16)
Where
d = effective section depth
¢ = distance form the extreme compression fiber to the neutral axis

dl = additional elongation of the longitudinal outermost bar, defined as follows

When the calculated steel strain, es is less or equal to yield strain, gy, dl is
calculated as:

_ db .':s2

= MPa 6-174
315E.u ( ) ( )
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a _ db f52

e (psi) (6-17b)

Theyield and hardening strains are assumed to be the same. When the calculated
steel strain, s is greater than yield strain, gy, dl is calculated as

d
- 31;u (e,f,—&.f, +5,1,) (MPa) (6-184)
P :%(gsfs—gsfy+gyfs) (ps) (6-18b)
U

Where
dy» = bar diameter
fs = stressin longitudinal reinforcement
Es = elastic modulus of steel
€s = calculated stedl strain
gy = yield steel strain
fy = yield steel stress

9.5/f
- TN ¢ <55 (MPa)
d,
u= % VI e00 (ps) (6-19b)

b

u (6-199)

The strain at the outermost bar as well as the distance of the neutral axis was
obtained from the output of SPMC** including the strain rate effect included. Since the
idealized M-¢ equivalent yield point is not on the calculated M-¢ curve, the bond slip
deformations at the equivalent yield point is calculated as follows

A S
A s = My”’ M, (6-20)

yl

Where
Aybd = bond slip deformation at the equivalent yield point

Ay1nd = bond slip deformation at the first reinforcement bar yield
My: = moment at the first reinforcement bar yield

Bond dlip deformations at yield of 2.2 mm (0.086 in) and 2.3 mm (0.091 in) were
found for specimens1SL1.0 and ISL 1.5, respectively.

53



6.5.1.3.Deflection due to Shear
Park and Paulay® developed expressions for the shear stiffness of uncracked and
cracked reinforced concrete members. The shear stiffness for uncracked members was
developed for normal weight concrete and p, Poisson’s ratio of approximately 0.16 to
0.30. Based on the principles of elasticity, the shear stiffness for uncracked member is
defined asfollows:
- 0.4Efcbwd (6.21)

Where
K’y = shear stiffness for uncracked members of aunit length

E. = elastic modulus of concrete = 4733,/ f'. (MPa) 57000,/ f', (psi)

by, = section width perpendicular to the applied shear
d = effective section depth parallel to applied shear
f = non-uniform shear stress factor = 1.2 for rectangular section or 1.0 for T and |

sections.

The cracked shear stiffness of reinforced concrete member with 45° diagonal
cracks, based on the truss action principles, is given by

=P _Epd (6-22)
1+4np,

v,45

Where
K5 = shear stiffness for cracked member of a unit length

. _E
n = modular ratio = —
EC

Es = elastic modulus of the steel reinforcement

- A

py = shear reinforcement ratio = o

w
A, = area of shear reinforcement
s = gpacing of shear reinforcement

The expressions of uncracked and cracked shear stiffness were developed for a
rectangular, | or T section. Since the specimens have an oval shape, an equivaent
rectangular section was assumed. Hence, an equivalent section width, bey, equal to the
cross sectional area divide by total depth was calculated. Uncracked shear stiffness of
1.12 x 10° kN/m x m (2.51 x 10° Kip/in x in) and 1.34 x 10° kN/m x m (3.0 x 10° Kip/in
x in) were found for specimens ISL1.0 and ISL 1.5, respectively. Cracked shear stiffness
of 1.08 x 10° kN/m x m (2.42 x 10°Kip/in x in) for ISL1.0 and 1.26 x 10° kN/m x m (2.84
x 10°Kip/in x in) for 1SL1.5 were found using Equation 6-22. Park and Paulay®
indicated that the shear stiffness of a diagonal cracked member is approximately 0.1 to



0.3 times the shear stiffness of the uncracked member. Ratio of the cracked and the
uncracked shear stiffness was 0.097 and 0.95 for the ISL1.0 and ISL 1.5 respectively.

Once the shear stiffness per unit length is calculated, the deflection due to shear
on the cracked section is determined as follows

A =t (6-23)
K, s

Where
V = applied shear force
L = length of the member

Deflection due to shear at yield of 2.2 mm (0.098 in) and 2.7 mm (0.11 in) were
calculated for specimens ISL1.0 and ISL1.5, respectively.

6.5.1.4.Comparison of Analytical and Experimental Results

Figures 6-9 and 6-10 show a comparison between anaytical and idealized
measured flexural (including bond slip deformation) for specimens 1SL1.0 and ISL1.5,
respectively. The analytical results underestimated by 13% and overestimated by 15%
the combined flexural and bond dlip deformation at yield for 1SL1.0 and ISL1.5,
respectively. According to Wehbe's Method™, the bond slip contributes 18% and 15% of
the summation of flexural and bond slip deformations for specimen 1SL1.0 and ISL1.5,
respectively.

A comparison of the anaytical force-displacement curve with flexural
deformation only and the experimenta results are shown in Figures 6-11 and 6-12 for
ISL1.0 and ISL1.5, respectively. A difference of 39% and 27% was found between the
anaytical and the experimenta yield deformations for 1SL1.0 and ISL1.5, respectively.
The analytical force-displacement curve including the bond slip and shear deformations
are also shown in the figures. A better agreement was found between the experimental
results and the analytical results for the yield deformations with a difference of 13% and
1% for ISL1.0 and ISL1.5, respectively. No significant improvement was achieved in the
ultimate displacement when the bond slip and shear were included at yield. A difference
between experimental and analytical ultimate displacement of 70% for 1SL1.0 and 66%
for 1SL1.5 was obtained when bond dlip and shear deformation were included. The
analytical lateral load capacity overestimated the experimental load by 0.4 % and 10 %
when the strain rate effect is included.

6.5.2. Push Over Analysis

A push over analysis was performed using SAP 2000™ based on the sectional
properties from SPMC* and including the effect of the bond slip and shear deformations.
A beam element with a plastic hinge (lump plasticity) at the bottom of the column was
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selected to model the specimens. The column bases were modeled as a fixed support.
The average value of the measured axial load described in Sections 4.5 was applied as an
initial load before the lateral loading.

The moment of inertia about the bending axes for the beam element was modified
in order to take into account the effect of cracking, bond dlip deformation and shear
deformation at yield as follows:

|, =— (6-24)

Where
My = idealized yield moment capacity from M-¢ analysis
L = length of the member
E. = elastic modulus of concrete = 4733,/ ', (MPa) 57000,/ f'. (psi)

Ay = yield displacement including bond slip and shear deformations

A moment of the inertia about the bending axes of 38641 cm* (928 in*) and 67863
cm* (1630 in%) was used in the section properties for ISL1.0 and 1SL 1.5, respectively.

The hinge properties used in SAP 2000™ are presented in Table 6-19. The
idealized yield and ultimate moment were found using SPMC** program and include the
strain rate effect. Theyield rotation was calculated as follows

M, L
Y 2E |

c e

7

(6-25)

The ultimate rotation was calculated as the yield rotation plus the plastic rotation,
described in Equation 6-12.

Program WFRAME? was also used to perform push over analysis. Two spans,
one column and one pile need to be defined to perform an analysis. The two spans are
used to apply the axial load and the pile is used to provide the boundary conditions at the
base. The same material properties used in SAP 2000™ were also used in WFRAME?.
Equation 6-24 was used to calculate the moment of inertia about the bending axis. The
idealized yield moment capacity from SPMC** analysis was used as the plastic moment
capacity in WFRAME?. The base was modeled as a fixed support. The average values
of the measured axial load described in Sections 4.5 were applied as an initia load before
the lateral loading.

Figures 6-13 and 6-14 show the experimental, SAP 2000™ and wWFRAME?’
force-displacement curves for specimen ISL1.0 and ISL15, respectively. The
experimental lateral load capacity differs in 0.4% using SAP 2000 and in 1.2% using
WFRAME? for 1ISL1.0. A difference of 10% was found between the experimental and
analytical lateral load capacity using SAP 2000%° and wFRAME?® for I1SL1.5. The
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experimental yield displacement differs by 2% using SAP 2000™ and by 2.5% using
WFRAME? for 1SL1.0 and by 1% using SAP 2000%° and by 1.5% using WFRAME? for
ISL1.5. The measured ultimate displacement was 320% and 280% more than the
ultimate displacement from SAP 2000, for specimens 1SL1.0 and ISL 1.5, respectively.
The WFRAME? stops once the potential failure mechanism is formed. Therefore, no
plastic deformation is reported.

6.6. Load-Deflection Analysisof ISH1.0, ISH1.25, ISH1.5and ISH1.5T

The experimental force-displacement curves and the analytical results, including
flexural, bond dlip and shear deformations were compared in this section. The push over
analysis performed in SAP 2000™ and wFRAME?’ was compared based on the sectional
properties from SPMC* and including the effect of the bond slip, shear deformations,
and head rotation. The shear capacity was calculated according to three different
methods and they were compared to the experimental results. Park and Paulay®® and
Priestley et. a.** expressions for the shear stiffness were used to compare with the
experimental results.

6.6.1. Total Deformation

Thetotal deflection is calculated as the summation of flexural, shear and bond dlip
deformations. The column is assumed to bend in double curvature with rotationally rigid
ends for analytical calculations. Therefore, an equivalent cantilever column with alength
equal to half of the clear height of the column was used to calculate the deformations.
The deformation obtained from the cantilever column was multiplied by two to find the
deformation for the double curvature column.

6.6.1.1.Deflection dueto Flexural

Equation 6-13 was used to calculate the deflection due to flexure. The idealized
moment curvature properties, from SPMC* including the strain rate effect, were used to
caculate the flexural deformation at yield and the plastic deformation. Flexural
deformations at yield of 5.8 mm (0.23 in), 6.1 mm (0.24 in), 7.2 mm (0.28 in), and 6.9
mm (0.27 in) were calculated for ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively.
Equation 6-12 was used to calculate plastic deformations of 32 mm (1.24 in), 38 mm
(2.49in), 45 mm (1.78 in) and 41 mm (1.62 in) in ISH1.0, ISH1.25, ISH1.5 and ISH1.5T,
respectively.

6.6.1.2.Deflection due to Bond Slip

The Wehbe's Method® was used to calculated bond slip deformation. Equations
6-15 through 6-20 and the output of SPMC* with the strain rate effect were used to
calculate bond dip deformation at the idealized equivalent yielding. Bond dip
deformations at yield of 2.36 mm (0.093 in), 2.23 mm (0.088 in), 2.49 mm (0.098 in),
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and 2.30 mm (0.090 in) were found for specimens ISH1.0, ISH1.25, ISH1.5 and
ISH1.5T, respectively.

6.6.1.3. Deflection dueto Shear

Equations 6-22 and 6-23 were used to calculate the cracked shear stiffness of
reinforced concrete member and the shear deformation. Deflection due to shear at yield
of 7.6 mm (0.30 in), 5.9 mm (0.23 in), 6.2 mm (0.24 in), and 6.6 mm (0.26 in) were
calculated for specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively.

6.6.1.4.Comparison of Analytical and Experimental Results

Figures 6-15 through 6-18 show a comparison between analytical and idealized
measured flexural and bond dlip deformations for specimens with high shear. The
analytical results underestimated by 25%, 43%, 51% and 48% the flexural and bond dlip
deformation at yield for ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively.
According to Wehbe's Method®, the bond slip contributes by 29%, 27%, 26%, and 25%
of the summation of flexural and bond dlip deformations for specimen 1SH1.0, ISH1.25,
ISH1.5 and ISH1.5T, respectively. The head rotation reported in Section 5.7 affected the
correlation between the analytica and experimental results. The effect of the head
rotation was included in the push over analysis described in the following section.

A comparison between the analytical force-displacement curve with flexural
deformation only and the experimental results is shown in Figures 6-19 through 6-22 for
specimens with high shear. A difference of 73%, 71%, 77% and 74% was found between
the analytical and the experimental yield deformations for ISH1.0, ISH1.25, ISH1.5 and
ISH1.5T, respectively. The analytical force-displacement curve including the bond slip
and shear deformations are also show in the figures. An improvement at the yield
deformation was found between the experimental and analytical results with a difference
of 25%, 32%, 50% and 41% for ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively. No
significant improvement was achieved in the ultimate displacement when the bond dlip
and shear were included at yield. A difference between the experimental and analytical
ultimate displacement of 52%, 51%, 52% and 44% was obtained for ISH1.0, ISH1.25,
ISH1.5 and ISH1.5T, respectively. The analytical lateral load capacity underestimated
the experimental load by 4 % for ISH1.0 and overestimated the experimental load by 8%,
13% and 15% for ISH1.25, ISH1.5 and ISH1.5T, respectively.

6.6.2. Push Over Analysis

A push over analysis was performed using SAP 2000™ based on the sectional
properties from SPMC* and including the effect of the bond slip and shear deformations.
A beam element with a plastic hinge (lumped plasticity) at the top and bottom of the
column was selected to model the specimens. The boundary condition of the base was
modeled as a fixed connection. Since some rotation was recorded at the top of the
loading head, half of the length of the head was modeled as a beam element with
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rotational spring at the end (Fig. 6-27). The rotational stiffness used in the spring
element was obtained from a linear regression of the measured moment and rotation
recorded at the mid height of loading head. Figure 6-23 through 6-26 show the moment
at the mid height of the head versus head rotation with the corresponding linear
regression. The rotational stiffness used in the spring element of each specimen is listed
in Table 6-20. The average values of the measured axial load described in Section 5.5
was applied as aninitial load before the lateral 1oad was applied.

The column moment of inertia about the bending axis for the beam element was

modified to take into account the effect of cracking, bond dlip deformation and shear
deformation at yield as follows:

| =—2 (6-26)

Where
My = idealized yield moment capacity from M-¢ analysis
L = clear length of the column
E. = elastic modulus of concrete = 4733,/ f ', (MPa) 57000,/ f'. (psi)

Ay = yield displacement including bond slip and shear deformations

The moment of inertia about the bending axis used in the model of each specimen
islisted in Table 6-20.

The hinge properties used in SAP 2000™ are presented in Table 6-20. The
idealized yield and ultimate moment were found using SPMC* program and include the
strain rate effect. The yield rotation was calculated as follows

gL
0, = ? + 9@ + 495y (6-27)

y

Where
¢y = effective yield curvature
Opsy = rotation due bond slip at yield
05, = rotation due shear at yield (yield shear displacement divided by column
height)

The ultimate rotation was calculated as the yield rotation plus the plastic rotation,
described in Equation 6-12.

Program WFRAME? was also used to perform a push over analysis. Two spans,
one column and one pile need to be defined to perform the analysis. The two spans are
used to apply the axial load and the ends of the spans are used to define the boundary
condition of the superstructure. The pileis used to provide the boundary conditions at the
base. The column was divided in two segments. The first segment represents the column
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itself and the second segment represents half length of the loading head. The same
material properties used in SAP 2000™° were also used in WFRAME?'. Equation 6-26
was used to calculate the moment of inertia about the bending axis. The idealized yield
moment capacity from SPMC* analysis was used as the plastic moment capacity in
WFRAME?'. The boundary condition at the base was modeled as a fixed connection. A
rotational spring was connected to the end of one of the spans to model the head rotation
effect (Fig. 6-28) but both ends are free to move in the plane. The average values of the
measured axial load described in Sections 5.5 was applied as an initial load before lateral
loading.

Figures 6-29 through 6-32 show a comparison of the experimental force-
displacement curve and the results of the program SAP 2000%° and wFRAME? for
specimens with high shear. The force-displacement from SAP 2000™° shows a trilinear
curve that corresponds to the yielding at the bottom of the column followed by the
yielding of the top of the column and the plastic deformation until failure of the bottom
plastic hinge. The force-displacement curves from WFRAME?® show a hilinear curve
because the program stops once the failure mechanism is formed. Therefore, no plastic
deformation is reported. The bilinear curve corresponds to the yielding of the bottom
followed by the yielding of the top of the column. A good agreement was found between
the results from the programs SAP 2000™ and wFRAME?. A maximum difference
between the programs of 3% and 5% was found for the corresponding force and
displacement at the yielding of the bottom of the column, respectively. For the yielding
of the top of the column maximum differences between the programs of 1% and 5% was
found for the corresponding force and displacement, respectively.

The elasto-plastic idealization of the experimental and SAP 2000% results are
shown in the figures. The equivalent lateral load from SAP 2000™° overestimated the
experimental load. Differences between equivalent lateral loads of the experimental and
SAP 2000™ results were 6%, 7%, 7% and 11% for 1SH1.0, ISH1.25, ISH1.5 and
ISH1.5T, respectively. Differences between the equivalent yield displacement of the
experimental and SAP 2000™ results were 1%, 11%, 6% and 13% for ISH1.0, ISH1.25,
ISH15 and ISHL5T, respectively. The SAP 2000 ultimate displacement
underestimated by 51%, 37%, 40% and 28% the experimental ultimate displacement for
ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively.

6.6.3. Shear Capacity Analysis

Caltrans’, Tanaka and Park® and Benzoni et al.* shear equations were used to
calculate the shear capacity and the results were compared to experimental results.
Caltrans shear capacity for ductile concrete members is defined in Section 3.6.1 in SDC’
asfollows:

Vip=V+Vs (6-28)

Where
V= Nominal shear strength
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V.= Nominal shear capacity provided by concrete
s= Nominal shear capacity provided by shear reinforcement

According to SDC’, Section 3.6.2, the concrete shear capacity (V) of members
designed for ductility shall consider the effects of flexure and axial load as specified in
the following equation

V. =VXAq (6-29)
Where
ve = Permissible shear stress carried by concrete defined in the Equations 6-30
and 6-31, for regions inside the plastic hinge zone and outside the plastic hinge
zone, respectively. For members whose net axial load isin tension, v¢= 0.
A= Effective shear area= 0.8xAq
Ag = Gross cross section area

v for inside of the plastic hinge can be found according to the following equation

v, = FIxF2x,/f', <033/ (MPa) = 4,/f", (ps) (6-30)

ve for outside of the plastic hinge can be found according to the following
equation

v, =0.25xF2x,/ f'. <0.33,/ f'. (MPa) (6-31a)
v, =3xF2x,/f', <4, f' (ps) (6-31b)
Where
f’c= Compressive strength of unconfined concrete
Flisgiven by
f
F1=0.025< /is‘z—éh +0.305-0.0831, < 0.25(MPa) (6-329)
ps fyh .
F1=0.3< 150 +3.67— py <3(ps) (6-32b)
Where

ps = Ratio of volume of spira or hoop reinforcement to the core volume confined by
the spiral or hoop reinforcement (measured out-to-out), for columns with circular or
interlocking core sections, defined by Equation 6-33.

fyh = Nominal yield stress of transverse column reinforcement (MPa, ksi)

1 = is defined as the local displacement ductility demand. However, SDC’ specifies
that the global displacement ductility demand up shall be used in the determination of

61



the F1 provided a significant portion of the global displacement is attributed to the
deformation of the column or pier. In all other cases a local displacement ductility
demand g shall be used in F1.

ps can be found according to the following equation
4A
=— 6-33
Ps D's ( )
Where
Ap= Areaof individual reinforcing steel bar (mm?, in?)
D’ = cross-sectional dimension of confined concrete core measured between the
centerline of the peripheral hoop or spiral
s = Spacing of transverse reinforcement measured along the longitudinal axis of the
structural member (mm, in)

F2 isgiven by
I:)C
1+ —C — <1.5(MPa) (6-34a)
13.8xA4
P .
1+ ——=— < 1.5(psi) (6-34Db)
2000xA 4
Where

P. = The column axial force including the effects of the overturning
Ay = Gross cross section area (mmz, in?)

According to SDC’, Section 3.6.3, the shear reinforcement capacity (Vs) for
confined circular or interlocking core sectionsis defined as follows

A f D'
v3=% (6-35)

Where

A, = Total area of shear reinforcement = n(%)A b

n = number of individual interlocking spirals or hoop core sections
Ap=Areaof individual reinforcing steel bar (mm?, in?)

