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ABSTRACT

This study examined the effects of the mechanical properties of high-strength reinforcement
on the seismic behavior of concrete walls. The primary variables were the yield strength f;, and the
tensile-to-yield strength ratio f;/f,,. Two large-scale T-shaped structural walls were subjected to
reversed cyclic loading to assess their strength and deformation capacity. Test results were
compared with data from walls recently tested by Huq et al. (2017) at The University of Kansas to
evaluate the influence of the uniform elongation &g, and the fracture elongation &, in addition to f,
and f;/f, of high-strength reinforcement, on the deformation capacity of concrete walls subjected to

reversed cyclic displacements.

Two walls were tested, one with Grade 120 (830) reinforcement (Wall T5), the other with
Grade 100 (690) reinforcement (Wall T6). Confined boundary elements were provided at the three
tips of the T section to concentrate the main flexural reinforcement (No. 6 or 19 mm bars) enclosed
by No. 3 (10 mm) hoops. Outside the boundary elements, No. 4 (13 mm) bars were used as
longitudinal and transverse reinforcement. The nominal concrete compressive strength of 8 ksi (55
MPa) and wall dimensions were kept constant in both specimens with a wall thickness of 10 in. (25
mm) and height-to-length ratio of 3. Wall stem and flanges were 100-in. (2540-mm) long. The axial
load was limited to the self-weight and the weight of the testing apparatus. The T-shaped cross
section allowed a shallow neutral axis depth (within the flange) at flexural nominal capacity and
induced large tensile strain demands in the main flexural reinforcement (within the stem). The

specimens were designed such that flexural behavior controlled their response inducing a maximum

shear stress of approximately 44/ f;, psi (0.33+/f;, MPa). The design of the specimens complied with
ACI Building Code (ACI 318-14) and incorporated the additional detailing recommendations in ATC

115 for Grade 100 reinforcement.
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Wall T6 with Grade 100 (690) reinforcement had similar strength and deformation capacity
to the four walls tested by Huq et al. (2017) at The University of Kansas with Grade 60 (420)
reinforcement in T1 and Grade 100 (690) reinforcement in T2, T3, and T4. These walls had a drift
ratio capacity not less than 3% if the tensile-to-yield strength ratio ( f;/f, ) of the flexural
reinforcement was greater than 1.18, the uniform elongation (&;,) was greater than 6%, and the
fracture elongation (&s¢) was greater than 10%. Wall T5 had a drift ratio capacity of 2.3% with Grade

120 (830) reinforcement having f;/f, = 1.32, &g, = 5.3%, and &5 = 8.6%.

Moment-curvature analyses were conducted to support the development of closed-form
solutions for estimating the deformation capacity of the walls and strain demands on reinforcing bars
and concrete. Formulations were derived to include deformations due to shear and strain
penetration (or bond slip) to provide conservative (safe) estimates of deformation capacity and

strain demands.

iv



ACKNOWLEDGMENTS

Primary financial support for the experimental program was provided by Commercial Metals
Company and MMFX Technologies Corporation. Additional support was provided by the Ministry of
Education of the Government of El Salvador through a FANTEL “Talento Salvadorefio” scholarship

and by the Universidad Centroamericana “José Simeén Cafias”.

[ would like to express my eternal gratitude to the hands that got dirty to make possible this
project. A special thanks goes to the Laboratory Coordinator David Woody and the Laboratory
Technologist Kent Dye for their support throughout the construction and demolition of the
specimens. [ am also very grateful to undergraduate students involved in the project: Samantha Sosa,
Peter Madrigal, Jesus Leos, Lilly Scott, Jhonatan Batrez, Bruno Soria, Eslam Elattar, and Logan

Yanisch.

Thanks are due to my peer graduate students for their help and advice during the
experimental work, specially Ashwin Poudel and Eduardo Guillen. Particular thanks to Samir Yasso
for his bright and practical solutions to technical issues found during the construction of the
specimens. Special appreciation is also expressed to Mohammad Sajedul Huq who shared his
technical expertise and to Alexander Weber-Kamin for his friendship, companionship, goodness, and
sense of humor. This endeavor could not have been possible without the friendship of Abdalkader
Al-Sabawy, Muna Hano, Chaohui Li, Ryan Landreneau, Amin Najvani, Shahedreen Ameen, Ali Ajaam,

Danqing Yu, and Luay Nazzal.

[ express my sincere gratitude to my advisors, Dr. Andrés Lepage and Dr. RéEmy Lequesne
for their guidance, comments, and patience throughout this research endeavor and for letting
me be part of their research group as an apprentice. The long discussions we had together helped

shape my understanding of the behavior of reinforced concrete structures. Their willingness to



share their knowledge and expertise is fully appreciated. I also would like to thank the other
committee members: Dr. Matt O’Reilly, Dr. Masoud Darabi, and Dr. Juan Bravo-Sudrez for their

time and comments that helped improved the manuscript.