Tanaka and Park™ report that the shear capacity of the concrete in columns with
interlocking spirals can be determine as follows

Ve =vebyd (6-36)
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Where
ve = nominal shear capacity of the concrete
by, = width of the column
d=0.5b, +d; +0.318 D’
d; = distance between the centers of adjacent spirals and
D’ = cross-sectional dimension of confined concrete core measured between the
centerline of the peripheral hoop or spiral = 2 times the radius of the circular core
section surrounded by spirals (measured to outside of the spiral), r1

The nominal shear capacity of the concrete, v, defined by Eq. 6-30 was used for
comparison purpose.

Tanaka and Park® developed three expressions for the shear capacity of the
spirals based on the assumption of a 45° diagonal tension crack. In the first expression
assumed that the effectiveness of the interlocking spirals is equivalent to the transverse
section shown in Fig. 6-33 and it was recommended in practical design, when d; of
approximately ry is used

(2A5p f )— +2A,f, (6-37)

Where
Ay = areaof the spiral bar section
fyn = specified yield strength of the spiral
S = center to center spacing of the spirals along the column

In the second expression it is assumed that the inner longitudinal bars provide a
perfect interlock of the spirals, and therefore all the part of the spirals are effective
against shear. This expression is the same as Eq. 6-35 used by Caltrans. In Eg. 6-35, the
shear capacity of the interlocking spiralsis assumed to be n times that of the single spiral,
where n is the number of individual interlocking spirals.

The third expression was developed based on the exclusion of the part of spirals
in the interlocking region from the calculation of the shear capacity (Fig. 6-34). It is
assumed that the interlocking parts of the spirals are not effective against shear when
large cracks are formed in the interlocking region (Fig. 6.34) and those parts are used to
anchor the spirals. Therefore, the average cosine of 0 (Avg.cos(0)) between angles 0 and
0 in Fig. 6-35 needs to be calculated and the Eq. 6-37 is modified as:

dl|

(ZASp f )— + Avg.C0S(6) 24, =1 (6-38)

Where
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Avg.co8(6) = 1 (sm(ZH) 0

sn@)\ 4 2
dy

0 = asin -2~ | , defined accordi ng to Fig 6-32
rl

j average cosine of 6 in Fig. 6-35

Notice that when 6 is assumed to be 30° (di; = r1), Avg.cos (6) becomes 0.96, and
Eg. 6-37 and Eg. 6-38 lead to nearly the same results.

Benzoni et a.* method is based on the shear strength model developed by
Priestly et a® that proposed a shear equation that takes into account the effect of three
components as follows:

Vhn=Vc+Vs+ Vp (6-39)
Where
V¢ = shear force carried by concrete
Vs = shear force carried by transverse steel
Vp = lateral component of the compression strut of the column due to the applied
axial load

The concrete contribution depends of the displacement ductility, g, and can be

obtained as follows;
Ve = 0.8AJK1/ f'. (6-40)

Where
Ag = gross section area
K =0.29 MPa (3.5 psi) when pg < 2, and 0.1 MPa (1.2 psi) when pg > 4. Linear
interpolation is used for displacement ductilities between 2 and 4.

The shear force carried by transverse steel proposed by Benzoni et a.* is a modified
version of the Equation 6-37 developed by Tanaka and Park® that included the effect of
neutral axis depth, ¢, and shear crack angle, ¢, asfollows:

DI
—-c

4 2
=§Aspfyh

Cot((0)+2Aspfyhd cot(p )+ Aspf Rcot(go) for c<2 (6-419)

= f IC () f : Ccot(ep f | c=< | d b
= —cot +2 —2 ot or—<c<—+d, (6-41
2 Asp yh 2 ( ) Asp yh S ( ) 2 2 il ( )

2 At D*di =€ i) for ¢> % +d, (6-410)



The lateral component of the compression strut of the column due to the applied axial
load, Vy, isfound as follows

V, = DZ;C P (6-42)

Where
P = applied axial load
D = section depth or diameter
¢ = depth of the compression zone at the bottom of the column
a = total column length for a cantilever column (fixed-pinned) and half of the
length for a column in reversed bending (fixed-fixed)

The contribution of the crosstiesin ISH1.5T of 33 kN (7.4 Kips) was included in
the shear reinforcement capacity. A 45° diagonal crack and the measured material
properties with strain rate effect were used in al the methods. Figures 6-36 through 6-39
compare the experimental results and the shear capacity calculated using the three
methods based on the displacement ductility capacities that accounted for flexure only.
Based on the shear methods, a shear failure would occur when the shear capacity curve
intercepts the experimental results. According to Caltrans’, Tanaka and Park® and
Benzoni et al.* methods a shear failure would be expected at displacement of 21.6 mm
(0.85in), 19.8 mm (0.78 in) and 17 mm (0.67 in) for ISH1.0, respectively. For specimen
ISH1.25 shear failure would be expected at displacement of 36 mm (1.42 in), 34 mm
(1.34 in) and 25 mm (0.98 in) based on Caltrans’, Tanaka and Park® and Benzoni et a.*
methods, respectively. All the methods underestimated the shear capacity of specimens
ISH1.0 and ISH1.25 since both failed in shear/flexural mode at displacement of 98.5 mm
(3.88in) and 105.4 mm (4.15 in), respectively. Specimens|SH1.5 and ISH1.5T failed in
flexural mode at displacement of 127.5 mm (5.02 in) and 101.6 mm (4.0 in), respectively.
Based on Caltrans’ and Tanaka and Park® methods a shear failure would be expected at
displacement of 43.7 mm (1.72 in) and 42.7 mm (1.68 in) for specimen ISH1.5 and at
displacement of 44.4 mm (1.75 in) and 43.2 mm (1.70 in) for specimen ISH1.5T.
According to Benzoni et al.* method a shear failure would be expected at displacement of
36.8 mm (1.45 in) in specimen ISH1.5. Based on Benzoni et a.* method specimen
ISH1.5T would not fail in shear which isin agreement with the actual failure mode.

A most redlistic estimate of the shear capacity was made when the bond slip and
shear deformations were included in the calculation of the displacement ductility
capacity. Table 6-21 shows the shear capacity of the specimens and their components
(Vs Veand V) calculated according to Caltrans’, Tanaka and Park® and Benzoni et al.*
methods and based on the displacement ductility capacities that accounted for flexure,
bond slip and shear deformation. The shear capacity for ISH1.5T using Caltrans’ and
Benzoni et a.* was not reported since the shear capacity did not intercept the
experimental results (Fig 6-43). The shear reinforcement capacity used by Caltrans’
method was 24%, 15%, and 8% higher than the capacity estimated by Tanaka and Park®
method for ISH1.0, ISH1.25, and ISH1.5, respectively. A difference of 87%, 57%, and
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52% was found between the shear reinforcement capacities estimated by Caltrans’ and
Benzoni et al.* equations for ISH1.0, ISH1.25, and ISH1.5, respectively. The concrete
shear capacity from Caltrans® method was 24%, 35% and 24% less than the combined
concrete and axial capacity estimated by Benzoni et al.? method for ISH1.0, 1SH1.25, and
ISH1.5, respectively.

A comparison between experimental results and the shear capacity calculated
using the three methods, including bond slip and shear deformation in the calculation of
the displacement ductility capacity, is shown in Figs. 6-40 through 6-43 for specimens
with high shear. Based on the Caltrans’, Tanaka and Park®® and Benzoni et al.* methods
a shear faillure would be expected at displacement of 28.4 mm (1.12 in), 22.8 mm (0.90
in) and 25.4 mm (1.0 in) for ISH1.0, respectively. For specimen ISH1.25 shear failure
would be expected at displacement of 78.7 mm (3.1 in), 69.8 mm (2.75 in) and 48.3 mm
(1.9 in) based on Caltrans’, Tanaka and Park®® and Benzoni et al.* methods, respectively.
All the methods underestimated the shear capacity of specimens ISH1.0 and ISH1.25
since both failed in shear/flexural mode at displacement of 98.5 mm (3.88 in) and 105.4
mm (4.15 in), respectively. Nonetheless, a better agreement between the measured and
calculated shear capacities was found when the bond dlip and shear deformation were
included. Specimens ISH1.5 and ISHL1.5T failed in flexural mode at displacement of
127.5 mm (5.02 in) and 101.6 mm (4.0 in), respectively. Based on the Caltrans’, Tanaka
and Park® and Benzoni et a.* methods a shear failure in ISH1.5 would be expected at
displacement of 84.3 mm (3.32 in), 8.3 mm (3.20 in), and 53.3 mm (2.1 in),
respectively. Taking into account that specimen ISH1.5 did not fall in shear, a
conservative value of shear capacity was achieved using Caltrans’, Tanaka and Park®
and Benzoni et a.* methods. According to the Tanaka and Park® method 1SH1.5, would
fail in shear at displacement of 100.3 mm (3.95 in). Based on the Caltrans’ and Benzoni
et al.* methods specimen ISH1.5T would not fail in shear which is in agreement with the
experimental results. In general, Caltrans’ method presented the closest correlation
compared with the experimental results.

6.6.4. Shear Stiffness

According to Park and Paulay®, before the formation of flexural or diagonal
cracks, the shear stiffness of the reinforced concrete member can be calculated using EQ.
6-21. Park and Paulay® also state that after the formation of diagonal shear cracks, the
shear stiffness of reinforced concrete member is calculated using Eq. 6-22. There is no
an expression for the post yield shear stiffness. Priestley et. al.?* suggested that the shear
stiffness drops in proportion to the ratio of the flexural stiffness. Hence, the plastic shear
stiffness can be calculated as the product of the uncracked shear stiffness and the ratio of
the post yield flexural stiffness and the uncracked flexural stiffness.

The uncracked flexural stiffness was calculated as the ratio of cracking lateral
force and the corresponding displacement. The cracking lateral force was defined as the
cracking moment divided by one half of the clear length of the column, assuming
bending in double curvature. The cracking moment was calculated as follows
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My =t (6-43)

Where
P =axial load
Ag = gross area
fi = tensile strength in flexure = 0.623,/ ', (MPa) = 7.5,/ f'. (psi)
| = moment of inertia around the bending axes
D = depth of the column

The cracking displacement was cal culated by the following equation

Acr = %¢cr l ? (6'44)
Where
| = one half of the column length, assuming double curvature

dcr = cracking curvature

The post yield flexural stiffness was based on a tri-linear idealization model
assumed for the flexural deformation of the column (Fig. 6-44). The post yield flexural
stiffness, Ky, was defined as follows

(Fu - Fy)
= (6-45)
(Au _Ay)
Where

. M
F, = ultimate lateral force = | s

— . M
F, = idealized yield force = I_y

Ay = ultimate displacement = A, + A,
Ay = yield displacement based on Eq. 6-13

Table 6-22 shows the ratio of the uncracked flexural stiffness and the post yield
flexural stiffness as well as the uncracked shear stiffness and the post yield shear stiffness
based on the assumption of Priestley et. al.*,

The measured shear deformation was reported in Section 5.12 for specimens with
high shear. Figures 5-155 through 5-158 show a bilinear behavior, in al the specimens.
The measured lateral force and shear deformations were idealized by a bi-linear curve to
quantify the cracked and post yield stiffness. The elastic slope was defined by the force
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corresponding to the first reinforcement yield and the corresponding shear displacement
on the measured curve. Once the elastic slope was defined the post yield slope was
established by equalizing the area between the measured and the idealized curve. The
descending part of the measured curve was ignored. Therefore, the ultimate point was
assumed at the maximum lateral force with the corresponding shear deformation. Figures
6-45, 6-46, 6-47 and 6-48 show the measured |ateral force and shear deformation with the
corresponding idealized curve for specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T,
respectively. Table 6-23 shows a comparison between uncracked and cracked shear
stiffness using Park and Paulay® equations and the elastic Slope from the measured
results. The measured post yield shear stiffness is about 8%, 12%, 12% and 9% of the
uncracked shear stiffness for ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively. The
cracked shear dtiffness underestimated the measured post yield shear stiffness by
approximate 24%, 37%, 28% and 16% for ISH1.0, ISH1.25, ISH1.5 and ISH1.5T,
respectively. Table 6-24 shows a comparison between post yield shear stiffness using
Priestley et. a.?* method and the post yield stiffness from the measured results. The post
yield shear stiffness using Priestley et. a.?* method underestimated the measured results
by about 73%, 46%, 36% and 68% for ISH1.0, ISH1.25, ISH15 and ISH1.5T,
respectively. A modified shear stiffness model is proposed in Chapter 7 to improve the
correlation between the analytical and measured results.

6.7.  Effect of Interlocking Distance and Shear Stress

The effect of the horizontal spacing of the spirals measured center-to-center of the
spirals, di, or interlocking distance was studied by Tanaka and Park®. In order to ensure
the adequate shear transfer between spirals and prevent wide opening of diagonal tension
cracks within the interlocking region during the inelastic range of cyclic loading, Tanaka
and Park® suggested that the in-plane component of the spiral bar force (the component
parallel to the column shear force) at the middepth of the column section should be a
considerable portion the spiral bar force. The in-plane component of the spiral bar force
is related to di through the angle 6 as shown in Fig. 6-49. Satisfactory behavior was
reported by Tanaka and Park® in two columns tested with 6 = 35° or a in-plane
component of the spirals bar force (F cos (0)) equal to 0.82 times the spiral force, F, and a
d; of approximately 1.15 times R. As aresult, Tanaka and Park® suggest d; should not be
greater than 1.2 times the radius of the spirals, R. Tanakaand Park® did not test columns
with di greater than 1.2 times R.

Buckingham® tested and compared the behavior of columns with interlocking
spirals with d; of 1.2 and 1.46 times R. According to Buckingham®, wider shear cracks
were observed in the column with d; of 1.46R compare to the column with d; of 1.2R
under a displacement ductility of 2. Twenty percent more degradation of the peak load
was measured in the column with d; of 1.46R for a displacement ductility of 2to 4. The
failure of the column with d; of 1.46R was caused by rupture of the spirals reinforcement
whereas the column with d; of 1.2R failed due to concrete core deterioration. No vertical
cracks were reported.
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Section 4.3 presented the observed and measured performance of the specimens
with low shear and d; of 1.0R and 1.5R. The performance for both specimens was very
similar and satisfactory with a displacement ductility of 9.6 and 10.4 for specimens with
d of 1.0R and 1.5R, respectively. The failure in both columns was due to rupture of the
spirals and buckling of the longitudinal bars at the bottom of the column in the plastic
hinge zone. Higher average strains in the spirals were measured in specimen with d; of
1.5R compared with specimen with d; of 1.0R (Fig. 6-50). As aresult dight degradation
of the load capacity (Fig. 6-51) was observed in the specimen with d; of 1.5R compared
with specimen with di of 1.0R. Nevertheless, this degradation was seen from
displacement ductility of 7.4 to 10.4 which exceeded the target design displacement
ductility of 5. Since the column with d; of 1.5 did not lead to excessive shear cracking
and based on the satisfactory displacement ductility capacity achieved in that column, the
Caltrans provision for the maximum value of d; is believed to be adequate for columns
with low shear.

The observed and measured performance of the specimens with high shear was
reported in Section 5-3. Similar performance was observed in specimens with d; of 1.0R
and 1.25R. Specimens with d; of 1.0R and 1.25R failed in shear after a ductile behavior
with a displacement ductility of 4.7 and 5.0, respectively. Vertical cracks located in the
interlocking region were observed in the specimen with high shear and d; of 1.5R at about
58 % of the maximum force. Large interlocking distance can make the column
vulnerable to large vertical shear stress at middepth of the column (Fig. 6-52). This
vertical stress is in direct proportion with the shear force in the column, at least in the
linear range. Since relatively large amount of plain concrete is present in the interlocking
region in columns with d; of 1.5R compared with column with d; of 1.0R (Fig. 6-53), and
taking into account the reduction of the horizontal component of the spirals bar force at
the middepth of the section column (Tanaka and Park™®), vertical cracks were formed due
to a vertical stress at the interlocking region. Based on the observed performance of
ISH1.5T, horizontal cross ties connecting the hoops reduced and delayed vertical cracks
in the interlocking region in columns subjected to high average shear stress with d; of
1.5R. Specimens with high shear and d; of 1.5R did not achieve the target displacement
ductility capacities of 5 but exceeded the minimum specified displacement ductility of 3,
according to SDC’.

The normalized lateral force and displacement is shown in Fig. 6-54. Similar
degradation of the load capacity is observed in specimenswith di of 1.0R and 1.25R from
displacement ductility of 3.61 to 4.7 and from displacement ductility of 3.7 to 5,
respectively. Specimen with di of 1.5R without and with cross ties showed load
degradation from displacement ductility of 3 to 4 and from displacement ductility of 2.8
to 3.8, respectively. However, less degradation is observed in specimens with di of 1.5R
and cross ties compared to the others specimens. The displacement ductility capacity
versus the average shear stress index defined in Section 2.2 is shown in Fig. 6-55. In
general, the displacement ductility capacity decreased when the average shear stress
index increase. Thisis expected since columns subjected high shear fail in shear/flexural
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mode. The average shear stress index, defined in section 2.2, should be used as a control
design parameter to choose d; and the addition of crosstiesin columnswith high shear.
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Chapter 7. Description of the Existing and M odified Shear Stiffness M odel

7.1. Introduction

The uncracked and cracked shear stiffness for reinforced concrete members was
developed by Park and Paulay®® in early 70's. The uncracked shear stiffness was
developed based on the principles of elasticity whereas the cracked shear stiffness was
developed based on the 45° truss action principles. Park and Paulay® equations have
been used because of their simplicity. The difference of the cracked shear stiffness using
Park and Paulay®®s equation and the experimental results obtained in the current study
ranged between 19% and 58%. Section 5.12 showed a bilinear behavior of the measured
lateral force versus shear deformation. Currently, there are no expressions for the post
yield shear stiffness. Even thought, in Priestley et al. suggested that the shear stiffness
drops in proportion to the ratio of the flexural stiffness, differences of 40% to 73% were
found between the experimental results and Priestley et a.?* s method to estimate the post
yield shear stiffness.

A detailed review of the uncracked and cracked shear stiffness is presented this
chapter. A modified shear stiffness model was proposed based on the 45° truss action
principles and the experimental results of scale columns. The application of the modified
was illustrated through examples of typical columns with different aspect ratios.

7.2.  Shear Stiffnessusing Park and Paulay Method

According to Park and Paulay®, before the formation of flexural or diagonal
cracks, the shear stiffness of the reinforced concrete member can be calculated using the
principles of elasticity. The modulus of rigidity, G in concrete can be taken as follows

E, _
C= 1) (1)

Where
E. = Modulus of elasticity of the concrete = 4733,/ f'. (MPa) 57000,/ f', (psi)

v = Poisson’sratio

Value of v for concrete varies from 0.16 to 0.30. Assuming v=0.25, G can be
taken as 0.4E.. The shear area of arectangular cross section area can be expressed as 5/6
of the product of the width, b, and the effective depth, d. Substituting G = 0.4E. and the
shear areainto Eq. 7-1, the shear force for arectangular cross section can be expressed as

_Ebd

F S
3

(7-2)
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According to Park and Paulay? the shear stiffnessK,’ is defined as the magnitude
of the shear force that when applied to concrete member of unit length, will caused unit
shear displacement at one end of the concrete member relative to the other. Applying the
previous definition to Eq. 7-2, the uncracked shear stiffness for a rectangular cross
section of a concrete member of unit length is calculated as follows

K, = —=» (7-3)

Diagonal cracks are expected in concrete member subjected to large shear forces.
According to Park and Paulay®® these cracks increase the shear deformation of the
concrete member and the load is likely to be carried by a truss action. The shear
distortion of a reinforced concrete member of the analogous truss model was used by
Park and Paulay?. The truss model postulated by Morsch® consisted of an equivalent
truss with compression concrete struts parallel to the diagonal cracks generally at 45° and
stirrups acting as tension members. The bottom chord of the truss model is represented by
the longitudinal tension and top chord is represented by flexural compression zone
(Figure 7-1). In order to determine the shear distortion of the reinforced concrete element
Park and Paulay® assumed that the chord members are infinity rigid. Figure 7-2 shows
the shear distortion of a reinforced concrete element using the analogous truss. The
elongation of the stirrups, As, and the shortening of the compression strut, A¢, are shown
in Fig. 7-2. The Williot's principal was applied by Park and Paulay® to find the shear
distortion, A,, asfollows

A, =A +Ag=A,+~/2A, (7-4)

The elongation of the stirrups, As, can be calculated as follows

A= (7-5)
EA
Where
V¢ = shear force
s = gpacing of the stirrups
Es = elastic modulus of steel
A, = area of the stirrups
The shortening of the diagonal strut isfound from
A, = 2%, (7-6)
ECbW

Where
b, = width of the concrete member
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Substituting Eq. 7-5 and 7-6 into Eq. 7-4, the shear distortion per unit length, 6,
can be expressed as follows

6, - A, _[ Vs | ﬁzJEVS __ Ve (b, 4E 7
d E.A, E.b, Eb,d( A E
I A, . E. .
Substituting p, 5 and the modular ratio, n = £ into Eq. 7-7, the shear
distortion per unit length, 6,, becomes
o, =S [ 1 an (7-9)
ESde IDV

According to Park and Paulay® the cracked shear stiffness of reinforced concrete
member of unit length, based on the truss model with 45° diagonal cracks, is the value of
the Vswhen 6, = 1 asfollows

P
Ky = ~—E.Db,d 7-9
v,45 1+ 4npv STW ( )

Similar expression was developed by Park and Paulay?® for different inclination
of compression struts o and stirrups 3 as follows

sin* asin® B(cota + cot )
K, = LuSN e s fleota +eotf) gy, 4 (7-10)
sin" a+4np, sin” g

7.3. Proposed Shear Stiffness Model

A comparison between the calculated shear stiffness and experimental results
was done in Section 6.6.4. The difference of the cracked shear stiffness using Park and
Paulay®® s equation and the experimental results varied between 19% and 58%. Thereis
no expression available for the post yield shear stiffness. Priestley et al.** suggested that
the shear stiffness drops in proportion to the ratio of the flexural stiffness. Hence, the
plastic shear stiffness can be calculated as the product of the uncracked shear stiffness
and the ratio of the post yield flexural stiffness and the uncracked flexural stiffness.
Differences of 40% to 73% were found between the experimental results and Priestley et
a.’s” method to estimate the plastic shear capacity. A modified shear stiffness model
was developed in this study to improve correlation between analytical and the
experimental results.
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7.3.1. Formulation of the Column Shear Stiffness

Diagona cracks increase the shear deformation of the reinforced concrete
member. The first diagonal cracks were observed in the test specimens at the plastic
hinge zone as an extension of previous developed flexural cracks. In Section 5.12 it was
reported that on average, 60% to 70% of the total shear deformation comes from the
panel 1 and 4 located at the plastic hinge zones of the column. Asresults, it is reasonable
to calculate the shear stiffness of the member as the contribution of two different values
of shear stiffness relative to the amount of cracking expected along the length of the
member (Figure 7-3) asfollows

K, = (7-11)

Where
Ky = shear stiffness of the member
Npr = Number of potential plastic regions = 1 for abending in single curvature and
2 for abending in double curvature
Kg = stiffness at potential plastic region over a length equal to effective column
depth, d.
Kg.L = stiffness of the remaining member length between plastic region(s)
d = effective column depth
L= clear length of the column

Section 5.12, showed a bilinear behavior of the measured lateral force versus
shear deformation. Hence, two shear stiffness that represents the bilinear behavior need
to be defined. The first shear stiffness corresponds to the elastic behavior and it is
defined as the contribution of the cracked stiffness and the uncracked stiffness as follows

Ke = (7-12)

1
n,d . L-n,d
Kv,45 K

\

Where
Kye = elastic shear stiffness
Ky .45 = cracked shear stiffness defined by Eq. 7-9
K\’ = uncracked shear stiffness defined by Eq. 7-3

Based on Section 6.5.1.3, alower bound of the elastic shear stiffness, K,g equal to
the 10% of the K, can be used.

The post yield shear stiffness that represents the second slope can be defined as
the contribution of the plastic shear stiffness and the cracked stiffness as follows
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Koy = (7-13)

Where
Kyvpy = post yield shear stiffness
Kp = plastic shear stiffness

7.3.2. Plastic Shear Stiffness M odels

Different models of plastic shear stiffness, Kp, were studied. The common
consideration in evaluating these models was that they needed to be simple. One
approach was to assume the contribution of the axial stiffness of the spirals (Ks) cut by a
45° diagonal crack and the concrete shear friction through 45° diagonal crack interface
(K¢) (Fig. 7-4). The development length of the spirals is needed to calculate the axial
stiffness of the spirals. Since no specific simple method to calculate the development
length of a spiral is available, the axial stiffness of the spirals could not determined
without resorting to complex finite element models. As a result, this approach was not
used to calculate plastic shear stiffness.

Another model based on modifications of the Park and Paulay® cracked shear
stiffness and calibrated using experimental results was developed to calculate plastic
shear stiffness, Kp. The cracked shear stiffness was calculated based on the shear
distortion of a reinforced concrete element using the analogous truss. The shear
distortion was defined by EQ. 7-8 and depends of the elongation of the stirrups, As, and
the shortening of the compression strut, Ac. Equations 7-5 and 7-6 define the elongation
of the stirrups, As, and the shortening of the compression strut, Ac and they are expressed
in terms of the modulus of elasticity of the steel and concrete, respectively. Considerable
shear distortion occurs at the post yield stage. Therefore, the modulus of steel and
concrete are the only variables that contribute to the increasing of the shear distortionin a
reinforced concrete element. The modulus of the steel and concrete were verified based
on the experimental results.

As discussed in Sections 4.11 and 5-13, maximum spirals strains in most of the
locations for all the specimens were below yield. The displacement measured in the
horizontal transducers (H1, H2, H3) of the panel instrumentation (Figure 7-5) was
divided by the original length in order to calculate the measured horizontal strain. Tables
7-1 through 7-4 show the lateral load for the predominant direction of motion with the
corresponding horizontal strain from the horizontal transducers (H1, H2, H3) for
specimens with high shear. The maximum horizontal strains of 0.003, 0.0034, 0.0028
and 0.0012 were recorded in specimens ISH1.0, ISH1.25, ISH1.5 and ISH1.5T,
respectively. These strains are close or below to the yield strain of 0.0031. These results
as well as the strain gauges in the spirals confirm that the spirals barely yield. Therefore,
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the steel in the spirals was in the elastic range and the elastic modulus was used for the
Steel.

Higher strains in the concrete struts are expected at the post yield state in relation
with the strain recorded in the strain gauges located at the spirals and in the horizontal
transducers (H1, H2, H3) of the panel instrumentation. The diagonal displacement
transducers (D1, D2, D3, D4) of the pand instrumentation for specimen ISH1.0
coincided with the concrete struts in the predominant direction of motion (Figure 7-6).
Table 7-5 shows the strain measured in the diagonal transducers (D1, D2, D3, D4) for
ISH1.0. Strain higher than 0.002 was measured in the diagonal transducer located in the
plastic hinge zones (D1, D4), starting from the motion that corresponded to a
displacement ductility of 1 (run 6) to the last motion. The strain increased during each
run with a maximum of -0.014 and -0.007 for the diagonal transducer at the plastic hinge
zone D1 and D4, respectively. These levels of strain did not correspond to the elastic
range for the concrete; therefore the elastic modulus for the concrete used in Eq. 7-6 is
not applicable after the columns yields.

Based on the strain in the diagonal transducers and taking into account that the
stedl isin the elastic range; the modulus of the concrete is the only variable that needs to
be modified in order to produce alarge shear distortion at the post yield stage. A bilinear
idedlization of the Hognestad model® for the concrete stress-strain relationship was
developed. The slope of the elastic portion of the idealized curve was based on a
compression stress of 0.45f with the corresponding strain from the Hognestad model®,
according to the definition of the E. in the commentary of the Section 8.5, ACI*. Once
the elastic portion was defined the second slope was established by equalizing the area
between the Hognestad model® and the idealized curve (Fig. 7-7). In order to produce a
positive second slope, the ultimate stress was defined as the average between the peak
and ultimate stress of the Hognestad model®®. The bilinear representation of the
Hognestad model®® was determined for concrete compressive strength, f'¢, of 20.68 MPa
(3000 psi) to 55.15 MPa (8000 psi). The value of the second slope from the idealized
model, E¢,, versus the concrete compression strength, f'c, is plotted in Fig. 7-8. A linear
regression of Fig. 7-8 indicated that the second slope of the idealized curve of the
Hognestad model, Eep, is 12.16 times the concrete compression strength, f'c As a
result, the value of Eg, is defined as follows

E, =12f, (7-14)

Vecchio and Collins® determined the stress-strain relationship for the cracked
concrete by testing 30 reinforced concrete panels under different uniform biaxial stress
and pure shear. They found that the principal compressive stress in the concrete, fc,, are
not only a function of the principal compressive strain ¢, but also of principal tensile
strains €.  As a results the cracked concrete subjected to high tensile strains
perpendicular to the direction of the compression is softer and weaker than concrete in a
standard cylinder test (Fig. 7-9). In order to account for the effect of the principal tensile
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strains €1, Vecchio and Collins® developed the following expression for the stress-strain
relationship for the cracked concrete

fCZ = chmax{z(%J(%J :l (7-15)

Where
feomax = Maximum principal compressive stress in the concrete, where
fCZ“?aX = ! <10
o og-0x
&

C

gc = strain at peak stress f’c measured in concrete cylinders tests

The previous expression was developed for shear cracks in one direction and not
for an “x” pattern shear cracks expected under earthquake loads, which eventually will
produced additional softening of the cracked concrete material. If the effect of the
principal tensile strains ¢; is implemented into the Hognestad model®®, a significant
reduction of the second slope from the idealized model, E, (Eq. 7-14) can be obtained.
Due to the difficulty to calculate the principal tensile strain at the post yield stage, a
factor By that represent the softening of the cracked concrete due to the principal tensile
strains and shear cracks patterns was introduced into the Equation 7-14 as follows

ﬂp Ecp = lZﬂP fc' (7_16)

Experimental post yield stiffness from the present and other studies were used to
estimate Bp. As a result, the modulus of elasticity of the concrete, Ec, in Equation 7-6
was replaced by Eq. 7-16. The expression for shortening of the diagonal strut, Ac, @t the
post yield stage becomes:

A, = 2J2v, (7-17)
B.E_Db

p—cpTw

Since the steel in the spirals was in the elastic range for the post yield stage of the
columns, Equations 7-5 and 7-17 were substituted into Eq. 7-4 and the shear distortion
per unit length at the post yield stage, 6., was found as follows:

0, A (Vs 5 22v, ), s, , 4E, (7.18)
d ESA\I ﬂpECpbW ESde Al ﬁpECp
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Substituting p, :s% and the modular ratio n, = EES into Eq. 7-18, the shear

W cp

distortion per unit length, 6,,, becomes

O = | Ly A (7-19)
Ebd{p, B,

The plastic shear stiffness of reinforced concrete member of unit length, based on
the truss mode!l with 45° diagonal cracks, is the value of the Vs when 6,, = 1 as follows

B,p,

=———— Ebd (7-20)
P ﬁp +4nppv

STW

Substituting Eg. 7-9 and 7-20 into 7-13 and replacing the post yield shear
stiffness, Kypy, by the experimental post yield stiffness, Kypye and solving for B, the
following equation is found

Yol
=4nK penod ~ 7-21
Fr e (_ Kipvel = 4K pye LNp, + 40K e nydp, + p, Esbwd) ( )

The experimental values of the post yield stiffness of two columns with a two-
way hinge (THD1, THD2), tested at the University of Nevada, Renc®, one column
(COL1) from the study by Priestley et al.** and the four column from the present study
were used to calculate the factor B,. All the columns were tested in double curvature.
Table 7-6 present the most relevant details of the columns that are not part of this study.
Table 7-7 list the experimental post yield stiffness, K,pye used with the corresponding
values of B,. An average value of 0.293 for the factor B, was obtained from values
reported in Table 7-7. Based on the average value of the factor 3, areduction of 30% is
expected in the second slope of the idealized curve of the Hognestad model®®, Eq.

To verify the B, value, the principal tensile strains g1 (EQ. 7-15) was implemented
into the Hognestad model®®. An iterative solution was done in order to obtain the tensile
strains g; that reduced by 30% the idealized second slope of a cracked concrete with g1 =
0. A tensile transverse strain of 0.0149 was found. Figure 7-10 shows the comparison
between the stress-strain relationship for the cracked concrete with tensile strain of 0 and
0.015.

The diagona displacement transducers (D1, D2, D3, D4) of the pane
instrumentation for ISH1.25, ISH1.5 and ISH1.5T were used to verify the magnitude of
the tensile transverse strain at each motion. These transducers coincided with the
direction of the principal tensile strain in the predominant direction of motion (Fig. 7-6).
The diagonal displacement transducers in 1ISH1.0 were not used since they did not
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coincided with the direction of the principal tensile strain in the predominant direction of
motion. Tables 7-8, 7-9 and 7-10 show the strain measured in the diagonal transducers
(D1, D2, D3, D4) for ISH1.25, ISH1.5, ISH1.5T, respectively. As expected, higher
strains were measured in the diagona transducer located in the plastic hinge zones (D1,
D4). The strain at the plastic hinge zone increased each run with an average strain for the
post yield range of 0.0110, 0.0122 and 0.0119 for ISH1.25, ISH1.5 and ISH1.5T
respectively. These strains were dightly smaller than the calculated tensile strain of
0.015. Taking into account that Eq. 7-15 used to calculated the tensile strain considered
only shear cracks in one direction, the difference between experimental and calculate are
believe to be acceptable.

Taking into account the previous considerations, Eq. 7-15 with B, of 0.3 can be
substituted into Eq. 7-20, and the plastic shear stiffness of reinforced concrete member of
unit length, based on the truss model with 45° diagonal cracks can be calculated as

=t pp g (7-22)
of +10E_p,

7.4. Comparison of the Proposed and Existing Shear Stiffness M odel

The measured shear stiffness was compared with the proposed and existing shear
stiffness models. The effect of the strain rate on the material properties was taken into
account.

Table 7-11 compares the elastic measured shear stiffness with the cracked shear
stiffness and proposed elastic shear stiffness (Eq. 7-12). The lower bound of the elastic
shear stiffness, Ky of 0.1K,’ was used. The cracked shear stiffness by Park and Paulay®
underestimated the experimental stiffness by 24%, 37%, 28% and 16% for ISH1.0,
ISH1.25, ISH1.5 and ISH1.5T, respectively. A better agreement was obtained between
the proposed stiffness and the experimental stiffness with a difference of 24%, 14%, 17%
and 16% for ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively. The proposed stiffness
overestimated the experimental stiffness for ISH1.0 and ISH1.5T and underestimated the
experimental stiffness for ISH1.25 and ISHL.5.

Table 7-12 compares the post yield measured shear stiffness with the post yield
shear stiffness defined by Eq. 7-13 with Eq. 7-22 and post yield shear stiffness proposed
by Priestley et a®*. The post yield stiffness proposed by Priestley et al®* underestimated
the experimental stiffness by 73%, 46%, 36% and 68% for ISH1.0, ISH1.25, ISH1.5 and
ISH1.5T, respectively. Significant improvement was achieved using the proposed post
yield shear stiffness and the experimental stiffness with difference of 13%, 2%, 19% and
15% for ISH1.0, ISH1.25, ISH1.5 and ISH1.5T, respectively. Except for ISH1.5T, the
proposed post yield shear stiffness underestimated the experimental stiffness.
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7.5. Ultimate Shear Deformation
The ultimate shear deformation can be cal culated as follows

Au = AvE + AvPY (7'23)

Where

F
A e :K—y , elastic shear deformation

VE

Apy = KAF , post yield shear deformation

vPY
Fy = equivalent lateral yield force capacity from abilinear idealization
AF=Fy-Fy
Fu = ultimate lateral force capacity
Kye = elastic shear stiffness defined by Eq. 7-12
Kyvpy = post yield shear stiffness defined by Eq. 7-13

Table 7-13 shows the effect of the ultimate shear deformation on the displacement
ductility capacity of ISH1.0, ISH1.25, ISH1.5 and ISH1.5T. An increase in the
displacement ductility capacity of 19%, 15%, 24% and 23% was obtained when the
ultimate shear deformation was included in the calculation of the ultimate deformation.

7.6.  Application to a Typical Column

A 1219 mm (48 in) diameter bridge column with longitudinal and transversal steel
ratios of 2% and 0.75% was selected to illustrate the application of the proposed shear
stiffness model. The axial load index was 10%. Table 7-14 summaries the material
properties as well as the relevant details of the column used to calculate the shear
stiffness.  Different column heights were selected to obtain aspect ratios from 2 to 7.5.

Equations 7-20 and 7-21 were used to calculate the elastic and post yield shear
stiffness. Table 7-15 shows a summary of the valuesused in Eq. 7-12 and 7-13. Table 7-
16 shows the elastic and post yield shear stiffness for different aspect ratios. Both elastic
and post yield stiffness reduced when the aspect ratio increased. Moment-curvature
analysis was performed using RCMC® program. A bilinear idealization was used to
calculate the equivalent yield moment. The shear deformation at yield was calculated as
the ratio of the equivalent lateral yield force capacity from the bilinear idealization and
the elastic shear stiffness from Eq. 7-20. The equivalent lateral force was calculated as
the equivalent yield moment divided by the height of the column.  Equation 7-30 was
used to calculate the ultimate shear deformation. The ultimate lateral force capacity was
obtained from the ratio of the ultimate moment from M—¢ analysis and the height of the
column. Table 7-16 shows the corresponding lateral force used to calculate the yield and
ultimate shear deformation for different aspect ratios. In order to quantify the effect of
the shear deformation, yield deformation due to flexure and ultimate deformation were
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calculated using Eq. 6-14 and 6.11, respectively. Paulay and Priestley’ s plastic hinge
length was used in the calculation of the plastic deformation. Figure 7-11 shows the
contribution of the yield deformation due to shear to the total yield deformation for
different aspects ratios. The contribution of the shear deformation at yield decreased
when the aspect ratio increased. No significant contribution of shear deformation at yield
was found for aspects ratio larger than 5. Figure 7-12 shows the effect of the ultimate
shear deformation on the displacement ductility capacity for different aspects ratios.
Ultimate shear deformation increased by 18%, 13% and 9% the displacement ductility
capacity for column with aspect ratio of 2.0, 2.5 and 3.0, respectively. No significant
increasing of the ductilities was obtained for columns with aspect ratio larger than 5.
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Chapter 8. Design Procedurefor CrossTies

8.1. Introduction

No design procedures are currently available for cross ties connecting interlocking
hoops. Based on the observed performance of specimens with high shear (Section 5.3),
vertical cracks located in the interlocking region were observed in the specimen with di
of 1.5R at about 58 % of the maximum force. Significant vertica shear stress is
produced at the middepth of the column section in columns with d; of 1.5R (Section 6.7).
Due to the lack of confinement and the reduction of the horizontal component of the
spirals bar force at middepth of the column, vertical cracks were formed due to the
vertical shear stress at the interlocking region. Based on the observed and measured
performance, horizontal cross ties connecting the interlocking hoops not only reduced
and delayed vertical cracks in the interlocking region but also reduced the strength
degradation compared with specimens without crossties.

Three methods were studied to provide background for to the design of horizontal
cross ties. A comparison among the three methods was made and reported in this
chapter. Final simple recommendations for the design of horizontal cross ties connecting
interlocking hoops are also presented in this chapter.