Finally, my joy shows no bounds to express my gratitude to my lovely wife Esmeralda
and daughter Amelia for their encouragement and unconditional support throughout my studies.

Their love, smiles, company, patience, and time, gave me strength to accomplish this life goal.

vi



TABLE OF CONTENTS

ABSTRACT ..oeeveuseeeesmseeesssseeesssseesesssseesesssseesessssesessssseseessaseseess s e 8188214 E 1R R R R SRR S R S RS EREeERR e iii
ACKNOWLEDGMENTS ...oiitrierisssssssssssssssessssssssssssssssssssssssss s ssssssssssssssssssss s sss s s s s s s bbb s ssssssssssssssssens \4
LIST OF TABLES.....ooeetueeeeetuseeeessssesesssssesesssssesesssssesesssssesesssssesesssssesesssssesssssssesesssssesessssse s sssss s osssss s ssssssssssssssesssssssesesssssssssssssesssssssessssssssssassans X
LIST OF FIGURES ..o tettrcertsssssssssssssssssssssssssss s ssssssssssss s ssss s sss s8R RS S R R0 ES xii
1 INTRODUCTION .ooueeeeeueeeesssseeeesssseesessssessessssessessssesssssssesssssssessessssessessssessesssssssesssssssessssssssssssesessssseseessssessessssesssssasssessssassessasssessasaesess 1
1.1 ProbIem STATEIMENT couuicerercersesssssesssssesssssssssssssesssss s ssss s s s R SRR AR RS S RS R R R R R R 1
1.2 ODJECLIVES AN SCOPE..curievuiereersrerissers st s s s ss RS SRs RS RRERRERRRRSRRSRRRRRR 2
1.3 (00 oD oD/ U (o) VOO PPN 3

2 PREVIOUS STUDIES......cccutsteeuusseessssesesssssesesssssesesssssesesssssesssssssesssssssesssssssesssssssesssssssesssssssasssssssesssssssesssssssesssssssessssssssessssssesssssasssssss 5
2.1 LN =) o4 U= 5
2.2 L3 e B 0 ) oo Y T PP 6
2.3 Concrete Members with High-Strength Reinforcement.....ceceeresssessesssesssessssssssssssssssees 7
2.4 High-Strength Reinforcement in Building COAES ......mnenerneneeseesseessessssssssesssssssssssssssssssssssssssssssssssns 9

3 EXPERIMENTAL PROGRAM ....ociiiirsssrssssssssss s ssssssssssssssssssssss s sss s sss s sss s ssssssssssssssssssssssssssasssssssaneses 12
3.1 DESIGN Of SPECIINEIIS coouveeseeureseerseesseeseesssess e s sssesssse s s s s e E R R R RS AR AR R R R R AR 13
3.2 L ) oY I o 0] 01 0 L= PP 14
3.3 (000 13 0 b o1 10 0T A0 0 1= 4 1= o -0 PRN 15
34 TEST SEEUP. oottt 16
7K 30 SN D 11105 o1 015 (o) o U0 PP 16

342  INSTTUMENEATION ittt RS RS RS R R R R 17

R J 0 T 1o o 3 Yo o 0] 0 Yo o ) PP 19

4 EXPERIMENTAL RESULTS .ooieeetureeesseseesssssesssssesesssssesesssssesesssssesesssssesesssssesesssssesesssssssesssssssessassesesssssesesssssesesssssesssssssesesssssseeses 20
4.1 Measured Shear Versus DIift RAtI0 ... sssssssssssssssssssssssssssssssssssssssssssssssssssssas 20



4.2 LD 0o Tl g 0T a T () o VO 22
4.3 ReINfOICEMENT STEAINS .. iivuruiresserssssssssss s s ARSERRR AR R RS RRR 24
4.3.1 Stem Longitudinal ReINfOICEMENT. ... ssssssssssssssanes 25
4.3.2 Flange Longitudinal REINfOTCEIMENT ........ieuureeeeesnseesseessssesssssesssssesssesssssessssssssssesssssesssssessssssssssesssssesssssesssssesssanes 27
4.3.3  Transverse ReINfOICOMENT. .. b s b e 28
4.3.4 Reinforcement Strain COMPATISOMNS ....rierreressssssssssssss st ssssssssssssssssssssanes 29
4.4 L0003 103 /=1 1IN o iV 0PN 30
441 Stem Longitudinal SErainS .. seeesneesssesssessssesssessssessssesssessssesssssssessssssssssssssssessssessssesssessssesssssssessans 31
4.4.2  Flange Longitudinal STrains....erierssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssanes 34
4.4.3 Concrete Strain COMPATISOILS .. ierieseessessssssesssesssessssssssssesssesssssssssssssssssssssessse s sssss s s s ss s sasnes 35
4.5 DIIft COMPOIEILS ..cooureeeuseeesseessseessseeessseessssesssssesssssesssssesssssasssssesssssesssssessssssesssssssssesssssesssssesssssessssesssssesssssasesssesesssesesssesssssases 37
4.5.1  Shear COMPONENT .ccuuiuueeeeesssseessseesssssssessssssssasssssssssesssssssssssssssssssssassssassssssssassssessssssssassssssssassssasssesssssssssssssesssssssssesssansans 37
4.5.2  Base Shearing COMPONENL ... ceeeeeesseesseesssessssesssassssssssessssesssessssessssssssessssessssssssessssessssssssasssessssassssssssassssssssssssassans 40
4.5.3  FLeXUIal COMPONENT...cuieuicriereerseeseeesseesssesssessssessseesssessssesssessssesssessssessssesssessssessssesssessssesssessssesssessssesssesssessssessssesssessans 41
4.5.4 Base OPENiNgG COMPONEINT ..uwuuurerueeesseessseesssesssssesssssesssssesssssesssssesssssesssssesssssessssssssssesssssesssssesssssessssesssssesssssesssssesssanes 43
4.5.5  Drift COMPONENT COMPATISOMIS. cuuuirrurreresierssisssssssssssssssss s ssssssssssssssssssssssssss s ssss s sss s sasssasanes 44
4.6 L0810l Q1A T L o 3O 46
4.7 WAl EIONGATION covurrerureerseeenssessseeesssesesssesssssesssssesssssesssssesssssesssssesssssesssssesessssssssssssss s ssssesssssesesssesessssssssesssssesesssesssssesssssesssasenes 47
4.8 WAl SUEIIESS ceoueeereerueerseeessetssssssssssss s sss st ss s bbb RERRERRERR e RaeRRR0E 49
4.8.1 Effective Initial StIffNeSS. . 49
4.8.2  UNIOAAING STENESS ..rvuuereuseeeueeerseeessseessseessssesssesssssesssssesssssssssssesssssesssssesssssesssssassssssssssesssssesesssessssssssssesssssesssssasssssesssasas 51
4.9 HYSTEIEtIC BENAVIOT .vuevreerevecseesssssssssssssssssssssssesssssssss s sssssssss st sssssssssssssssssssssssssssssessssssssassssssssssssssssssssssssssssssssssssnes 52
4.9.1  TaKeda MO L. ... 52
4.9.2  ENEIZY DiSSIPAtION..ciiuuieueceieseerseesseessseesseeessessssessseesssessssssssessssesssessssessssesssessssassssesssessssssssessssesssessssessssesssessssessssesssessans 53
4.9.3  MOAElING PATAIMETET'S ....couuieeuseerueeesseesssesssssesssesssssesssssesss s ss s ss s ss s sss s sss s s e R R 54
WALL RESPONSE COMPARISONS.......ooouureermmreesmsssesssssessssssssssssssesssssssesssssssesssssssesesssssesssssssesssssssssssssssssssssesssssssessssssssssssases 56
5.1 Wall PrOPEITIES ..oicerercerisescssiessssssssssssssssssssss s ssss s sss s bbb R0 56




5.2 SHear VEISUS DIUft RATIO ...ttt ssssssse s ssssssssss bbb ssssssssss s b sss st s s s s b s sessssssssssssnssessasses 58

5.3 Reinforcement STrain ENVEIOPES ... ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 59
5.4 ConCrete Strain ENVEIOPES. ...t sssss s s sssss s ssssssssssss s sssssssasssenas 60
5.5 DEfOrMAtION COMPOTIENTS ..ocuurieeurrersseesssesessseessseessssesssssesssssesssssasssssesssssessssssssssesssssesssssessssses s s b s s b st e b e b basenesas 61
5.6  Effective initial stiffness and Unloading SHNESS ......cceeerrereemessesssessssesssssssssssessssesssesssssesssssssssssesssanes 61
5.7 L3 A1) 30 Uo7 4 =14 (o) o PPN 63
ESTIMATES OF DEFORMATION CAPACITY AND STRAIN DEMANDS .....ooeemreerreeessseessssssessssssssesssssesessaseees 64