8.2.  Shear Capacity Method

The shear capacity method was used to design the horizontal cross ties for
specimen ISH1.5T and it is based on the shear reinforcement capacity (V) for confined
circular or interlocking core sections defined in SDC’ Section 3.6.3. The spiral shear
capacity (Vs) isdefined as follows

A D’
Vg = % (8-1)

Where
A, = Total area of shear reinforcement = n(%)A b (8-2)

n = number of individual interlocking spirals or hoop core sections

Ap= Areaof individual reinforcing steel bar

fyn = nominal yield stress of spirals or hoops

D’ = cross-sectional dimension of confined concrete core measured between the
centerline of the peripheral hoops or spiral (D’~2xR)

s = gpacing of spirals measured along the longitudinal axis of the structural
member
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The horizontal spacing of the spirals measured center-to-center of the spiras, d;,
or interlocking distance can be expressed in terms of the spiral radius, R (measured to
outside of the spiral) as

d =aR (8-3)
Where
o= 1.0to 1.5 based on BDS® Section 8.18.1.4.

Tanaka and Park® stated that when a shear force is applied to a column with
interlocking spirals, the component of the spiral tension force at the middepth of the
column section in the direction of the shear force is equal to the spiral tension force times
cosine of the angle 6 as shown in Fig. 8-1. The angle 0 is related with d; by the following
equation:

d
o=sin| 2 8-4
R (8-4)
Substitute Eg. 8-3 into EQ. 8-4, the angle 6 becomes
0=sn?| < 85
) &9

Based on Tanaka and Park®® recommendation, the shear reinforcement capacity
(V) at middepth of the column section can be found as follows

A f..D'
V, = %cos(e) (8-6)

Since satisfactory seismic performance for columns with a=1.0 (d; =1.0R) was
found on previous and present experimental studies, the shear reinforcement capacity at
middepth of the column section with a=1.0 was taken as a reference point for the design
of horizontal cross ties for column with a>1.0. Therefore, the shear force that the cross
ties need to resist should be equal to

V, =Vg -V, (8-7)
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Where

M

D'
Vg = Tyhcos(30) (Reference point column with o=1.0) and

V' = shear capacity of the ties expressed as

V.- A fyt(“;Rj (8-8)

Where
A= areaof two legs of bars= 2 Aje
fyt=nominal yield stress of ties
S = spacing of theties

Assuming that D'= 2 x R (Fig. 8-1) and fy, = fy;, EQ. 8-8 can be substituted into
Eq. 8-7 and the ratio Ai/s can be found as follows
A _ lnn[\@—— V4-o® Jﬂ
Q. S

s, 2 (&9)

If the cross ties and the spirals have the same bar size (Ase = Ap), EQ. 8-9 can be
rewritten in order to find the spacing of the ties as follows

1
=—S (8-10)
T
Where

p=nx =

Figure 8-2 shows the inverse of  versus a for n = 2 and 3 where n = the number
of the interlocking spirals. The value of 1/ can be interpreted as the required spacing of
the cross ties as a function of the spacing of the spirals. Based on Fig. 8-2 closer spacing
of crosstiesisrequired as o increases. In addition a closer spacing of crosstiesis needed
in column with two interlocking spirals compared with three interlocking spiras. Based
on Eg. 8-10 the required spacing of the cross ties for columns with o of 1.5 needs to be at
least 2.33 times the spacing of the spirals. Since the spacing of the spirals in ISH1.5T
was 25.4 mm (1 in), aspacing of crossties of 57.15 mm (2.25 in) was selected.

Two additional methods to design the cross ties were studied in order to compare
and evaluate the design of the cross ties by the shear capacity method. The equilibrium
of spirals force at the middepth method and the shear friction method are presented in
Section 8.3 and Section 8.4, respectively.



8.3.  Equilibrium of Spiral Forcesat Middepth Method
This method is based on the equilibrium of the horizontal spiral force at the
middepth of the column section. The component of the spiral tension force at the

middepth of the column section in the direction of the shear force (Fig. 8-1) can be
expressed as

T, =T cos(0) (8-11)

Where
T = spira tension force = Ay, fy

Previous experimental studies have shown satisfactory seismic performance for
columns with a=1.0 (d =1.0R). Therefore, a column with a=1.0 was taken as the
reference point for design the cross ties for columns with a>1.0. Thus, the difference of
tension forces at the middepth of the column section between columns with a=1.0 and
o>1.0 has to be taken by the crossties as follows

Ttie = Tl.O - Tv (8'12)

Where
Tie = tension force carry by theties= A fy
T10 = tension force in a column with o of 1.0 = 4A,, f, cos(30)

Substituting Eq. 8-11 into Eq. 8-12 and taking into account the difference between
the spacing of the spirals and crossties, the ratio of Ai/s; can be found as follows

% - A"A‘Tb(cos(SO) —cos(0)) (8-13)

Assuming that Ase is equal to the area used in the spiral reinforcement Ay, and

4—0o?

replacing cos(0) by Eg. 8-13 can be rearranged in order to find the spacing of
theties asfollows

S = Es (8-14)
Y

Where

vy = 2c08(30°) — V4 — 0.2

85



84. Shear-Friction Method

The shear—friction concept was used to find the area of cross ties needed in the
interlocking region to resist the vertical shear at middepth of the section (Fig.8-3). The
derivation of the vertical shear was based on uncracked beam theory. According to the
ACI* code, the shear strength, V,, can be found as follows

V, = uf A (8-15)
Where
Ay = area of reinforcement extending across the potential crack at 90° (Fig 8-3)
u = coefficient of friction between materials along the potential crack (u = 1.4 for
concrete cast monolithically- ACI*11.7.4.3)
fy = nominal yield stress of steel reinforcement

To account for the contribution of the spirals at the middepth and to allow for
different spacing for the cross ties and spirals, Eg. 8-15 can be modified as follows:

V, = yfy(A YN cos(H)isj (8-16)

From Eq. 8-16, the area of the ties A; required can be found as follows

A = Vf YN cos(@)% (8-17)

y

In order to provided adequate reinforcement in the interlocking region, the shear
strength V, needs to be equal to the applied shear demand, V,, calculated over the tie
spacing as follows:

V, =qt (8-18)

Where

g = the shear flow =t t
t = width of the member cross-sectional area, measured at the point where shear
stressis to be determined

VQ

r:shearstress:T

V = plastic shear demand
| = moment of inertia of the entire cross-sectiona area computed about the neutral
axis

Then the applied shear demand, V, becomes
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V, = V—Qst (8-19)

Recdling that V, = V, and substituting Eg. 8-19 into Eq. 8-17 and replacing

hn_ 2
cos(0) by 4 Za , the area of the required ties A; can be found as follow:
2
At—[x vV _2ApVa-o }st (8-20)
uf, S
Where
A= g

The maximum shear stress occurs at neutral axis. At neutral axis, A can be found
as follows:

3oR7R+8R_° + 32 ’R?

A= (8-21)
20°R® + 3R °7 + 3R a*R?7 +16aRR °

Where
R: = the radius of the column (Fig. 8-1)

To smplify Eg. 8-20 the shear formula for an equivalent rectangular section was
used and the ratio of A¢/s was found as shown in Eq. 8-22. The equivalent rectangular
column was defined as the equivalent section width, bey, times the total depth. bey was
found as the cross sectional area divide by total depth.

2
S 2uf Ay S

Where
Ag= gross area of section

8.5. Comparison of Different Methods and Design Recommendations

Figure 8-4 shows the required spacing of the cross ties using the shear capacity
method with n=2, the equilibrium of spiral forces at middepth method, and the shear
friction method. Since the shear friction method depends on parameters other than o, the
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shear force (V), the nominal yield stress, (fy), gross area, (Ag), the area of the spirals, and
the spacing of the spiras, (s), of the specimens ISH1.0, ISH1.25 and ISH1.5 were used.
Similar cross ties spacing was obtained for the three methods for o between 1.35 and 1.5.
Larger spacing was obtained with equilibrium of force at the middepth method compared
to the two others methods for o of lessthan 1.3. Crossties spacing of 4 times the spacing
of the spiralsis needed for column with o of 1.25 based on the shear capacity method and
shear friction method.

8.6. Recommended Simple Method for Design

Since vertical cracks were formed due to a vertical stress at the interlocking
spirals region, it is reasonable to include the shear force in the expression to design the
horizontal cross ties. Even though the shear friction account for the shear force, a
negative ratio of Ads (Eq. 8-22) can be obtained for columns subjected to a shear index
lowersthan 7.

It should be noted that no column with a moderate shear index of 5 and d; of 1.5
was tested to provide the evidence of the absence or the need for cross ties in the
interlocking region. As aresults and taking into account the comparison of the previous
methods, the experimental results for the columns tested in the present study and the
relatively low cost of cross ties, the following design recommendation for cross ties are
proposed:

e The shear index should be used as a control design parameter to choose the
crosstiesin columns reinforced with interlocking spirals.

e The shear index is caculated by dividing the average shear stress by

0.083+/f'c [MPa] or «/f'c [psi]. The average shear stress is found as the
ratio between the lateral force capacity and the effective shear area which is
defined as the gross area multiplied by 0.8.

= For columns with shear index between 3 and 7, and with horizontal distance
between the centers of the spiras, d;, between 1.25R and 1.5R, additional ties
connecting the spirals need to be provided.

= For columns with shear index equal or greater than 7, additional horizontal ties
connecting the spirals need to be provide regardless of the horizontal distance
between the centers of the spirals, d;.

= The individual cross tie bar should be of the same size as the spira
reinforcement and need be spaced at 2 times the spacing of the spirals. Cross
ties should be detailed with 135 deg hook in one end and 90 deg hook in the
other.
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Chapter 9. Summary and Conclusions

9.1. Summary

The seismic performance of bridge columns with double interlocking spirals was
studied though the experimental test of six specimens. The primary test variables were
the level of average shear stress and the horizontal distance between the centers of the
spirals, d;, as a function of the radius of the spirals, R. Two 1/4-scale specimens with d;
of 1.0R and 1.5R subjected to low average shear stress and two 1/5-scale specimens with
d of 1.0R and 1.5R subjected to high average shear stress were built, instrumented and
tested at James E. Rogers and Louis Wiener Large-Scale Structures Laboratory at the
University of Nevada, Reno. Based on the test results of the first two high shear
columns, two additiona variables, one an intermediate level of d; (Specimen ISH1.25)
and the other with supplementary cross ties and d; of 1.5R (specimen ISH1.5T) were
studied after observed vertical cracksin one of the high shear columns with d; of 1.5R.

All the columns were designed based on the BDS® and SDC’ Caltrans design
provisions. Typical steel ratios of 2.0% and 2.8% were chosen for the longitudinal
reinforcement. The transverse steel ratios of 0.6%, 0.9% and 1.1% were selected based
on target displacement ductility of 5 as well as the limitations of Caltrans provisions.
Additional cross ties with the same bar size as the spiras and spacing of 2.0 times the
spacing of the spirals were established based on a design recommendation from the
present study. An axia load index of 10% was used based on recommendations by
Caltrans. The scaling values used for the specimens were based on the capacity of the
shake table system. The specimens with low average shear stress (ISL1.0, ISL1.5) were
tested in single curvature whereas the specimens with high average shear stress (ISH1.0,
ISH1.25, ISH1.5 and ISH1.5T) were tested in double curvature. All the columns had an
oval shape and were tested under increasing amplitudes of the Sylmar record from the
1994 Northridge Earthquake using a shake table system. The loading was in the strong
direction of the columns until failure. The columns were instrumented to measure
acceleration, axial force, lateral force, lateral displacement, and curvature.

The seismic performance of two columns with d; of 1.0R and 1.5R subjected to
low shear stress was similar and satisfactory. Displacement ductility of 9.6 and 10.4 was
achieved in specimens with di of 1.0R and 1.5R, respectively. The failure in both
columns was due to rupture of the spirals and buckling of the longitudinal bars at the
bottom of the column in the plastic hinge zone. Higher average strainsin the spirals were
measured in the specimen with d; of 1.5R compared with the specimen with d; of 1.0R.
As aresult slight degradation of the load capacity was observed in the specimen with d;
of 1.5R compared with the specimen with d; of 1.0R. Nevertheless, this degradation
occurred after displacement ductilities of 7.4 had been reached 10.4 which exceeded the
target design displacement ductility of 5. In addition the column with d; of 1.5R did not
experience excessive shear cracking compared to the column with d; of 1.0R.

Specimens with di of 1.0R and 1.25R subjected to high average shear stress
showed similar seismic performance. Both columns failed in shear after a ductile
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behavior with a displacement ductility of 4.7 and 5.0 for columns with d; of 1.0R and
1.25R, respectively.

Vertical cracks located in the interlocking region were observed in the specimen
with high shear and d; of 1.5R at displacement ductility of 0.7. Vertical shear stress is
believed to have led to the crack. Thisvertical stressisin direct proportion with the shear
force in the column. Since relatively large area of plain concrete is present in the
interlocking region in columns with d; of 1.5R compared with columns with d; of 1.0R,
and taking into account the reduction of the horizontal component of the spirals bar force
at the middepth of the section column (Tanaka and Park®), the column with d; of 1.5R
was more susceptible to vertical cracking. Based on the observed performance of
ISH1.5T, horizontal cross ties connecting the hoops reduced and delayed vertical cracks
in the interlocking region in columns subjected to high shear stress with d; of 1.5R.
Specimens with high shear and d; of 1.5R did not achieve the target displacement
ductility capacities of 5 but exceeded the minimum specified displacement ductility of 3.
Similar degradation of the load capacity was observed in specimens with d; of 1.0R and
1.25R from displacement ductilities of 3.61 to 4.7 and from displacement ductilities of
3.7 to 5, respectively. Specimens with d; of 1.5R without and with cross ties experienced
strength degradation after displacement ductilities of 3 and 2.8, respectively. However,
less degradation was observed in specimens with d; of 1.5R and cross ties compared to
the others specimens. In general, the displacement ductility capacity decreased when the
average shear stress index increased.

Detailed analyses of the specimens with low and high shear were performed to
predict the lateral load carrying capacity and displacements. Strain rate effect on the
material properties of the specimens was taken into account in the calculation of the
lateral load and displacements. Program SPMC* was used to perform the moment
curvature analyze. Elasto-plastic idealization of the M-¢ curves was used to calculate the
moment capacity, the flexural deformation at yield and the plastic deformation. A better
agreement was found between experimental and analytical results for the yield
deformations when bond dlip and shear deformations were included. A difference
between experimental and analytical ultimate displacement of 66% to 70% and 30% to
51% for specimens with low and high shear were found. These differences can be
reduced if the appropriate plastic hinge length and ultimate shear deformation are used.
The best correlation between experimental and analytical plastic hinge length was found
using Dowell’s™ |, equation and Benzoni’s® shear equation with a difference of 27%
between the calculated and measured |,

A modified shear stiffness model was proposed based on the 45° truss action
principles and the experimental results of columns from this and two other studies.
Significant improvement was achieved using the proposed post yield shear stiffness and
the measured stiffness with difference between 3% and 24 %. Based on the proposed
shear model, the displacement ductility capacity was increased by 15% to 24% when the
ultimate shear deformation was included in the calculation of the ultimate deformation in
specimens with high shear. The application of the proposed modified shear model was
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illustrated through examples of typical columns with different aspect ratio. Based on the
this application, ultimate shear deformation increased by 18%, 13% and 9% for the
displacement ductility capacity for column with aspect ratios of 2.0, 2.5 and 3.0,
respectively. No significant increase of the ductility was obtained for columns with
aspect ratio larger than 5.

A comparison between three different methods to design the horizontal cross ties
connecting the interlocking hoops was done. Design recommendation for additional
horizontal cross ties were proposed based on the comparison of the three methods and
experimental results of the column tested in the present study.

9.2. Conclusions
Based on the experimental and analytical studies performed in this research, the

following observations and conclusions were made for bridge columns reinforced with

double interlocking spirals:

1. The seismic performances of columns with d; of 1.0R and 1.5R subjected to
low average shear stress were similar and satisfactory with displacement ductility
capacities of 9.6 and 10.4, respectively.

2. Slight degradation of the load capacity was observed in the specimen with d; of
1.5R compared with specimen with d; of 1.0R. However, this degradation was after the
displacement ductility reached 7.4, which exceeded the target design displacement
ductility of 5.

3. Since column with d; of 1.5R did not lead to excessive shear cracking and
based on the satisfactory displacement ductility capacity achieved in that column,
Caltrans provision of maximum d; value of 1.5R is adequate for column with low shear.

4. The seismic performance of the specimenswith di of 1.0R and 1.25R subjected
to high average shear stress was similar with a good agreement with the target ductility of
5. Both columnsfailed in shear after ductile behavior with a displacement ductility of 4.7
and 5.0 for column with d; of 1.0R and 1.25R, respectively.

5. Vertica cracks located in the interlocking region were observed in the
specimen with high shear and d; of 1.5R under relatively small earthquakes.

6. Since arelatively larger area of plain concrete exists in the interlocking region
in columns with d; of 1.5R compared with column with d; of 1.0R, and taking into
account the reduction of the horizontal component of the spirals bar force at the middepth
of the section column, vertical cracks were formed due to a vertical shear stress in the
interlocking region.
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7. Based on the observed and measured performances, horizontal cross ties
connecting the interlocking hoops not only reduced and delayed vertical cracks in the
interlocking region in the column with d; of 1.5 but also reduced the strength degradation
compared with specimens without crossties.

8. The displacement ductility capacity decreased when the average shear stress
index increased.

9. A better agreement was found between experimental and analytical results for
the yield deformations when bond slip and shear deformations were included.

10. Dowell’s™ plastic hinge length, I, using Benzoni’s* shear capacity showed the
closest correlation with the measured |,

11. Based on the proposed shear stiffness model, an increase in the displacement
ductility capacity of 15% to 24% was obtained when the ultimate shear deformation was
included in the calculation of the ultimate deformation in specimens with high shear.

9.3. Recommendations

The following recommendations are for columns reinforced with interlocking
gpirals and they are based on the experimental and analytical studies presented in this
study.

1. The average shear stress index should be used as a control design parameter to
choose the horizontal distance between the centers of the spirals, di, and the
addition of crosstiesin columns reinforced with interlocking spirals.

2. The shear index is calculated by dividing the average shear stress by

0.083+/f'c [MPa] or f'c [ps]. The average shear stress is found as the
ratio between the lateral force capacity and the effective shear area which is
defined as the gross area multiplied by 0.8.

3. For columns with shear index equal to or less than 3, the horizontal distance
between the centers of the spirals, di, can be taken as any value between d; =
1.0R and d; = 1.5R, where R is the radius of the spirals measured to outside or
the spiral.

4. For columns with shear index between 3 and 7, the horizontal distance between
the centers of the spiras, di, can be taken as any value between d, = 1.0R and d;
= 1.25, where R is the radius of the spirals. When d; is selected between 1.25R
and 1.5R, cross ties connecting the spirals need to be provided.
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. For columns with shear index equal or greater than 7, cross ties connecting the
spirals need to be provided regardless of the horizontal distance between the
centers of the spirals, d;.

. The individua cross tie bars should be of the same size as the spirdl
reinforcement. A maximum spacing of 2 times the spacing of the spirals should
be used for the additional horizontal ties. Horizontal ties should be detailed
with 135° hook in one end and 90° hook in the other.

. Bond dlip and shear deformation should be included in the calculation of the
idealized yield displacement.

. Ultimate shear deformation needs to be included in the calculation of ultimate

displacement for column with aspect ratio of less than 3.0.
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Table 2-1 Test Variables for Column Specimens

Specimen Isnhdeeir di(xR)
ISL1.0 3.0 1.0
ISL1.5 3.0 15
ISH1.0 7.0 1.0
ISH1.25 7.0 1.25
ISH1.5 7.0 15
ISH1.5T 7.0 15

Table 2-2 Longitudinal Bars Size in the Interlocking Portion

Size Of The RebarsUsed | Size Of The Rebars Required
Outside The Interlocking Inside The Interlocking
Portion Portion
32.3 mm ¢ (#10) 19.1 mm ¢ (#6)
35.8 mm ¢ (#11) 25.4 mm ¢ (#8)
43 mm ¢ (#14) 28.7. mm ¢ (#9)

57.3 mm ¢ (#18)

35.8 mm ¢ (#11)

Table 2-3 Model Scale

Factors for Different Parameters

Dimension Factor
Model Scale Model Scale=1I,
Time (axial to lateral massratio = 1) \/ﬁ
Wi | wherew; = weight of the inertia syst
Time (axial to lateral massratio # 1) P wherew;=wagnt of the inertia System

P = applied axial force on the column

Length

le

Force

2

Area

Irz

Stress

1.0

Strain

Strain Rate

1.0
v i,
| 2

Mass

Period

I,

Moment

Ir2
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Table 2-4 Shake Table Specifications

Dimension Capacity
Table Size 4.3m x 4.3m (14ft x 14ft)
Table Weight 146.8 KN (33 kip)

M aximum Payload

444.8 kN (100 Kip)

Maximum Acceleration

19 at 444.8 kN (100 kip) Payload
2.4g at O kN (0 kip) Payload

Maximum Vel ocity

101.6 cm/sec (40 in/sec)

Maximum Static Displacement

+/- 35.6cm (14 in)

Maximum Dynamic Displacement

+/- 30.5cm (12 in)

Roll Capacity (max payload)

542 kN-m (400 kip-ft) moment

Pitch Capacity (max payload)

1356 kN-m (1000 kip-ft) moment

Y aw Capacity (max payload)

542 kKN-m (400 kip-ft) moment

Maximum Actuator Force

734 kN (165 kip)

Operating Frequency

1-30hz

Table 2-5 Summary of Values Last Iteration

Specimens
ISL1.0 | ISL1.5 | ISH1.0 | ISH1.25 | ISH1.5 | ISH1.5T
[Rad/m] | 0.01444 | 0.01130 | 0.01608 | 0.01534 | 0.01442 | 0.01442
b [Rad/in] | 0.00037 | 0.00029 | 0.00041 | 0.00039 | 0.00037 | 0.00037
[Rad/m] | 0.14591 | 0.14591 | 0.11260 | 0.13028 | 0.11969 | 0.11972
bu [Rad/in] | 0.00371 | 0.00371 | 0.00286 | 0.00331 | 0.00304 | 0.00304
[Rad/m] | 0.13147 | 0.13461 | 0.09652 | 0.11493 | 0.10527 | 0.10530
b [Rad/in] | 0.00334 | 0.00342 | 0.00245 | 0.00292 | 0.00267 | 0.00267
[cm] 21.5 24.3 19.4 19.4 19.4 19.4
Le [in] 8.5 9.59 7.65 7.65 7.65 7.65
0, [Rad] 0.028 0.033 0.019 0.022 0.020 0.020
[cm] 3.86 5.59 2.40 3.13 3.18 3.18
B [in] 1.52 2.20 0.94 1.23 1.25 1.25
<o [cm] 1.04 1.26 0.58 0.65 0.74 0.74
/ [in] 0.41 0.50 0.23 0.26 0.29 0.29
[cm] 4.90 6.85 2.98 3.79 3.92 3.92
Ae [in] 1.93 2.70 1.17 1.49 1.54 1.54
u 4.7 5.4 5.1 5.8 5.3 5.3
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Table 2-6 Design Parameters of the Specimens

Steel

Specimen Scale | Shear | Aspect di reinforcement
Factor | Index | Ratio pi Ps

(xR) (%] (%]

ISL1.0 3.0 3.3 1.0 2.0 1.1
ISL1.5 0.25 3.0 3.6 1.5 2.0 1.1
ISH1.0 7.0 2.0 1.0 2.9 0.6
ISH1.25 0.2 7.0 2.0 1.25 2.8 0.9
ISH1.5 ' 7.0 2.1 15 2.9 0.9
ISH1.5T* 7.0 2.1 15 2.9 0.9**

Note: pj= ratio of longitudinal reinforcement

ps = ratio of transversal reinforcement to concrete core

* = column with additional cross ties

** = steel ratio from additional cross ties is not included

Table 2-7 Footing Height

Specimen | Footing Height cm [in]
ISL1.0 66.0 [26]
ISL1.5 68.6 [27]
ISH1.0 71.2[28]

ISH1.25 66.0 [26]
ISH1.5 78.7 [31]
ISH1.5T 78.7 [31]
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Table 2-8 Material Properties Program SPMC

Specimens
Material Properties L ow Shear High Shear
¢ | MPa 345 345
Unconfined | © | PS 5000 5000
Concrete € 0.002 0.002
&c 0.005 0.005
ISH1.0 | ISH1.25,SH1.5and ISHL1.5T
f M Pa 49.3
Concrete psi 7146 6273 6832
€ o 0.006 0.005 0.006
Ee 0.017 0.012 0.015
f M Pa 475 475
y psi 68000 68000
Stedl = | MPa | 200000 200000
psi 29000000 29000000
€ 0.015 0.015
£ 0.09 0.09

Table 2-9 Plastic Moment, Idealized Yield Curvature and Ultimate Curvature

| dealized
Values

Specimen

ISL1.0

ISL15

ISH1.0

ISH1.25

ISH1.5

ISH1.5T

kN-m

230

316

160

190

225

225

Mp Kips-in

2038

2796

1418

1678

1992

1992

Rad/m

0.01444

0.01130

0.01608

0.01534

0.01442

0.01442

Py Rad/in

0.00037

0.00029

0.00041

0.00039

0.00037

0.00037

Rad/m

0.14591

0.14591

0.11260

0.13028

0.11969

0.11972

$u Rad/in

0.00371

0.00371

0.00286

0.00331

0.00304

0.00304
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Table 2-10 Elastic Shear, Idealized Yield Displacement and Elastic Stiffness

Specimens
ISL1.0 | ISL15 | ISH1.0 | ISH1.25 [ ISH1.5 | ISHL.5T

N [KN] 156 173 218 237 257 257
P [ [Kips] 35 39 49 53 58 58

A co | [em] 1.04 1.26 0.58 0.65 0.74 0.74
g [in] 0.41 0.50 0.23 0.26 0.29 0.29
ke |IkN/em]| 150 137 375 363 350 349
[Kips/in] 85 78 214 207 200 199

Table 2-11 Comparison of Results Dynamic Analysis Program RCShake

Specimen ISL1.0 Specimen ISL1.5
EQ Motion EQ Motion
EQ Parameter Units | El Centro | Sylmar | ATC-32D | El Centro| Sylmar | ATC-32D
Unscaled EQ Acceleration [g] 0.32 0.606 0.44 0.32 0.606 0.44
Scaled EQ Acceleration Factor 2.48 1.30 1.79 3.17 1.66 2.286
Scaled EQ Acceleration [0] 0.79 0.79 0.79 1.01 1.01 1.01
Unscaled Duration [s] 54 30 20 54 30 20
Scale Time Factor 0.522 0.522 0.522 0.522 0.522 0.522
Scaled Duration [s] 28 16 10 28 16 10
Column Response
. . cm 4.11 5.31 4.11 4.67 6.30 4.75
Maximum Top Deflection in 162 | 209 | 162 1.84 2.48 1.87
. kN 156 156 156 173 173 173
Maximum Lateral Force Kips 35 35 35 39 39 39
Maximum Ductility Demand 4.0 5.1 3.9 3.7 5.0 3.8
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Table 3-1 Footing Concrete Compressive Strength

Specimens
Day Units | ISL1.0 | ISL1.5 | ISH1.0 | ISH1.5 | ISH1.25 | ISH1.5T
; MPa 26.4 26.6 31.6
psi 3829 3853 4590
14 MPa 31.3 37.2 38.6
psi 4544 5395 5603
)8 MPa 31.9 41.0 39.6
psi 4624 5944 5751
MPa 48.8 44.6 41.7 42.1 39.5 40.8
Test I osi | 7083 | 6462 | 6051 | 6105 | 5727 | 5922
Test MPa 46.7 41.9 40.1
Average [ ps; 6772 6078 5824
Table 3-2 Column Concrete Compressive Strength
Specimens
Day Units | ISL1.0 [ ISL1.5 | ISH1.0 | ISH1.5 | ISH1.25 | ISH1.5T
7 MPa 21.1 25.3 29.9
psi 3064 3668 4337
14 MPa 23.4 28.9 34.6
psi 3401 4195 5023
)8 MPa 28.1 29.1 40.4
psi 4075 4215 5866
Test MPa | 36.9 36.7 30.9 31.3 42.7 47.5
psi 5350 | 5328 | 4481 | 4546 6197 6886
Test MPa 36.8 31.1 45.1
Average | psi 5339 4514 6542
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Table 3-3 Longitudinal Steel Bars 9.5 mm ¢ (# 3) Properties

Specimens
Properties | Units | ISL1.0-ISL1.5 | ISH1.0-ISH1.5 | ISH1.25-ISH1.5T
¢ MPa 462 443 431
y ksi 67 64 63
€sh Not Not Measured 0.008
Measured
‘ MPa 709 664 685
! ksi 103 96 99
€su Not Not Measured 0.16
Measured
Table 3-4 Plain Wires (W2.8 and W2.0) Properties
Specimens
Properties | Units | ISL1.0-ISL1.5 ISH1.0-ISH1.5-ISH1.25-ISH1.5T
(W2.8) (W2.0)
¢ MPa 445 432
Y ksi 65 63
f MPa 529 511
! ksi 77 74
€su Not 0.08
Measured
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Table 4-1 Loading Protocol

ISL1.0 | ISL1.5
FREE VIBRATION
FINE TUNNING
FREE VIBRATION
Run No (@) (x Sylmar) (9) (x Sylmar)

1 0.06 0.1 0.06 0.1
2 0.12 0.2 0.12 0.2
3 0.18 0.3 0.24 0.4

FREE VIBRATION
4 0.30 0.5 0.36 0.6
5 0.45 0.75 0.48 0.8
6 0.61 1 0.61 1

FREE VIBRATION
7 0.76 1.25 0.76 1.25
8 0.91 1.5 0.91 15
9 1.06 1.75 1.06 1.75
10 1.21 2 1.21 2
11 1.29 2.125

Table 4-2 Performance Specimen ISL1.0

Run | (X Sylmar) | PGA(g) g PERFORMANCE
1to3 0.1-0.3 0.06 -0.18 | 0.2-0.8 Flexural Cracks
4 05 0.30 15 First Spalling and Shear
Cracks
5t07 | 075-1.25 | 0.45-0.76 | 1.7-2.8 | EXtension of Cracks and
Spalling
8109 | 1.5-1.75 | 0.91—-1.06 | 4.1-5.6 | SPiralsandLong. Bars
Visible
10 2 1.21 9.6 Flexural Failure

105




Table 4-3 Performance Specimen ISL1.5

Run | (XSylmar) | PGA(g) L PERFORMANCE
1to6 | 01-1 | 0.06-0.24 | 0.1-15 Féf;;iz'
7 1.25 0.76 2.4 First Spagira% kAsnd Shear
8 1.5 0.91 31 Extensiog;;ﬁ:nrgcks and
91010| 1.75-20 | 1.06-121 | 4575 Spirals Visible
11 2.125 1.29 10.4 Flexural Failure

Table 4-4 Target and Achieved Peak Table Accelerations for Specimen ISL1.0

Run I\JIrc])F[)iLé)tn Target | Achieved AC.P;?geethFéiA/
[x Sylmar] [g] [g] Target PGA
01 Max 0.06 0.07 1.10

Min -0.03 -0.04 1.47
0.2 Max 0.12 0.14 1.17
Min -0.06 -0.08 1.33
03 Max 0.18 0.22 1.19
Min -0.09 -0.12 1.38
05 Max 0.30 0.32 1.06
Min -0.15 -0.22 1.49
0.75 ng 0.45 0.54 1.18
Min -0.22 -0.34 1.52
1 Max 0.61 0.73 1.21
Min -0.30 -0.45 1.52
195 qu 0.76 0.94 1.25
Min -0.37 -0.60 1.62
15 Max 0.91 1.13 1.25
Min -0.45 -0.81 1.81
175 ng 1.06 1.33 1.26
Min -0.52 -0.97 1.87
5 Max 1.21 1.53 1.26
Min -0.60 -1.13 1.90
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Table 4-5 Target and Achieved Peak Table Accelerations for Specimen ISL1.5

: , Achieved PGA /

Rl\luon Input Motion | Target | Achieved Target PGA

[x Sylmar] (9] (0] Target PGA
1 01 Max 0.06 0.07 1.18
' Min -0.03 -0.05 1.74
2 0.2 ng 0.12 0.14 1.19
Min -0.06 -0.09 1.50
3 03 ng 0.18 0.27 1.50
Min -0.09 -0.18 1.97
4 05 ng 0.30 0.42 1.39
Min -0.15 -0.28 1.89
Max 0.45 0.59 1.31
° 0.75 Min -0.22 -0.38 1.69
5 1 Max 0.61 0.77 1.26
Min -0.30 -0.45 1.52
Max 0.76 0.94 1.25
! 1.25 Min -0.37 -0.59 1.59
8 15 Max 0.91 1.16 1.28
' Min -0.45 -0.79 1.76
Max 1.06 1.36 1.28
? 1.75 Min -0.52 -0.96 1.83
10 5 ng 1.21 1.58 1.30
Min -0.60 -1.13 1.89
11 Max 1.29 1.69 1.31
2.125 Min -0.63 -1.22 1.93
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Table 4-6 Target and Achieved Spectral Response Acceleration for Specimen 1SL1.0

Run Input Period | Target | Achieved | Achieved/
No Motion [s] [g] [g] Target
[Xx Sylmar]

1 0.1 0.319 0.10 0.11 1.12
2 0.2 0.328 0.18 0.21 1.14
3 0.3 0.328 0.27 0.34 1.22
4 0.5 0.427 0.58 0.51 0.89
5 0.75 0.441 0.74 0.74 0.99
6 1.0 0.493 0.54 0.62 1.15
7 1.25 0.581 0.59 0.46 0.77
8 1.5 0.676 0.78 0.69 0.88
9 1.75 0.676 0.91 0.77 0.85
10 2.0 0.676 1.04 0.84 0.81

Table 4-7 Target and Achieved Spectral Response Acceleration for Specimen ISL1.5

Run Input Period | Target | Achieved | Achieved /
No Motion [s] [g] [g] Target
[x Sylmar]
1 0.1 0.319 0.11 0.09 0.81
2 0.2 0.319 0.22 0.17 0.78
3 0.4 0.388 0.41 0.47 1.15
4 0.6 0.413 0.57 0.63 1.09
5 0.8 0.441 0.72 0.63 0.87
6 1.0 0.441 0.92 0.78 0.85
7 1.25 0.532 0.46 0.54 1.16
8 1.5 0.676 0.71 0.71 1.00
9 1.75 0.676 0.79 0.83 1.05
10 2.0 0.676 0.88 0.94 1.08
11 2.125 0.676 0.91 1.00 1.10
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Table 4-8 Measured Peak Forces and Displacement for Specimen ISL1.0

Peak Force
Maximum Minimum
Motion Force Displacement Force Displacement
xSylmar [kN] [Kips] | [mm] [in] [kN] [Kips] | [mm] [in]
0.1 45.9 10.3 2.8 0.11 -50.6 -11.4 2.7 | -0.11
0.2 55.2 12.4 3.7 0.15 -70.6 -15.9 -5.7 | -0.23
0.3 111.7 25.1 121 0.47 -132.9 -29.9 -13.8 | -0.54
0.5 134.1 30.1 20.5 0.81 -155.9 -35.0 -25.5 | -1.00
0.75 135.9 30.5 21.2 0.83 -138.8 -31.2 -24.3 | -0.96
1 141.3 31.8 25.5 1.00 -154.5 -34.7 -33.3 | -1.31
1.25 142.8 32.1 31.8 1.25 -165.0 -37.1 -46.6 | -1.84
1.5 134.4 30.2 34.4 1.35 -169.3 -38.0 -69.9 | -2.75
1.75 120.3 27.0 30.3 1.19 -173.0 -38.9 -94.8 | -3.73
2 135.2 304 384 151 -171.6 -38.6 -137.7 | -5.42
Peak Displacement
Maximum Minimum

Motion Force Displacement Force Displacement
xSylmar [kN] [Kips] | [mm] [in] [kN] [Kips] | [mm] [in]
0.1 45.9 10.33 2.8 0.11 -42.0 9.4 -2.8 | -0.11
0.2 50.8 11.43 4.1 0.16 -70.6 -15.9 -5.7 | -0.23
0.3 111.7 | 25.12 12.1 0.47 -120.4 -27.1 -14.7 | -0.58
0.5 134.1 | 30.14 | 205 0.81 -155.9 -35.0 -255 | -1.00
0.75 127.2 | 2859 | 227 0.89 -138.8 -31.2 -24.3 | -0.96
1 138.0 | 31.01 | 274 1.08 -154.5 -34.7 -33.3 | -1.31
1.25 134.3 | 30.19 | 36.2 1.43 -160.4 -36.1 -52.8 | -2.08
15 125.7 | 28.25 | 35.8 141 -168.1 -37.8 -77.4 | -3.05
1.75 120.3 | 27.04 | 30.3 1.19 -161.7 -36.4 | -104.8 | -4.13
2 131.8 | 29.64 | 43.8 1.72 -163.9 -36.8 | -162.5 | -6.40
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Table 4-9 Measured Peak Forces and Displacement for Specimen ISL1.5

Peak Force
Maximum Minimum
Motion Force Displacement Force Displacement
xSylmar [kN] [Kips] [mm] [in] [kN] [Kips] | [mm] [in]
0.1 40.6 9.12 1.9 0.07 -43.7 -9.83 2.4 -0.09
0.2 62.9 14.13 3.7 0.14 -69.9 -15.72 -6.0 -0.23
0.4 144.9 32.56 15.7 0.62 -152.2 | -34.21 | -24.3 | -0.96
0.6 147.8 33.22 17.2 0.68 -142.6 | -32.06 | -22.6 | -0.89
0.8 159.7 35.89 24.1 0.95 -155.1 | -34.88 | -28.1 | -1.11
1 152.3 34.23 20.4 0.80 -142.1 | -31.95 | -24.1 | -0.95
1.25 166.9 37.52 29.8 1.17 -167.5 | -37.66 | -43.0 | -1.69
15 161.0 36.20 37.9 1.49 -167.2 | -37.59 | -57.2 | -2.25
1.75 139.3 31.32 30.1 1.18 -175.1 | -39.35 | -82.7 | -3.25
2 150.9 33.93 36.0 1.42 -177.6 | -39.93 | -115.3 | -4.54
2.125 144.0 32.36 33.4 1.31 -164.9 | -37.08 | -137.9 | -5.43
Peak Displacement
Maximum Minimum

Motion Force Displacement Force Displacement
xSylmar [KN] [Kips] [mm] [in] [KN] [Kips] | [mm] [in]
0.1 40.6 9.12 1.9 0.07 -35.0 -7.87 -2.8 -0.11
0.2 62.9 14.13 3.7 0.14 -69.9 -15.72 -6.0 -0.23
0.4 128.3 28.85 16.3 0.64 -152.2 | -34.21 | -24.3 | -0.96
0.6 144.9 32.58 194 0.76 -142.6 | -32.06 | -22.6 | -0.89
0.8 149.7 33.65 24.9 0.98 -135.1 | -30.37 | -28.3 | -1.11
1 145.9 32.79 21.7 0.85 -142.1 | -31.95 | -24.1 | -0.95
1.25 158.0 35.51 33.0 1.30 -167.5 | -37.66 | -43.0 | -1.69
15 161.0 36.20 37.9 1.49 -152.9 | -34.38 | -69.5 | -2.74
1.75 127.5 28.66 30.4 1.20 -169.4 | -38.09 | -98.1 | -3.86
2 150.9 33.93 36.0 1.42 -176.0 | -39.57 | -138.3 | -5.45
2.125 135.4 30.45 36.1 1.42 -123.3 | -27.72 | -216.5 | -8.52
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Table 4-10 Dynamic Properties from Low Level Elastic Response for Specimen ISL1.0