6.1 L T3 o T 1Y 016 1= U 64
6.1.1 Concrete Stress-Strain RelationNShiPs .. ceeerseessssessssssesssssssessssssssssssessssssssssssesssssssssssssssssassssssssssens 64
6.1.2  Steel Stress-Strain RelationNShiPs ..o eeeeeseceeeseesseessseesssssssesssesssesssssesssesssesssssssssssssssssssssesssesssessssesssseens 65

6.2 MOMENE-CUIVATULE ANALYSIS vuureriernersseesinsessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssssssssssssssssssssssssssnns 65
6.2.1  COMPULEA RESULLS ..eeueeereesreeseceseesseesssesssessseesseesssessssesssessssesssss s s sss s s e RseEEeER et R bbbt 66

6.3 DiSPlACEIMENT CAPACILY cevuveerrrerseesseessreeseessesssessssesseesssessseesssessssesssessssessssesssessssessssesssessssesssessssssssessssessssesssessssssssesssessssssssees 68
6.3.1  ANALYTICAl MOUELS ..cevureerereiseeessresssesssessss s ss s s s s s sssssssss s sssssssssssasssssssssssssssssnssssssssssssssssssssssssssssssseses 68

6.3.2  COMPULEA RESUILS ..couvcveiereieretessess s sesss s ss s s s s bbb aRaEEn 72

6.4 SEraIN ESHIMALES vttt bbb bbb 73
6.4.1  ANALYTICAl NOAELS ..rvrreeierseresecessressseress s ss s ess s S sEeR st 73

6.4.2  COMPULEA RESUILS ..couviveiereierseceseess s sesss st ss s s s RaRE 75
CONCLUDING REMARKS.......corueeerrmeeessmsesessssesesssssssssssessssssssssssssssssssassssessassssessssssessasssessasesssssssesssssssessessasesssssasessessasessessaseses 76
REFERENCES......ccoottettueetetssesessseeeessssesesssssesssssses st essss e ssss s ssss 5588 E 8RR R SRR 79
TABLES .ooeeeeeteetseeeessseseessssesesssssesesssssesessssesssssssesesssss e ssss s8R R8RSR RS RR RS RR R R R R R R 89
20 (€0 0 PR 117
APPENDIX A: NOTATION ...oouteeeeuseeeessseeeessssesesssssesesssssesssssssesssssssesssssssesesssssesesssssesssssssesesssssessssssssssssssssssssssssssssesssssssssssssessssssessssanas 318
APPENDIX B: POST-YIELD STRAIN PENETRATION .....oosmiernrirsssssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssssssssssnes 325



LIST OF TABLES

Table 1 - Summary of required mechanical properties for deformed reinforcing bars in ASTM standards...... 90
Table 2 - Historical development of high-strength steel as concrete reinforcement.........cooeneenseeenseesneesseeennes 90
Table 3 — SUMMATY Of tEST PIOZIAIM. ... ceuueeeeseeesseeessseeesssesesssesssssesssssesssssesssssesssssesssssassssseesss s s ER s E SRRt E et E b 92
Table 4 — LOAAING PIOTOCOL ...couieeeeeecriiessseessssessssssss s sss s ss s bbb s seRRRR R R R R R R R S R 93
Table 5 - Computed nominal fleXural SEFENZLN ... ss s sesss s s b s erssessrans 94
Table 6 - Dates for specimen casting and tESTING ... ssarans 95
Table 7 — Proportions fOr CONCIELE MIXEUTE ... uieruerereeessesssssessssesssssesssssssssssasssssesssssssssesssssesssssssssssssssesssssesssssasssssesssssesssans 96
Table 8 - Concrete strength measured at tESt AAY ... essrans 97
Table 9 — REINfOrCING SLEEL PrOPEITIES. ..ccuieeureeeeeesreeseesseessesssesssesssessssesssesssesssssss s ssses s ees bR ARt s s b ases b s s aensas 98
Table 10 - Maximum measured shear force and drift Fatio..... e ———————— 99
Table 11 - Drift cycle and bar location where bar buckling or bar fracture first occurred........oocoumeenseeerseersneenns 100
Table 12 - Secant stiffness from measured shear-drift ENVEIOPE ......ccmenmeineimnesnsesssssessssssssssssssssssssssssssssens 101
Table 13 - Wall data for cracked stiffness calculation ... ———————— 102
Table 14 - Unloading stiffness derived from measured shear versus drift ratio ... 103
Table 15 - Modeling parameters for NONINEAr ANAlYSIS ... reeresneeseersneesseesseessesssesssssssesssessssssssesssssssssssssssssssssss 104
Table 16 - Measured concrete strength at test day for walls tested at The University of Kansas.......cccuweoneeen. 105
Table 17 - Reinforcing steel properties for walls tested at The University of Kansas........eneesssessneenns 106
Table 18 - Computed nominal flexural strength for walls tested at The University of Kansas ... 107
Table 19 - Stress-strain parameters fOI CONCTELE ... s ssr s raesens 108
Table 20 - Stress-strain parameters for reinforcing StEEL......o s ssssssesssssesssssssssssssssesess 109