Motion Frequency | Period Stiffness
[xSylmar] [Hz] [s] [Kip/in] | [kKN/mm]

0.1 3.13 0.32 104 18
0.2 3.05 0.33 98 17
0.3 3.05 0.33 98 17
0.5 2.34 0.43 58 10
0.75 2.27 0.44 55 10

1 2.03 0.49 44 8
1.25 1.72 0.58 31 5
1.5 1.48 0.68 23 4
1.75 1.48 0.68 23 4
2 1.48 0.68 23 4

Table 4-11 Dynamic Properties from Snap Ramp for Specimen ISL1.0

Motion Frequency | Period Stiffness Damping
[xSylmar] [Hz] [s] [Kip/in] | [KN/mm] [%6]
0.1 3.05 0.33 98 17 2.56
0.2
03 N/A
0.5 2.77 0.36 81 14 3.93
0.75 2.34 0.43 58 10 5.72
1 N/A
1.25 1.80 | 056 | 34 | 6 | 656
15
1.75 N/A
2
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Table 4-12 Calculated Dynamic Properties from Peak Force with the Corresponding
Displacement for Specimen ISL1.0

Motion Force Displacement Stiffness Freq. | Period

[xSylmar] [Kips] [kN] [in] [mm] [Kip/in] [KN/mm] [Hz] [s]
0.1 11.4 50.6 0.11 2.7 108 19 3.20 0.31
0.2 15.9 70.6 0.23 5.7 70 12 2.58 0.39
0.3 29.9 132.9 | 0.54 13.8 55 10 2.28 0.44
0.5 35.0 155.9 | 1.00 25.5 35 6 1.81 0.55
0.75 31.2 138.8 | 0.96 24.3 33 6 1.75 0.57
1 34.7 1545 | 1.31 33.3 27 5 1.58 0.63
1.25 37.1 165.0 | 1.84 46.6 20 4 1.38 0.72
15 38.0 169.3 | 2.75 69.9 14 2 1.14 0.87
1.75 38.9 173.0 | 3.73 94.8 10 2 0.99 1.01
2 38.6 1716 | 5.42 137.7 7 1 0.82 1.22

Table 4-13 Dynamic Properties from Low Level Elastic Response for Specimen ISL1.5

Motion Frequency | Period Stiffness
[xSylmar] [Hz] [s] [Kip/in] | [KN/mm]
0.1 3.13 0.32 104 18
0.2 3.13 0.32 104 18
0.4 2.58 0.39 71 12
0.6 2.42 0.41 62 11
0.8 2.27 0.44 55 10
1 2.27 0.44 55 10
1.25 1.88 0.53 37 7
1.5 N/A N/A N/A N/A
1.75 1.48 0.68 23 4
2 1.48 0.68 23 4
2.125 1.48 0.68 23 4
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Table 4-14 Dynamic Properties from Snap Ramp for Specimen ISL1.5

Motion Frequency | Period Stiffness Damping
[xSylmar] [Hz] [s] [Kip/in] [KN/m [%6]
m]

0.1 3.05 0.33 99 17 2.15
0.2

0a N/A

0.6 242 | 041 | 62 | 11 3.93
0.8

T N/A

1.25 227 | 044 | 55 | 10 5.08
1.5

1.75

> N/A

2.125

Table 4-15 Calculated Dynamic Properties from Peak Force with the Corresponding

Displacement for Specimen ISL1.5

Motion Force Displacement Stiffness Freq. | Period
[xSylmar] [Kips] [kN] [in] [mm] [Kip/in] [KN/mm] [Hz] [s]
0.1 9.8 43.7 0.09 2.4 106 19 3.16 0.32
0.2 15.7 69.9 0.23 6.0 67 12 2.51 0.40
0.4 34.2 152.2 | 0.96 24.3 36 6 1.84 0.54
0.6 32.1 142.6 | 0.89 22.6 36 6 1.84 0.54
0.8 34.9 155.1 | 1.11 28.1 32 6 1.72 0.58
1 32.0 142.1 | 0.95 24.1 34 6 1.78 0.56
1.25 37.7 167.5 | 1.69 43.0 22 4 1.45 0.69
15 37.6 167.2 | 2.25 57.2 17 3 1.25 0.80
1.75 39.4 175.1 | 3.25 82.7 12 2 1.07 0.94
2 39.9 177.6 | 4.54 115.3 9 2 0.91 1.10
2.125 37.1 164.9 | 5.43 137.9 7 1 0.80 1.25
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Table 4-16 Flexural and Shear Deformation Percentages for Specimen ISL1.0

Motion Si/67 8s/67
[xSylmar] [%0] [%0]
0.10 89% 11%
0.20 86% 14%
0.30 87% 13%
1.25 96% 4%
1.50 87% 13%
1.75 86% 14%
2.00 87% 13%

Table 4-17 Flexural and Shear Deformation Percentages for Specimen ISL1.5

Motion S¢/81 ds/071
[xSylmar] [%] [%]
0.10 93% 7%
0.20 66% 34%
0.40 61% 39%
0.80 61% 39%
1.25 68% 32%
2.00 84% 16%
2.125 88% 12%
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Table 4-36 Comparison of Methods to Calculate |dealized Force-Displacement Curve

Specimen ISL1.0
Method Fy1- | Dyl*' F,- | Dy | boe
[KN] | [Kips]|[mm]]| [in]] [KN] | [Kips]|[mm]]| [in]
Method 1* 113.1| 25.4 | 9.7 |0.38|161.4| 36.3 | 13.8 |0.54|11.7
Method 2** 113.1| 25.4 | 11.7 |0.46|163.0| 36.7 | 16.9 |0.67| 9.5
Method 3" 839 | 189 | 7.8 |0.31|162.1| 36.4 | 15.1 |0.60|10.6

* See Figure 4-71 for Definition
** Displacement ductility capacity
+1st bar Yield Point

++ Force of 1st bar yield

+++ One-half of the peak force

Table 4-37 Comparison of Methods to Calculate Idealized Force-Displacement Curve

Specimen ISL1.5
Method Fyie Dy;- Fy- D, T
[KN] | [Kips]|[mm]]| [in]] [KN] [ [Kips]|[mm]]| [in]
Method 1° 995 | 224 | 9.8 [0.39/166.8| 37.5 | 16.4 |0.65|11.5
Method 2™ 995 | 22.4 | 10.8 (0.42|167.7| 37.7 | 18.2 |0.72|10.4
Method 3"*" 89.0 [ 20.0 | 9.1 |[0.36|167.1| 37.6 | 17.0 [0.67[11.1

* See Figure 4-71 for Definition
** Displacement ductility capacity
+1st bar Yield Point

++ Force of 1st bar yield

+++ One-half of the peak force

Table 4-38 Summary of the Values Used to Calculated Experimental Plastic Hinge

Length |,
. Specimen
variables g0 T 1sLis
[Rad/mm] | 1.37E-02 | 7.92E-03
b [Rad/in] |5.41E-04] 3.12E-04
[Rad/mm] | 2.18E-01 | 1.67E-01
b [Rad/in] | 8.58E-03| 6.57E-03
A [mm] 16.9 18.2
Y [in] 0.67 0.72
A [mm] 161.0 188.5
! [in] 6.34 7.42
[mm] 1473 1829
[in] 58 72
[mm] 351 428
[in] 13.8 16.8
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Table 5-1 Loading Protocol

ISH1.0 ISH1.25 | ISH1.5 | ISH1.5T
FREE VIBRATION
FINE TUNNING
FREE VIBRATION
RN (@) |(x Sylmar) | (9) |(x Sylman)| (g) |(x Sylmar)| (g) [(x Sylmar)
1 [006] 01 |o06] 01 [006] 01 [006[ 0.1
2 [o12] 02 Joi2] o2 Jo12] 02 [012] 02
3 [024] 04 [030] 05 [024] 04 [024] o04
4 |o30] 05 [045] 075 (036 06 [0.36] 06
FREE VIBRATION 045 075 [045] 0.75
5 [0.45 0.75 0.61 1 FREE VIBRATION
6 |0.61 1 0.76] 125 [o61] 1 Joel] 1
7 [076] 1.25 |FREEVIBRATION|0.76] 1.25 |0.76] 1.25
FREE VIBRATION | 0.91 1.5 FREE VIBRATION
8 [001] 15 [106] 175 Joo91] 15 [091] 15
9 [106] 175 [121] 2  [1.06] 175 |[1.06] 1.75
10 [1.21 2 129 2125 [121] 2  [121] 2
11 136 225 [129] 2125 |1.29] 2.125
12 144 2375 [1.36] 225 [136] 225
13 1.44| 2375 |1.44| 2375
14 152 25
15 1.59| 2.625

134




Table 5-2 Performance Specimen ISH1.0

Run | (X Sylmar) | PGA(g) Hd PERFORMANCE
1to3| 0.1-0.4 |0.06-0.24|0.06-0.4 FLEXURAL
CRACKS
4t05| 0.5-0.75 |0.36-0.45| 0.6-0.9 SHEAR CRACKS
6to8| 1.0-15 [0.61-091| 1.4-25 | INCREASE CRACKS AND
FIRST SPALLING
9 1.75 1.06 3.6 LONG. BARS VISIBLE
10 2 1.21 4.7 SHEAR FAILURE
Table 5-3 Performance Specimen ISH1.25
Run | (X Sylmar) | PGA(Q) Hd PERFORMANCE
1to3 | 0.1-05 |0.06-0.30|0.1-0.6 FLEXURAL
CRACKS
4t05 | 0.75-1.0 |{045-061| 1-1.4 SHEAR CRACKS
6to8 [ 1.25-1.75|0.76-1.06 1.6 - 2.2 INCREASE CRACKS AND
FIRST SPALLING
9t010|2.0-2.125|1.21-1.29|2.7-2.9 | SPIRALS VISIBLE INCREASING
SPALLING
11 2.25 1.36 3.7 LONG. BARS VISIBLE
12 2.375 1.44 5.0 SHEAR FAILURE
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Table 5-4 Performance Specimen ISH1.5

Run | (X Sylmar) | PGA(g) Hd PERFORMANCE
1to3 | 0.1-0.4 |0.06-0.24|0.2-0.7 | FLEXURAL AND VERTICAL
CRACKS
4to05 | 0.6-0.75 |0.36-0.45{0.9-1.0 SHEAR CRACKS
6to7 | 1.0-1.25 [0.61-0.76|1.4-1.7| INCREASE CRACKS AND
FIRST SPALLING
8tol10| 15-20 |091-1.21(22-3.1 SPIRALS AND LONG.
BARS VISIBLE
11 2.125 1.29 3.2 DAMAGE IN THE CORE
12 2.25 1.36 3.4 BUCKLING OF LONG. BARS
13 2.375 1.44 4.0 FLEXURAL FAILURE
Table 5-5 Performance Specimen ISH1.5T
Run | (X Sylmar) | PGA(g) Hg PERFORMANCE
1to4 0.1-0.6 |0.06-0.36|0.1-0.7 FLEXURAL CRACKS
5to6 | 0.75-1.0 [0.45-0.61|0.8-1.2 SHEAR CRACKS
7t09 | 1.25-1.75 [0.76 - 1.06 | 1.7 - 2.5 | INCREASE CRACKS AND
FIRST SPALLING
10 2 1.21 2.80 SPIRALS AND LONG.
BARS VISIBLE
11t012|2.125-2.25{1.29-1.36(2.9-3.0] DAMAGE IN THE CORE
13to 14| 2.375-25 |1.44-151|3.1-3.4| BUCKLING OF LONG. BAR
15 2.625 1.59 3.8 FLEXURAL FAILURE
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Table 5-6 Target and Achieved Peak Table Accelerations for Specimen ISH1.0

Run No Input Motion | Target | Achieved | Achieved PGA /
[x Sylmar] (9] (9] Target PGA

1 01 Max | 0.06 0.06 0.93
' Min | -0.03 -0.04 1.45

2 0.2 ng 0.12 0.11 0.91
Min | -0.06 -0.08 1.28

3 04 ng 0.24 0.22 0.92
Min | -0.12 -0.14 1.20

4 05 ng 0.30 0.30 1.00
Min | -0.15 -0.16 1.07

Max | 0.45 0.47 1.03

> 0.75 Min | -0.22 -0.25 1.10
5 1 Max | 0.61 0.71 1.17
Min | -0.30 -0.40 1.34

Max | 0.76 0.87 1.15

! 1.25 Min | -0.37 -0.52 1.41
3 15 Max | 0.91 1.04 1.15
' Min | -0.45 -0.59 1.31

Max | 1.06 1.25 1.18

9 .75 Min | -0.52 -0.67 1.29
10 2 ng 1.21 1.38 1.14
Min | -0.60 -0.58 0.98
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Table 5-7 Target and Achieved Peak Table Accelerations for Specimen ISH1.25

Run No Input Motion | Target | Achieved | Achieved PGA /
[x Sylmar] [9] [9] Target PGA

1 01 Max | 0.06 0.06 1.01
' Min | -0.03 -0.05 1.54

2 0.2 ng 0.12 0.15 1.24
Min | -0.06 -0.11 1.85

3 05 qu 0.30 0.29 0.95
Min | -0.15 -0.19 1.27

Max | 0.45 0.50 1.10

4 0.75 Min | -0.22 -0.29 1.30
5 10 Max | 0.61 0.66 1.09
' Min | -0.30 -0.36 1.20

Max | 0.76 0.87 1.15

6 1.25 Min | -0.37 -0.49 1.31
- 15 Max | 0.91 1.03 1.14
' Min | -0.45 -0.56 1.25

Max | 1.06 1.24 1.17

8 .75 Min | -0.52 -0.65 1.25
9 20 ng 1.21 1.45 1.20
Min | -0.60 -0.76 1.28

Max | 1.29 1.45 1.12

10 2.125 Min | -0.63 -0.72 1.14
Max | 1.36 1.46 1.07

11 2.25 Min | -0.67 -0.78 1.17
Max | 1.44 1.52 1.06

12 2:315 Min | -0.71 -0.75 1.06
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Table 5-8 Target and Achieved Peak Table Accelerations for Specimen ISH1.5

Run No Input Motion | Target | Achieved | Achieved PGA /
[x Sylmar] (9] (0] Target PGA

1 01 Max | 0.06 0.07 1.09
' Min | -0.03 -0.05 1.59

2 0.2 ng 0.12 0.12 1.00
Min | -0.06 -0.07 1.23

3 04 qu 0.24 0.24 0.97
Min | -0.12 -0.14 1.15

4 06 ng 0.36 0.38 1.06
Min | -0.18 -0.21 1.18

Max | 0.45 0.48 1.05

° 0.75 Min | -0.22 -0.27 1.20
5 10 Max | 0.61 0.66 1.08
' Min | -0.30 -0.36 1.22

Max | 0.76 0.81 1.07

! 1.25 Min | -0.37 -0.47 1.26
3 15 Max | 0.91 0.99 1.09
' Min | -0.45 -0.53 1.19

Max | 1.06 1.11 1.05

9 .75 Min | -0.52 -0.59 1.14
Max| 1.21 1.29 1.07

10 2.0 Min | -0.60 -0.66 1.11
Max | 1.29 1.35 1.05

11 2.125 Min | -0.63 -0.69 1.09
Max | 1.36 1.43 1.05

12 2.25 Min | -0.67 -0.73 1.08
Max | 1.44 1.45 1.01

13 2.375 Min | -0.71 -0.75 1.06
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Table 5-9 Target and Achieved Peak Table Accelerations for Specimen ISH1.5T

Run No Input Motion Target Achieved | Achieved PGA /
[x Sylmar] (0] (0] Target PGA

1 01 Max 0.06 0.06 1.06
' Min -0.03 -0.06 1.86

5 0.2 qu 0.12 0.11 0.91
Min -0.06 -0.10 1.71

3 04 qu 0.24 0.18 0.75
Min -0.12 -0.15 1.25

4 06 ng 0.36 0.31 0.86
Min -0.18 -0.23 1.29

Max 0.45 0.42 0.93

> 0.75 Min -0.22 -0.30 1.32
6 10 Max 0.61 0.60 0.99
' Min -0.30 -0.43 1.43

Max 0.76 0.78 1.03

! 1.25 Min -0.37 -0.46 1.24
8 15 Max 0.91 0.93 1.02
' Min -0.45 -0.60 1.35

Max 1.06 1.05 0.99

¥ 175 Min -0.52 -0.67 1.28
Max 1.21 1.19 0.98

10 20 Min -0.60 -0.74 1.24
Max 1.29 1.26 0.98

1 2125 Min -0.63 -0.73 1.15
Max 1.36 1.31 0.96

12 2.2 Min -0.67 -0.68 1.02
Max 1.44 1.36 0.95

13 2315 Min -0.71 -0.72 1.01
Max 1.52 1.44 0.95

14 25 Min -0.75 -0.81 1.09
Max 1.59 1.54 0.97

15 2:625 Min -0.78 -0.93 1.18
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Table 5-10 Target and Achieved Spectral Response Acceleration for Specimen ISH1.0

Run |Input Motion| Period Target | Achieved | Achieved /
No | [x Sylmar] [s] [9] [9] Target
1 0 0.321 0.09 0.09 1.00
2 0.2 0.321 0.18 0.18 1.02
3 0.4 0.321 0.36 0.36 1.01
4 0.5 0.351 0.42 0.37 0.89
5 0.75 0.356 0.69 0.62 0.91
6 1.0 0.356 0.91 0.76 0.83
7 1.25 0.376 1.42 1.07 0.76
8 1.5 0.532 0.62 0.73 1.17
9 1.75 0.581 0.77 0.89 1.15
10 2.0 0.641 1.19 1.15 0.96

Table 5-11 Target and Achieved Spectral Response Acceleration for Specimen ISH1.25

Run |Input Motion| Period Target | Achieved | Achieved /
No | [x Sylmar] [s] [9] [9] Target
1 0 0.301 0.09 0.08 0.96
2 0.2 0.301 0.17 0.19 1.10
3 0.5 0.321 0.38 0.41 1.09
4 0.75 0.321 0.56 0.62 1.10
5 1.0 0.326 0.83 0.72 0.86
6 1.25 0.330 1.13 0.89 0.79
7 15 0.330 1.35 0.89 0.66
8 1.75 0.415 1.43 0.97 0.68
9 2.0 0.415 1.63 1.23 0.75
10 2.125 0.500 0.90 0.87 0.97
11 2.25 0.513 1.00 0.98 0.98
12 2.375 0.513 1.05 1.06 1.01
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Table 5-12 Target and Achieved Spectral Response Acceleration for Specimen ISH1.5

Run | Input Motion | Period | Target | Achieved | Achieved /
No [x Sylmar] [s] [9] [9] Target
1 0.1 0.356 0.08 0.08 1.01
2 0.2 0.376 0.22 0.21 0.98
3 0.4 0.398 0.47 0.45 0.95
4 0.6 0.398 0.71 0.69 0.98
5 0.75 0.427 0.79 0.74 0.94
6 1.00 0.427 1.05 1.04 0.99
7 1.25 0.556 0.55 0.68 1.25
8 1.5 0.641 0.80 0.91 1.14
9 1.75 0.641 0.93 0.95 1.02
10 2.0 0.641 1.09 0.96 0.88
11 2.125 0.709 0.97 0.87 0.90
12 2.25 0.709 0.91 0.82 0.90
13 2.375 0.855 0.96 0.84 0.87

Table 5-13 Target and Achieved Spectral Response Acceleration for Specimen ISH1.5T