Table 21 - Maximum measured shear force and drift ratio for walls tested at The University of Kansas........ 110
Table 22 — MOMENT-CUIVATULE QALA. ... irrueerreerssessssssssesssssesssssssssssesssssssss s sssssssssssssssssssssssss s sssssssssss s s s p s ssasesens 111
Table 23 - Plastic hinge length fOr MOAE] B ... eeeeeessesssssesssssssssessssssssssssessssssssssssssssssssssesssssssssssesssssesssssesses 112

Table 24 - Deformation capacity determined using Model A1 based only on flexural deformations (concrete

compressive Strain lHMIted t0 0.015) .cieeeereesseersseessseessessssesssesssessssessssssssessssesssessssassssssssassssesssassssesssesssasssssssssssssassssssssnees 113

Table 25 - Deformation capacity using Model B1 based only on flexural deformations (concrete compressive

STFAIN HMIEEA £0 0.015) couuieuierseeesecessesssseess s sesss s sss e sas s s bR RERRERR RS ERR RS SRReRaRE 114

Table 26 - Deformation capacity using Model A2 based on flexure, shear, and strain penetration (concrete

compressive Strain lMIited t0 0.015) eiesisssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssssssssssssssssassssssssnsss 115

Table 27 - Deformation capacity using Model B2 based on flexure, shear, and strain penetration (concrete

compressive Strain lMite@d t0 0.015) . rereeeseesssseessseesssesssssesssssssssssessssssssssssssssesssssesssssassssssssssesssssesssssesesssesssssesssssesssssns 116
Table B.1 - Strain penetration amplification factor ag, based on Eq. B.12 s 331
Table B.2 - Strain penetration amplification factor ag, based on EQ. B.12. s 332

Xi



LIST OF FIGURES

Figure 1 - Percentage of COSt PEr DUILAING LYPE ..vceureemeeerneeermeeessesssneessseessseesssesssssssssssssssessssssssssssssssesssssesssssesssssesssssessssnens 118
Figure 2 - Failures in reinforced concrete structural walls after the Maule (Chile) 2010 earthquake............... 118

Figure 3 - Failures in reinforced concrete structural walls after the Christchurch (New Zealand) 2011

CATTIUAKE ..vvevcveeeseeesssssssseesss st s s ss e s s s s S 8RR SRR R 118
Figure 4 - Reinforcement layout for Wall T5 and TO.......ccemeneeneeenmeessesssessesssessssssssssssssssssssssssssssssssssssssssssssssssassssssseses 119
Figure 5 - Confined boundary element in stem of T5 and T ......ccoeeneerneereesneesseesssessssesssesessesssssssssesssssssssens 120
Figure 7 - Reinforcement data and wall SECtION PrOPEItIEsS ... eereeeeenmeessessseerseessessssesssesssessssssssesssssssssssessssesssssssseses 121
Figure 8 — TYPICal Wall €1EVATION. ... ieerereerereeesssesssesssseess e ess s ess s esss s ss s s s s e b s 122
Figure 9 - Illustration of loading protocol described in Table 9. sssessesssesssssssssssseees 123
Figure 10 - Measured stress versus strain for NO. 6 (19) Dars.....ceeereesessesssesssssssssssssssssssssssssssssssssens 124
Figure 11 - Measured stress versus strain for N0O. 4 (13) Dars....sesssssssssssssssssssssssssans 125
Figure 12 — CONSTIUCTION STAGES ..covruirrireesiesisseessessessssssssssssssssssssssss s s ssss s s s s s 127
FIGUIE 13 — TOST SELUP coovieirissisissssssssssssssss s ss b s s bbb SRS RREERRREERR RS R bR 128
Figure 14 - Steel spreader beams below laboratory strong floor for base block hold-downs.........cccccneeeserernnes 129
Figure 15 - Wall instrumentation (elevation view of Wall StEIM) ... ssssssssssssssssssssens 130
Figure 16 - Wall instrumentation (elevation view of Wall flange) ........ccuweenmeeernmeeemmeesneesssmsesssssessssessesssssessssesssess 131
Figure 17 - Locations of optical markers 0n Wall STEIM........cerereeessssssssssss s sssssssssssssens 132
Figure 18 - Locations of optical markers on Wall flaNge ........ceeereeeereeesseeesseessssessssesssssesssessssesssssesssssssssssessssees 132

Figure 19 - Plan view of base block indicating locations of optical markers, B1 through B9 and S1

£ 00 010 = o OO TP 133

Figure 20 — Strain gauge 10CatiONS IN T5..... i eeessseessseessssesssssssssssssssssssesssssesssssesssssessssssssssesssssssssssesssssesssssesssssesssasesssans 134



Figure 21 — Strain gauge 10CatioNSs IN TO......ceeereeeeessreesseesssessseessessssesssesssessssesssessssessssssssessssssssessssessssesssesssssssssssssessssssssees 135

Figure 22 — Shear versus drift ratio fOr T5 ... sssssssssssssssans 136
Figure 23 — Shear Versus drift TAtio fOT TO ... ceeeesesesessssnessssessssesssssssssesssssessssssssssssssssssssssesssssesssssesssssesssssesssasess 136
Figure 24 - Shear versus drift ratio for T5 indicating fracture of longitudinal bars........cn. 137
Figure 25 - Shear versus drift ratio for T6 indicating fracture of longitudinal bars.......cneeneeesneeesneeesnnees 137
Figure 26 — Map Of DUCKIEA DAT'S ....ccuueeeeceesrcrieesssessssssssessssssssssssssssssssssssssssesssssssssesssssessssssssssssssssesssssssssssesssasesssssesssssesssasesssans 138
Figure 27 — Map Of fTACUTEA DAT'S ...cvueeeeeeeereeseeeseeseessseesssessssssssesssssssessssessssssssassssessssssssassses s ssssasssessssessssesssassssessssssssassssssssnees 138
Figure 28 - Wall T5 at 1% drift ratio (SECONA CYCLE) cuuuerrermrerreereerseeesssessseesssesssseess s sssssssssesssssessssssssssesssasesssans 139
Figure 29 - Wall T6 at 1% drift ratio (SECONA CYCIE) ... 139
Figure 30 - Wall T5 at 2% drift ratio (SECONA CYCLE) cuuurrermrrerreerseerseeessessseesssesssseesssssess s ssssssssesssssessssesssssesssasssssans 140
Figure 31 - Wall T6 at 2% drift ratio (SECONA CYCIE) ... sssress 140
Figure 32 - Wall T5 at 3% drift ratio (firSt CYCLE) ..uerrerieereesssesessseessssesssssesssessssessssssssssesssssssssssesssssesssssesssssesssasesssans 141
Figure 33 - Wall T6 at 3% drift ratio (SECONA CYCIE) ... 141
Figure 34 - Wall T5 at 4% drift ratio (firSt CYCLE) .mmeermeeerreeesssesssseesesssesssssssessssssessssssssssssssssssssesssssssssssssaeeses 142
Figure 35 - Wall T6 at 4% drift ratio (firSt CYCLE) . ssrsssssesssans 142

Figure 36 - Wall T5 without buckled bars in confined and unconfined stem during second cycle to 2% drift

Tatio (STEM IN COMPIESSION) vvurrurreriressiessessssssessssssssssssssssesssssssssssssess s ssses s st ssses s RS es RS R bR 143

Figure 37 - Wall T5 with fractured bars in confined and unconfined stem during first cycle to 3% drift ratio

(SEEIIL H11 EEIISION ) wevreeuseesuseeesseessseeessseeesssesessses s st ss e ss e es s RS RS E SRR R E 8RR EE SRR AR RS R SRR R E 0 143

Figure 38 — Wall T6 with buckled bars in confined stem during second cycle to 3% drift ratio (stem in

COTTIPTESSION) rvvurereeuseessseeessseessseesssesesssesssssessssessssesesssesesssesesssesssssesssssesssssesssssesssssesssssessssesssssesssssesssssesssssesssssessssssssssesesssesesssesesssasssssesssanens 144

Figure 39 - Wall T6 with fractured bars in confined stem during second cycle to 3% drift ratio (stem in

£22) 0153 10 0 ) SO TP 144

xiii



Figure 40 - Wall T6 with buckled bars in unconfined flange during second cycle to 3% drift ratio (stem in

£0C) 013 10 o) SO OSSP 145

Figure 41 - Wall T6 with fractured bars in unconfined stem during first cycle to 4% drift ratio (stem in

EEIISTON ) ceuvvrerusrersssesssesesssesesssesssssesesssecesssee s s e bR e s RS RS RS RS £E SRR 2R84 EE 8RR R E SRR R R AR RS R SRR Rt R 145

Figure 42 - Condition of confined stem in compression leading to bar fracture in T5 ... 146

Figure 43 - Condition of confined stem in compression leading to bar buckling before bar fracture in T6 ...146