Run | Input Motion | Period | Target | Achieved | Achieved /
No [x Sylmar] [s] [9] [9] Target
1 0.1 0.284 0.10 0.11 1.12
2 0.2 0.284 0.19 0.22 1.16
3 0.4 0.341 0.46 0.41 0.90
4 0.5 0.341 0.69 0.60 0.88
5 0.75 0.353 0.89 0.81 0.92
6 1.00 0.353 1.18 1.18 1.00
7 1.25 0.415 0.87 1.16 1.33
8 1.5 0.415 1.04 1.69 1.62
9 1.75 0.526 0.88 1.05 1.20
10 2.0 0.568 1.06 1.14 1.07
11 2.125 0.602 1.08 1.10 1.01
12 2.25 0.602 1.15 1.19 1.04
13 2.375 0.602 1.21 1.25 1.03
14 2.50 0.602 1.27 1.29 1.01
15 2.625 0.602 0.99 0.99 1.00
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Table 5-14 Axia Load Variation for Specimens with High Shear

Specimen

ISH1.0 ISH1.25 ISH1.5 ISH1.5T
Target Axial [KN] -275 -300 -259 -346
Load [kips] -62 -67 -58 -78
Max. Axial [kN] -283 -331 -276 -367
Load Variation [Kips] -64 -74 -62 -82
Min. Axial [KN] -249 -288 -241 -331
Load Variation [Kips] -56 -65 -54 -74
Average Axial [KN] -259 -304 -253 -341
Load Variation [kips] -58 -68 57 77

Table 5-15 Measured Peak Forces and Displacement for Specimen ISH1.0

Peak Force
Maximum Minimum
Motion Force Displacement Force Displacement
xSylmar | [kN] [Kips] | [mm] [in] [kN] [Kips] [mm] [in]
0.1 27.2 6.1 3.3 0.13 -31.2 -7.0 -1.2 -0.05
0.2 58.2 131 6.1 0.24 -59.6 -13.4 -3.9 -0.16
0.4 108.4 24.4 11.9 0.47 -117.8 | -26.5 -9.2 -0.36
0.5 126.5 28.4 14.2 0.56 -145.8 | -32.8 -13.4 -0.53
0.75 154.9 34.8 19.8 0.78 -191.5 | -43.1 -19.9 -0.78
1 173.0 38.9 25.8 1.02 -220.3 | -49.5 -28.8 -1.13
1.25 167.7 37.7 25.8 1.02 -229.1 | -51.5 -40.1 -1.58
15 136.2 30.6 18.5 0.73 -236.6 | -53.2 -53.2 -2.10
1.75 152.4 34.3 19.2 0.76 -241.3 | -54.2 -76.1 -2.99
2 100.8 22.7 2.2 0.09 -218.3 | -49.1 -87.5 -3.44
Peak Displacement
Maximum Minimum

Motion Force Displacement Force Displacement
xSylmar | [kN] [Kips] | [mm] [in] [kN] [Kips] [mm] [in]
0.1 22.6 5.1 3.7 0.15 -27.8 -6.2 -1.7 -0.07
0.2 52.9 11.9 6.4 0.25 -59.6 -13.4 -3.9 -0.16
0.4 108.4 24.4 11.9 0.47 -116.6 | -26.2 -94 -0.37
0.5 125.3 28.2 14.6 0.58 -140.8 | -31.6 -13.5 -0.53
0.75 150.6 33.9 19.9 0.79 -189.7 | -42.6 -20.9 -0.82
1 173.0 38.9 25.8 1.02 -217.3 | -48.9 -30.3 -1.19
1.25 165.2 37.1 26.2 1.03 -223.5 | -50.2 -43.5 -1.72
15 131.8 29.6 19.2 0.76 -228.3 | -51.3 -60.8 -2.40
1.75 151.6 34.1 19.8 0.78 -230.2 | -51.8 -86.9 -3.42
2 89.2 20.1 5.6 0.22 -130.1 | -29.2 | -212.2 | -8.35
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Table 5-16 Measured Peak Forces and Displacement for Specimen ISH1.25

Peak Force
Maximum Minimum
Motion Force Displacement Force Displacement
xSylmar | [kN] | [Kips] | [mm] [in] [KN] | [Kips] | [mm] [in]
0.1 26.6 6.0 1.7 0.07 | -235 -5.3 2.1 -0.08
0.2 51.1 115 4.4 0.17 | -49.9 | -11.2 -4.4 -0.17
0.5 114.4 | 25.7 13.2 | 052 |-144.7 | -325 | -13.2 | -0.52
0.75 135.0 | 30.3 16.8 | 0.66 |-190.7 | -429 | -21.2 | -0.84
1 169.3 | 38.1 171 | 0.67 |-217.9| -49.0 | -29.4 | -1.16
1.25 164.3 | 36.9 175 | 0.69 |-226.0| -50.8 | -34.3 | -1.35
1.5 1559 | 350 | 175 | 0.69 |-235.1| -52.9 | -37.9 | -1.49
1.75 150.7 | 33.9 16.7 | 0.66 |-242.2 | -545 | -454 | -1.79
2 1445 | 325 148 | 0.58 |-250.5| -56.3 | -57.5 | -2.26
2.125 | 1458 | 32.8 152 | 0.60 |-251.2 | -56.5 | -61.6 | -2.43
2.25 148.6 | 334 | 157 | 0.62 |-2478 | -55.7 | -78.1 | -3.07
2.375 | 1473 | 33.1 125 | 049 |-236.0| -53.1 | -93.9 | -3.70
Peak Displacement
Maximum Minimum

Motion Force Displacement Force Displacement
xSylmar | [KN] | [Kips] | [mm] [in] [KN] | [Kips] | [mm] [in]
0.1 24.1 5.4 1.9 0.08 | -21.3 -4.8 -2.5 -0.10
0.2 49.6 111 4.5 0.18 | -46.6 | -10.5 -4.5 -0.18
0.5 114.4 | 25.7 13.2 0.52 | -1446 | -32.5 -14.0 | -0.55
0.75 128.2 | 28.8 16.9 | 0.67 |-190.7 | -429 | -21.2 | -0.84
1 163.4 | 36.7 179 | 0.71 |-2179| -49.0 | -29.3 | -1.16
1.25 159.4 | 35.8 18.1 | 0.71 |-222.2 | -50.0 | -34.4 | -1.36
1.5 155.3 | 34.9 17.7 | 0.70 |-227.9| -51.2 | -38.8 | -1.53
1.75 150.7 | 33.9 16.7 | 0.66 |-236.9 | -53.3 | -46.7 | -1.84
2 143.1 | 32.2 15.0 0.59 |-2415| -54.3 -58.4 | -2.30
2.125 | 1458 | 32.8 15.2 | 0.60 |-2442 | -549 | -72.2 | -2.84
2.25 147.3 | 33.1 158 | 0.62 |-232.7 | -52.3 | -88.4 | -3.48
2375 | 139.8 | 314 | 127 | 050 |-113.2 | -25.5 | -163.9 | -6.45
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Table 5-17 Measured Peak Forces and Displacement for Specimen ISH1.5

Peak Force
Maximum Minimum
Motion Force Displacement Force Displacement
xSylmar | [kN] | [Kips] | [mm] [in] [KN] | [Kips] | [mm] [in]
0.1 38.7 8.7 4.2 0.16 | -45.0 | -10.1 -6.1 -0.24
0.2 746 | 16.8 9.0 036 | -85.5 | -19.2 | -11.6 | -0.46
0.4 120.3| 270 | 180 | 0.71 |-1443| -324 | -22.3 | -0.88
0.6 132.1| 29.7 | 219 | 0.86 |-168.5| -37.9 | -30.1 | -1.18
0.75 1345 | 30.2 | 226 | 0.89 |-176.6 | -39.7 | -31.9 | -1.26
1 141.0| 31.7 | 270 | 1.06 |-207.1| -46.6 | -43.2 | -1.70
1.25 138.0| 31.0 | 265 | 1.04 |-2175| -489 | -52.9 | -2.08
15 131.9| 29.7 | 245 | 097 |-2375| -53.4 | -71.0 | -2.80
1.75 148.3 | 33.3 | 30.1 1.19 |-243.4 | -54.7 | -87.5 | -3.44
2 157.0| 353 | 344 | 136 |-247.1| -55.6 | -98.5 | -3.88
2125 |1604 | 36.1 | 357 | 141 |-252.6 | -56.8 | -112.7 | -4.44
2.25 162.3 | 36,5 | 376 | 1.48 |-238.9 | -53.7 | -107.4 | -4.23
2375 | 1524 | 343 | 328 | 1.29 |-220.1 | -49.5 | -114.2 | -4.50
Peak Displacement
Maximum Minimum

Motion Force Displacement Force Displacement
xSylmar | [kN] | [Kips] | [mm] [in] [KN] | [Kips] | [mm] [in]
0.1 37.2 8.4 4.6 0.18 | -435 -9.8 -6.7 -0.26
0.2 745 | 16.8 9.6 0.38 | -83.2 | -18.7 | -12.4 | -0.49
0.4 119.8 | 26.9 184 | 0.72 |-1441 | -324 | -22.9 | -0.90
0.6 1321 | 29.7 | 219 | 0.86 |-168.5| -37.9 | -30.1 | -1.18
0.75 132.0| 29.7 | 228 | 090 |-175.1| -39.4 | -32.8 | -1.29
1 1409 | 31.7 | 27.1 1.07 |-200.2 | -45.0 | -44.6 | -1.75
1.25 1348 | 303 | 266 | 1.05 |-215.7| -48,5 | -53.3 | -2.10
15 128.4 | 289 | 247 | 0.97 |-2328 | -52.3 | -73.8 | -2.90
1.75 1450 326 | 318 | 1.25 |-2356| -53.0 | -92.3 | -3.64
2 151.4 | 34.0 | 349 1.37 |-245.2 | -55.1 | -109.8 | -4.32
2.125 |158.1| 355 | 36.9 1.45 |-236.7 | -53.2 | -113.1 | -4.45
2.25 1604 | 36.1 | 380 | 149 |-2324 | -52.3 |-117.0 | -4.60
2375 |150.7 | 339 | 332 1.31 |-196.5| -44.2 | -128.2 | -5.05
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Table 5-18 Measured Peak Forces and Displacement for Specimen ISH1.5T

Peak Force
Maximum Minimum
Motion Force Displacement Force Displacement
xSylmar | [kN] | [Kips | [mm [in] [KN] | [Kips] | [mm] [in]
0.1 35.2 7.9 2.5 0.10 -31.6 -7.1 -2.8 -0.11
0.2 68.0 | 153 | 5.9 0.23 -69.7 | -15.7 -6.5 -0.26
0.4 1059 | 238 | 109 | 043 |-120.0| -27.0 | -13.1 | -0.51
0.6 120.3 | 27.0 | 135 | 053 |-153.3| -345 | -18.3 | -0.72
0.75 131.5| 296 | 151 | 059 |-167.8| -37.7 | -20.9 | -0.82
1 169.0 | 38.0 | 240 | 094 |-210.0 | -47.2 | -31.7 | -1.25
1.25 1964 | 441 | 33.3 | 131 |-236.4| -53.1 | -45.1 | -1.78
15 217.0| 48.8 | 418 | 1.65 |-246.7 | -555 | -55.3 | -2.18
1.75 2175| 489 | 453 | 1.78 |-2504 | -56.3 | -66.9 | -2.63
2 236.6 | 53.2 | 53.8 | 212 |-251.2| -56.5 | -75.7 | -2.98
2.125 | 2456 | 552 | 635 | 250 |-2470| -555 | -78.8 | -3.10
2.25 251.1| 56.4 | 721 | 2.84 |-2428| -546 | -81.2 | -3.20
2375 | 251.7| 56.6 | 76.1 | 3.00 |-238.5| -53.6 | -83.8 | -3.30
2.5 2489 | 56.0 | 83.6 | 3.29 |-239.1| -53.8 | -90.3 | -3.55
2.625 | 2338 | 526 | 80.7 | 3.18 |-2320| -52.2 | -99.4 | -3.91
Peak Displacement
Maximum Minimum

Motion Force Displacement Force Displacement
xSylmar | [kN] | [Kips | [mm [in] [KN] | [Kips] | [mm] [in]
0.1 33.0 7.4 2.6 0.10 -30.8 -6.9 -3.0 -0.12
0.2 665 | 149 | 6.1 0.24 -69.7 | -15.7 -6.5 -0.26
0.4 102.3 | 23.0 | 11.1 | 044 |-120.0 | -27.0 | -13.1 | -0.51
0.6 1159 | 26.1 | 13.8 | 0.54 |-153.3| -345 | -18.3 | -0.72
0.75 131.5| 296 | 151 | 059 |-164.3| -36.9 | -20.9 | -0.82
1 167.3 | 376 | 242 | 095 |-210.0| -47.2 | -31.7 | -1.25
1.25 1964 | 441 | 33.3 | 1.31 |-236.4 | -53.1 | -45.1 | -1.78
1.5 213.4| 48.0 | 425 | 1.67 |-2451 | -55.1 | -56.3 | -2.22
1.75 216.2 | 48.6 | 45.9 1.81 |-248.0 | -55.8 | -67.6 | -2.66
2 234.3 | 52.7 | 559 | 2.20 |-248.3| -55.8 | -76.2 | -3.00
2125 | 2421 | 544 | 648 | 255 |-239.6 | -53.9 | -79.2 | -3.12
225 | 2468 | 555 | 735 | 290 |-2428 | -54.6 | -81.2 | -3.20
2375 | 2511 | 564 | 809 | 3.19 |-2329| -524 | -84.1 | -3.31
2.5 2466 | 554 | 838 | 3.30 |-232.7| -52.3 | -90.3 | -3.56
2.625 | 233.7| 525 | 824 | 3.25 |-229.3| -51.6 | -101.6 | -4.00
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Table 5-19 Distance of the Inflection Point Relative to the Top of the Column

Specimen
Motion ISH1.0 Motion ISH1.25 Motion ISH1.5 Motion ISH1.5T
[xSylmar]| [mm] | [in] | [xSylmar]|[mm]]| [in] | [xSylmar]|[mm]]| [in] | [xSylmar] [[mm]| [in]
0.1 762 ]30.0 0.1 1008 | 39.7 0.1 354 [13.9 0.1 489.9119.3
0.2 717 128.2 0.2 758 | 29.8 0.2 509 [20.0 0.2 552.4[21.7
0.4 691 |27.2 0.5 734 | 28.9 04 616 [24.3 0.4 656 |25.8
0.5 696 |27.4 0.75 777 | 30.6 0.6 682 [26.9 0.6 691.4(27.2
0.75 692 |27.2 1 819 | 32.3 0.75 688 |27.1 0.75 721.6(28.4
1 699 |27.5 1.25 830 | 32.7 1 800 [31.5 1 811.9(32.0
1.25 709 1279 1.5 823 | 324 1.25 880 [34.6 1.25 914.2(36.0
15 709 127.9 1.75 824 | 32.4 15 922 [36.3 15 950.1{37.4
1.75 702 127.6 2 820 | 32.3 1.75 949 [37.4 1.75 968 [38.1
2 726 128.6( 2.125 803 | 31.6 2 929 |36.6 2 982.8| 38.7
2.25 781 | 30.8 2.125 883 [34.8] 2.125 978 |38.5
2.375 667 | 26.3 2.25 880 [34.6 2.25 965.9(38.0
2.375 974 138.3] 2.375 965 [38.0
25 962.4[37.9
2.625 [1014[39.9
ht*/2= 737 129.0] ht*2= 800 | 31.5 ht*/2= 876 |34.5] ht*/2= 876 |34.5
* Clear Height of the Column
Table 5-20 Head Rotation in ISH1.0
Motion Force Displacement [Rotation
[xSylmar] | [kN] [Kips] | [mm] [in] | [Degree]
0.1 312 | -70 | -1.3 | -005 | 0.072
0.2 -59.6 -13.4 -4.0 | -0.16 0.056
0.4 -117.82| -265 | -9.2 | -0.36 | 0.159
0.5 -145.83 | -32.8 | -13.4 [ -0.583 0.213
0.75 [-191.53| -43.1 | -199| -0.78 | 0.320
1 -220.31| -495 | -28.8 [ -1.13 0.379
1.25 -229.11| -51.5 | -40.1 | -1.58 0.407
1.5 -236.56 | -53.2 | -53.2 [ -2.10 0.548
1.75 -241.29| -54.2 | -76.0 [ -2.99 0.499
2 -218.28 | -49.1 | -87.5 | -3.44 0.540
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Table5-21 Head Rotation in ISH1.25

Motion Force Displacement |Rotation
[xSylmar] | [KN] [Kips] | [mm)] [in] [Degree]
0.1 -23.5 -5.3 -2.1 -0.08 0.077
0.2 -49.9 -11.2 -4.4 -0.17 0.133
0.5 -144.7 | -32.5 -13.2 -0.52 0.307
0.75 -190.7 | -42.9 -21.2 -0.84 0.361
1 -217.9 | -49.0 -29.4 -1.16 0.415
1.25 -226.0 | -50.8 -34.3 -1.35 0.466
1.5 -235.1 | -52.9 -37.9 -1.49 0.402
1.75 -242.2 | -54.5 -45.4 -1.79 0.520
2 -250.5 | -56.3 -57.5 -2.26 0.533
2.125 -251.2 | -56.5 -61.6 -2.43 0.471
2.25 -247.8 | -55.7 -78.1 -3.07 0.520
2.375 -236.0 | -53.1 -93.9 -3.70 0.407
Table 5-22 Head Rotation in ISH1.5
Motion Force Displacement|Rotation
[xSylmar] | [KN] | [Kips]| [mm] | [in] |[Degree]
0.1 -45.0 | -10.1 | -6.1 | -0.24 | 0.087
0.2 -85.5 | -19.2 | -11.6 | -0.46 | 0.172
0.4 -144.3| -32.4 | -22.3 | -0.88 | 0.410
0.6 -168.5( -37.9 | -30.1 | -1.18 | 0.530
0.75 -176.6| -39.7 | -31.9 | -1.26 | 0.638
1 -207.1| -46.6 | -43.2 | -1.70 | 0.709
1.25 -217.5| -48.9 | -52.9 | -2.08 | 0.929
1.5 -237.5| -53.4 | -71.0 | -2.80 | 0.983
1.75 -243.4| -54.7 | -87.5| -3.44 | 1.101
2 -247.1| -55.6 | -98.5 | -3.88 1.129
2.125 |-252.6| -56.8 |-112.7| -4.44 | 1.078
2.25 -238.9| -53.7 | -107.4| -4.23 | 0.991
2.375 |-220.1| -49.5 |-114.2| -4.50 1.091
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Table 5-23 Head Rotation in ISH1.5T

Motion Force Displacement|Rotation

[xSylmar] | [KN] |[Kips]| [mm] | [in] |[Degree]
0.1 -31.6 | -7.1 | -28 | -0.11 | 0.085
0.2 -69.7 | -15.7 | -6.5 [ -0.26 | 0.187
0.4 -120.0( -27.0 | -13.1 | -0.51 | 0.323
0.6 -153.3| -345| -18.3 | -0.72 | 0.384
0.75 -167.8| -37.7 | -20.9 | -0.82 | 0.399
1 -210.0| -47.2 | -31.7 | -1.25 | 0.617
1.25 -236.4| -53.1 | -45.1 | -1.78 0.806
1.5 -246.7| -55.5 | -55.3 | -2.18 | 0.830
1.75 -250.4| -56.3 | -66.9 | -2.63 | 0.847
2 -251.2| -56.5 | -75.7 | -2.98 | 0.901
2.125 |-247.0| -55.5 | -78.8 | -3.10 | 0.893
2.25 -242.8| -54.6 | -81.2 | -3.20 | 0.876
2.375 |-238.5| -53.6 | -83.8 | -3.30 | 0.863
2.5 -239.1[ -53.8 | -90.3 | -3.55 | 0.893
2.625 |-232.0| -52.2 | -99.4 | -3.91 | 0.855