Figure 44 - Condition of stem in T5 at peak of second cycle to 2% drift ratio........————— 147
Figure 45 - Condition of stem in T6 at peak of second cycle to 2% drift ratio.......eeereeesrsseeesseemsssseessssneeees 148
Figure 46 - Condition of flange in T5 at peak of second cycle to 2% drift ratio ... 149
Figure 47 - Condition of flange in T6 at peak of second cycle to 2% drift Fatio .......ccermeeeseersesersseessseessssesesanees 150
Figure 48 - Measured strain in longitudinal bar at confined stem 18 in. (457 mm) below base of T5.............. 151
Figure 49 - Measured strain in longitudinal bar at confined stem 18 in. (457 mm) below base of Té6............... 151
Figure 50 - Measured strain in longitudinal bar at confined stem 18 in. (457 mm) below base of T5.............. 152
Figure 51 - Measured strain in longitudinal bar at confined stem 18 in. (457 mm) below base of Té6............... 152
Figure 52 - Measured strain in longitudinal bar at confined stem 9 in. (229 mm) below base of T5 ......cc........ 153
Figure 53 - Measured strain in longitudinal bar at confined stem 9 in. (229 mm) below base of T6 ................. 153
Figure 54 - Measured strain in longitudinal bar at confined stem 9 in. (229 mm) below base of T5 ......cc...c.... 154
Figure 55 - Measured strain in longitudinal bar at confined stem 9 in. (229 mm) below base of T6 ................ 154
Figure 56 - Measured strain in longitudinal bar at confined stem 0.5 in. (13 mm) above base of T5.......ccnee. 155
Figure 57 - Measured strain in longitudinal bar at confined stem 0.5 in. (13 mm) above base of T6................. 155
Figure 58 - Measured strain in longitudinal bar at confined stem 0.5 in. (13 mm) above base of T5.......cccenee. 156
Figure 59 - Measured strain in longitudinal bar at confined stem 0.5 in. (13 mm) above base of T6................. 156
Figure 60 - Measured strain in longitudinal bar at confined stem 0.5 in. (13 mm) above base of T5.....ccccnee. 157

Xiv



Figure 61 - Measured strain in longitudinal bar at confined stem 0.5 in. (13 mm) above base of T6................ 157

Figure 62 - Measured strain in longitudinal bar at confined stem 25 in. (635 mm) above base of T5.............. 158
Figure 63 - Measured strain in longitudinal bar at confined stem 25 in. (635 mm) above base of T6............... 158
Figure 64 - Measured strain in longitudinal bar at confined stem 25 in. (635 mm) above base of T5.............. 159
Figure 65 - Measured strain in longitudinal bar at confined stem 25 in. (635 mm) above base of T6............... 159
Figure 66 - Measured strain in longitudinal bar at confined stem 50 in. (1270 mm) above base of T5............. 160
Figure 67 - Measured strain in longitudinal bar at confined stem 50 in. (1270 mm) above base of T6............ 160
Figure 68 - Measured strain in longitudinal bar at confined stem 50 in. (1270 mm) above base of T5............. 161
Figure 69 - Measured strain in longitudinal bar at confined stem 50 in. (1270 mm) above base of T6............ 161

Figure 70 - Measured strain in longitudinal bar at confined stem 100 in. (2540 mm) above base of T5 ......... 162

Figure 71 - Measured strain in longitudinal bar at confined stem 100 in. (2540 mm) above base of T6 ......... 162

Figure 72 - Measured strain in longitudinal bar at confined stem 100 in. (2540 mm) above base of T5 ......... 163

Figure 73 - Measured strain in longitudinal bar at confined stem 100 in. (2540 mm) above base of T6 ......... 163

Figure 74 - Measured strain in longitudinal bar at confined stem 144 in. (3660 mm) above base of T5 ......... 164

Figure 75 - Measured strain in longitudinal bar at confined stem 144 in. (3660 mm) above base of T6 ......... 164

Figure 76 - Measured strain in longitudinal bar at unconfined stem 2 in. (51 mm) above base of T5............... 165
Figure 77 - Measured strain in longitudinal bar at unconfined stem 2 in. (51 mm) above base of T6.............. 165
Figure 78 - Measured strain in longitudinal bar at unconfined stem 25 in. (635 mm) above base of T5.......... 166
Figure 79 - Measured strain in longitudinal bar at unconfined stem 25 in. (635 mm) above base of Té.......... 166

Figure 80 - Measured strain in longitudinal bar at unconfined stem 50 in. (1270 mm) above base of T5......167

Figure 81 - Measured strain in longitudinal bar at unconfined stem 50 in. (1270 mm) above base of T6......167