Table 5-24 Dynamic Properties from Low Level Elastic Response for Specimen I1SH1.0

Input Motion | Frequency | Period Stiffness
[x Sylmar] [HZ] [s] [Kip/in] | [KN/mm]
0.1 3.12 0.32 80 14
0.2 3.12 0.32 80 14
0.4 3.12 0.32 80 14
0.5 2.85 0.35 66 12
0.75 2.81 0.36 65 11
1 2.81 0.36 65 11
1.25 2.66 0.38 58 10
15 1.88 0.53 29 5
1.75 1.72 0.58 24 4
2 1.56 0.64 20 3
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Table 5-25 Dynamic Properties from Snap Ramp for Specimen ISH1.0

Snap Ramp
Motion Frequenc | Period Stiffness Damping
y

[xSylmar] [Hz] [s] [Kip/in] | [KN/mm] [%0]
0.1 2.95 0.34 71 12 3.5
0.2

0.4 NIA

0.5 255 | 039 | 53 | 9 4.42
0.75

1 N/A

1.25 215 | 047 | 38 | 7 5.96
15

1.75 N/A

2

Table 5-26 Calculated Dynamic Properties from Peak Force with the Corresponding

Displacement for Specimen ISH1.0

Motion Force Displacement Stiffness Freq. | Period
[xSylmar] | [Kips] [KN] [in] [mm] [Kip/in] | [KN/mm)] [HZ] [s]
0.1 7.0 31.2 | 0.05 1.3 142 25 4.17 0.24
0.2 13.4 59.6 | 0.16 4.0 86 15 3.24 0.31
0.4 26.5 117.8 | 0.36 9.2 73 13 3.00 0.33
0.5 32.8 145.8 | 0.53 134 62 11 2.76 0.36
0.75 43.1 1915 | 0.78 19.9 55 10 2.59 0.39
1 49.5 220.3 | 1.13 28.8 44 8 231 0.43
1.25 51.5 229.1 | 1.58 40.1 33 6 2.00 0.50
1.5 53.2 236.6 | 2.10 53.2 25 4 1.76 0.57
1.75 54.2 241.3 | 2.99 76.0 18 3 1.49 0.67
2 49.1 218.3 | 3.44 87.5 14 2 1.32 0.76
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Table 5-27 Dynamic Properties from Low Level Elastic Response for Specimen ISH1.25

Input Motion | Frequency | Period Stiffness
[x Sylmar] [HZz] [s] [Kip/in] | [kN/mm]
0.1 3.32 0.30 90 16
0.2 3.32 0.30 90 16
0.5 3.12 0.32 80 14
0.75 3.12 0.32 80 14
1 3.07 0.33 77 14
1.25 3.03 0.33 75 13
15 3.03 0.33 75 13
1.75 2.41 0.41 48 8
2 2.41 0.41 48 8
2.125 2 0.50 33 6
2.25 1.95 0.51 31 5
2.375 1.95 0.51 31 5

Table 5-28 Dynamic Properties from Snap Ramp for Specimen ISH1.25

Snap Ramp
Motion Frequency | Period Stiffness Damping
[xSylmar] [HZ] [s] [Kip/in] | [KN/mm] [%0]
0.1 3.13 0.32 80 14 3.9
0.2
0% N/A
0.75 305 | 033 | 76 | 13 | 6.30
1
1.25 N/A
1.5 273 | 037 | 61 | 11 | 735
1.75
2
2.125 N/A
2.25
2.375
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Table 5-29 Calculated Dynamic Properties from Peak Force with the Corresponding
Displacement for Specimen ISH1.25

Motion Force Displacement Stiffness Freq. Period
[xSylmar] | [Kips] | [KN] [in] [mm] | [Kip/in] | [KN/mm] | [HZ] [s]

0.1 5.3 23.5 | 0.08 2.1 63 11 2.77 0.36
0.2 11.2 49.9 | 0.17 4.4 65 11 2.82 0.35
0.5 325 | 144.7 | 0.52 13.2 63 11 2.77 0.36
0.75 429 | 190.7 | 0.84 21.2 51 9 2.50 0.40
1 49.0 | 217.9 | 1.16 29.4 42 7 2.28 0.44
1.25 50.8 | 226.0 | 1.35 | 34.3 38 7 2.15 0.47
15 52.9 | 235.1 | 1.49 37.9 35 6 2.08 0.48
1.75 545 | 2422 | 1.79 | 454 30 5 1.93 0.52
2 56.3 | 250.5 | 2.26 57.5 25 4 1.74 0.57
2.125 56.5 | 251.2 | 2.43 61.6 23 4 1.69 0.59
2.25 55.7 | 247.8 | 3.07 78.1 18 3 1.49 0.67
2.375 53.1 | 236.0 | 3.70 | 93.9 14 3 1.32 0.76

Table 5-30 Dynamic Properties from Low Level Elastic Response for Specimen ISH1.5

Input Motion | Frequency | Period Stiffness
[x Sylmar] [Hz] [s] [Kip/in] | [kN/mm]
0.1 2.81 0.36 65 11
0.2 2.66 0.38 58 10
0.4 2.5 0.40 51 9
0.6 2.5 0.40 51 9
0.75 2.34 0.43 45 8
1 2.34 0.43 45 8
1.25 1.8 0.56 27 5
15 1.56 0.64 20 3
1.75 1.56 0.64 20 3
2 1.56 0.64 20 3
2.125 1.41 0.71 16 3
2.25 141 0.71 16 3
2.375 1.17 0.85 11 2
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Table 5-31 Dynamic Properties from Snap Ramp for Specimen ISH1.5

Snap Ramp

Motion Frequency | Period Stiffness Damping
[xSylmar] [HZ] [s] [Kip/in] | [KN/mm] [%0]
0.1 2.60 0.38 55 10 4.24
0.2

0.4 N/A

0.6

0.75 219 | 046 | 39 | 7 6.36
1

1.25 N/A

1.5 188 | 053 | 29 | 5 7.73
1.75

2

2.125 N/A

2.25

2.375

Table 5-32 Calculated Dynamic Properties from Peak Force with the Corresponding
Displacement for Specimen ISH1.5

Motion Force Displacement Stiffness Freq. | Period
[xSylmar] | [Kips] [KN] [in] [mm] [Kip/in] | [kKN/mm)] [Hz] [s]

0.1 10.1 45.0 0.24 6.1 42 7 2.26 0.44
0.2 19.2 85.5 0.46 11.6 42 7 2.27 0.44
0.4 324 144.3 | 0.88 22.3 37 6 2.12 0.47
0.6 37.9 168.5 | 1.18 30.1 32 6 1.98 0.51
0.75 39.7 176.6 | 1.26 31.9 32 6 1.97 0.51
1 46.6 207.1 | 1.70 43.2 27 5 1.83 0.55
1.25 48.9 2175 | 2.08 52.9 23 4 1.69 0.59
15 53.4 2375 | 2.80 71.0 19 3 1.53 0.65
1.75 54.7 243.4 | 3.44 87.5 16 3 1.39 0.72
2 55.6 247.1 | 3.88 98.5 14 3 1.32 0.76
2.125 56.8 252.6 | 4.44 | 1127 13 2 1.25 0.80
2.25 53.7 238.9 | 4.23 107.4 13 2 1.25 0.80
2.375 49.5 220.1 | 4.50 114.2 11 2 1.16 0.86
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Table 5-33 Dynamic Properties from Low Level Elastic Response for Specimen ISH1.5T

Input Motion | Frequency | Period Stiffness

[x Sylmar] [HZz] [s] [Kip/in] | [kN/mm]

0.1 3.52 0.28 101 18

0.2 3.52 0.28 101 18

0.4 2.93 0.34 70 12

0.5 2.93 0.34 70 12

0.75 2.83 0.35 66 11

1 2.83 0.35 66 11

1.25 2.41 0.41 48 8

15 2.41 0.41 48 8

1.75 1.9 0.53 30 5

2 1.76 0.57 25 4

2.125 1.66 0.60 23 4

2.25 1.66 0.60 23 4

2.375 1.66 0.60 23 4

2.5 1.66 0.60 23 4

2.625 1.66 0.60 23 4

Table 5-34 Dynamic Properties from Snap Ramp for Specimen ISH1.5T

Snap Ramp

Motion Frequency | Period Stiffness Damping
[xSylmar] [Hz] [s] [Kip/in] | [KN/mm] [%]
0.1 3.03 0.33 75 13 5.61
0.2

0.4 N/A

0.6

0.75 273 | 037 | 61 | 11 | 6.14
1

1.25 N/A

1.5 244 | 041 | 49 | 9 | 721
1.75

2

2.125

2.25 N/A

2.375

2.5

2.625
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Table 5-35 Calculated Dynamic Properties from Peak Force with the Corresponding
Displacement for Specimen ISH1.5T

Motion Force Displacement Stiffness Freq. | Period
[xSylmar] | [Kips] | [kN] [in] [mm] | [Kip/in] | [KN/mm] [Hz]

0.1 7.1 31.6 0.11 2.8 65 11 2.82 0.35
0.2 15.7 69.7 0.26 6.5 61 11 2.74 0.37
0.4 27.0 |[120.0| 0.1 131 52 9 2.53 0.39
0.5 345 |153.3| 0.72 18.3 48 8 2.42 0.41
0.75 37.7 |167.8| 0.82 20.9 46 8 2.37 0.42
1 472 | 2100 | 1.25 317 38 7 2.15 0.47
1.25 53.1 |[236.4 | 1.78 45.1 30 5 1.91 0.52
15 55,5 | 246.7 | 2.18 55.3 25 4 1.77 0.57
1.75 56.3 | 250.4 | 2.63 66.9 21 4 1.62 0.62
2 56.5 | 251.2| 2.98 75.7 19 3 1.52 0.66
2.125 55,5 | 247.0| 3.10 78.8 18 3 1.48 0.68
2.25 546 |242.8| 3.20 81.2 17 3 1.44 0.69
2.375 53.6 |238.5| 3.30 83.8 16 3 1.41 0.71
25 53.8 | 239.1| 3.55 90.3 15 3 1.36 0.74
2.625 522 | 232.0| 391 99.4 13 2 1.28 0.78

Table 5-36 Comparison of Deflection at the Top Panel Nodes and Deflection at the
Bottom of the Head Specimen ISH1.0

RuUN Displacement at Nodes.7 and 8* | Bottom Head Displac_ement Lateral For.ce
[mm] [in] [mm] [in] [kN] | [Kips]

1 -0.02 0.00 -1.79 -0.07 -31.2 -7.0
2 -3.45 -0.14 -4.60 -0.18 -59.6 | -13.4
3 -7.02 -0.28 -9.16 -0.36 -117.8 | -26.5
4 -10.35 -0.41 -13.03 -0.51 -145.8 | -32.8
5 -16.64 -0.66 -18.89 -0.74 -191.5| -43.1
6 -25.00 -0.98 -27.39 -1.08 -220.3 | -49.5
7 -36.00 -1.42 -38.57 -1.52 -229.1| -51.5
8 -49.13 -1.93 -50.81 -2.00 -236.6 | -53.2
9 -70.88 -2.79 -73.93 -2.91 -241.3 | -54.2
10 -93.04 -3.66 -85.13 -3.35 -195.1 | -43.9

* Top nodes panel configuration (Figure 5-154)
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Table 5-37 Comparison of Deflection at the Top Panel Nodes and Deflection at the
Bottom of the Head Specimen ISH1.25

RuUN Displacement at Nodes 7 and 8* | Bottom Head Displagement Lateral For_ce
[mm] [in] [mm] [in] [KN] [Kips]

1 -1.36 -0.05 -1.92 -0.08 -23.5 -5.3
2 -3.17 -0.12 -3.80 -0.15 -49.9 | -11.2
3 -10.84 -0.43 -11.54 -0.45 -144.7 | -32.5
4 -17.08 -0.67 -19.26 -0.76 -190.7 | -42.9
5 -24.24 -0.95 -27.04 -1.06 -217.9| -49.0
6 -28.51 -1.12 -31.63 -1.25 -226.0 | -50.8
7 -32.29 -1.27 -35.66 -1.40 -235.1 | -52.9
8 -39.20 -1.54 -42.47 -1.67 -242.2 | -54.5
9 -50.21 -1.98 -54.43 -2.14 -250.5 | -56.3
10 -54.75 -2.16 -58.94 -2.32 -251.2 | -56.5
11 -69.26 -2.73 -75.10 -2.96 -247.8 | -55.7
12 -94.16 -3.71 -104.41 -4.11 -193.0 | -43.4

* Top nodes panel configuration (Figure 5-154)

Table 5-38 Comparison of Deflection at the Top Panel Nodes and Deflection at the
Bottom of the Head Specimen ISH1.5

RuUN Displacement at Nodes 7 and 8* | Bottom Head Displgcement Lateral Forge
[mm] [in] [mm] [in] [kN] [Kips]
1 -3.42 -0.13 -5.66 -0.22 -45.0 -10.1
2 -7.77 -0.31 -10.55 -0.42 -85.5 -19.2
3 -16.28 -0.64 -19.83 -0.78 -144.3 -32.4
4 -22.39 -0.88 -26.84 -1.06 -168.5 -37.9
5 -24.74 -0.97 -28.01 -1.10 -176.6 -39.7
6 -34.58 -1.36 -38.84 -1.53 -207.1 -46.6
7 -43.01 -1.69 -47.15 -1.86 -217.5 -48.9
8 -60.44 -2.38 -64.97 -2.56 -237.5 -53.4
9 -75.24 -2.96 -80.68 -3.18 -243.4 -54.7
10 -85.30 -3.36 -91.50 -3.60 -247.1 -55.6
11 -97.77 -3.85 -106.11 -4.18 -252.6 -56.8
12 -93.51 -3.68 -101.31 -3.99 -238.9 -53.7
13 -113.22 -4.46 -107.46 -4.23 -220.1 -49.5

* Top nodes panel configuration (Figure 5-154)
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Table 5-39 Comparison of Deflection at the Top Panel Nodes and Deflection at the
Bottom of the Head Specimen ISH1.5T

Run

Displacement at Nodes 7 and 8*

Bottom Head Displacement

Lateral Force

[mm] [in] [mm] [in] [KN] [Kips]
1 -2.95 -0.12 -2.22 -0.09 -31.6 -7.1
2 -5.57 -0.22 -5.31 -0.21 -69.7 -15.7
3 -10.74 -0.42 -11.03 -0.43 -120.0 -27.0
4 -14.74 -0.58 -15.90 -0.63 -153.3 -34.5
5 -17.16 -0.68 -18.37 -0.72 -167.8 -37.7
6 -25.52 -1.00 -27.88 -1.10 -210.0 -47.2
7 -37.41 -1.47 -40.09 -1.58 -236.4 -53.1
8 -46.77 -1.84 -50.08 -1.97 -246.7 -55.5
9 -57.08 -2.25 -61.61 -2.43 -250.4 -56.3
10 -64.97 -2.56 -70.12 -2.76 -251.2 -56.5
11 -68.46 -2.70 -73.19 -2.88 -247.0 -55.5
12 -70.56 -2.78 -75.76 -2.98 -242.8 -54.6
13 -73.28 -2.89 -78.43 -3.09 -238.5 -53.6
14 -79.11 -3.11 -84.71 -3.34 -239.1 -53.8
15 -89.61 -3.53 -101.65 -4.00 -229.3 -51.6

* Top nodes panel configuration (Figure 5-154)

Table 5-40 Shear Deformation for Individua Panel for the Predominant Direction of
Motion Specimen ISH1.0

Run Shear Deformation [% AsT*]
No | Panel 1| Panel 2 |Panel 3| Panel 4
1 9% 13% 33% 44%
2 7% 18% 39% 36%
3 10% 14% 32% 44%
4 13% 17% 34% 37%
5 13% 17% 29% 41%
6 21% 16% 21% 42%
7 23% 17% 17% 43%
8 24% 15% 16% 45%
9 27% 13% 16% 44%
10 28% 10% 20% 43%

* Shear deformation at the top of the column
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Motion Specimen ISH1.25

Table 5-41 Shear Deformation for Individual Panel for the Predominant Direction of

Run Shear Deformation [% AsT*]

No Panel 1 | Panel 2 | Panel 3 | Panel 4
1 14% 11% 26% 49%
2 21% 8% 30% 41%
3 38% 8% 14% 41%
4 50% 15% 2% 32%
5 35% 17% 12% 37%
6 32% 16% 15% 37%
7 32% 16% 15% 36%
8 36% 16% 11% 38%
9 40% 14% 7% 40%
10 41% 14% 5% 40%
11 42% 12% 5% 40%
12 50% 5% 6% 39%

* Shear deformation at the top of the column

Motion Specimen ISH1.5

Table 5-42 Shear Deformation for Individual Panel for the Predominant Direction of

Run Shear Deformation [% AsT*]

No Panel 1 | Panel 2 | Panel 3 | Panel 4
1 25% 22% 22% 31%
2 29% 20% 20% 31%
3 35% 25% 6% 34%
4 26% 25% 13% 37%
5 26% 26% 11% 36%
6 35% 29% 5% 31%
7 36% 26% 7% 31%
8 45% 17% 3% 36%
9 42% 13% 8% 37%
10 42% 13% 7% 38%
11 49% 9% 9% 43%
12 58% 8% 12% 40%
13 45% 9% 11% 35%

* Shear deformation at the top of the column
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Table 5-43 Shear Deformation for Individual Panel for the Predominant Direction of
Motion Specimen ISH1.5T

Run Shear Deformation [% AsT*]

No Panel 1 | Panel 2 | Panel 3 | Panel 4
1 16% 20% 27% 37%
2 27% 20% 25% 28%
3 47% 23% 16% 14%
4 46% 23% 18% 13%
5 39% 21% 21% 19%
6 31% 17% 28% 24%
7 25% 14% 34% 28%
8 29% 14% 32% 26%
9 35% 13% 28% 24%
10 38% 13% 25% 23%
11 40% 13% 24% 23%
12 40% 13% 23% 24%
13 41% 12% 23% 24%
14 41% 11% 23% 25%
15 40% 10% 25% 26%

* Shear deformation at the top of the column

Table 5-44 Flexural and Shear Deformation Percentages for Specimen ISH1.0

Motion OOt Os/0T
[xSylmar] [%] [%]

0.10 57% | 43%
0.20 59% | 41%
0.40 56% | 44%
0.50 63% | 37%
0.75 65% | 35%
1.0 75% | 25%
1.25 78% | 22%
1.50 81% | 19%
1.75 81% | 19%
2.0 76% | 24%
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Table 5-45 Flexural and Shear Deformation Percentages for Specimen ISH1.25

Motion SISt | Ss/d7
[xSylmar] | [%] [%]
0.10 82% | 18%
0.20 76% | 24%
0.50 80% | 20%
0.75 84% | 16%
1.0 78% | 22%
1.25 76% | 24%
1.50 76% | 24%
1.75 77% | 23%
2.0 78% | 22%
2.125 80% | 20%
2.250 82% | 18%

Table 5-46 Flexural and Shear Deformation Percentages for Specimen ISH1.5

Motion 3ildr | Os/O7
[xSylmar] [%] [%]

0.10 87% 13%
0.20 87% 13%
0.40 85% 15%
1.0 83% 17%
1.25 84% 16%
1.50 86% 14%
1.75 83% 17%
2.0 82% 18%
2.3125 83% 17%
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Table 5-47 Flexural and Shear Deformation Percentages for Specimen ISH1.5T

Motion ot | Os/OT
[xSylmar] [%] [%]
0.10 65% | 35%
0.20 63% | 37%
0.40 78% | 22%
0.60 78% | 22%
0.75 75% | 25%
1.0 72% | 28%
1.25 65% | 35%
1.50 66% | 34%
1.75 69% | 31%
2.0 71% | 29%
2.125 70% | 30%
2.25 68% | 32%
2.375 69% | 31%
2.5 68% | 32%
2.625 68% | 32%
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