Figure 82 - Measured strain in longitudinal bar at unconfined stem 100 in. (2540 mm) above base of T5....168

Figure 83 - Measured strain in longitudinal bar at unconfined stem 100 in. (2540 mm) above base of T6...168

XV



Figure 84 - Measured strain in longitudinal bar at confined flange 2 in. (51 mm) above base of T5.....ccccneee 169

Figure 85 - Measured strain in longitudinal bar at confined flange 2 in. (51 mm) above base of T6.......cc...c..... 169
Figure 86 - Measured strain in longitudinal bar at confined flange 2 in. (51 mm) above base of T5......cccc... 170
Figure 87 - Measured strain in longitudinal bar at confined flange 2 in. (51 mm) above base of T6.......cc...c..... 170

Figure 88 - Measured strain in longitudinal bar at confined flange 50 in. (1270 mm) above base of T5.......... 171

Figure 89 - Measured strain in longitudinal bar at confined flange 50 in. (1270 mm) above base of T6.......... 171

Figure 90 - Measured strain in longitudinal bar at confined flange 50 in. (1270 mm) above base of T5.......... 172

Figure 91 - Measured strain in longitudinal bar at confined flange 50 in. (1270 mm) above base of T6.......... 172

Figure 92 - Measured strain in longitudinal bar at confined flange 100 in. (2540 mm) above base of T5......173

Figure 93 - Measured strain in longitudinal bar at confined flange 100 in. (2540 mm) above base of T6......173

Figure 94 - Measured strain in longitudinal bar at confined flange 100 in. (2540 mm) above base of T5......174

Figure 95 - Measured strain in longitudinal bar at confined flange 100 in. (2540 mm) above base of T6......174

Figure 96 - Measured strain in longitudinal bar at unconfined flange 2 in. (51 mm) above base of T5 ............ 175

Figure 97 - Measured strain in longitudinal bar at unconfined flange 2 in. (51 mm) above base of T6............. 175

Figure 98 — Measured strain in longitudinal bar at unconfined flange 25 in. (635 mm) above base of T5......176

Figure 99 - Measured strain in longitudinal bar at unconfined flange 25 in. (635 mm) above base of T6......176

Figure 100 — Measured strain in longitudinal bar at unconfined flange 25 in. (635 mm) above base of T5...177

Figure 101 - Measured strain in longitudinal bar at unconfined flange 25 in. (635 mm) above base of T6...177

Figure 102 - Measured strain in longitudinal bar at unconfined flange 50 in. (1270 mm) above base of T5..178

Figure 103 - Measured strain in longitudinal bar at unconfined flange 50 in. (1270 mm) above base of T6..178

Figure 104 — Measured strain in longitudinal bar at unconfined flange 100 in. (2540 mm) above base

Xvi



Figure 105 - Measured strain in longitudinal bar at unconfined flange 100 in. (2540 mm) above base

0} OO 179
Figure 106 - Measured strain in hoop at confined stem 1.5 in. (38 mm) above base of T5 180
Figure 107 - Measured strain in hoop at confined stem 1.5 in. (38 mm) above base of T6 180
Figure 108 - Measured strain in hoop at confined stem 1.5 in. (38 mm) above base of T5 181
Figure 109 - Measured strain in hoop at confined stem 1.5 in. (38 mm) above base of T6 181
Figure 110 - Measured strain in hoop at confined stem 1.5 in. (38 mm) above base of T5 182
Figure 111 - Measured strain in hoop at confined stem 1.5 in. (38 mm) above base of T6 182
Figure 112 - Measured strain in hoop at confined stem 4.5 in. (114 mm) above base of T5......c.cconrernrerrnrennns 183
Figure 113 - Measured strain in hoop at confined stem 4.5 in. (114 mm) above base of T6 ........ccouweermeerrserersens 183
Figure 114 - Measured strain in hoop at confined stem 4.5 in. (114 mm) above base of T5......c.cconrernmrerrnrenens 184
Figure 115 - Measured strain in hoop at confined stem 4.5 in. (114 mm) above base of T6 ........ccouweeermeerserernrens 184
Figure 116 - Measured strain in hoop at confined stem 4.5 in. (114 mm) above base of T5......c.cconrernrerrnrenens 185
Figure 117 - Measured strain in hoop at confined stem 4.5 in. (114 mm) above base of T6 .......couweeermeerrererrens 185

Figure 118 — Measured strain in horizontal bar at unconfined stem 22.5 in. (572 mm) above base of T5......186
Figure 119 - Measured strain in horizontal bar at unconfined stem 22.5 in. (572 mm) above base of T6......186
Figure 120 - Measured strain in horizontal bar at unconfined stem 52.5 in. (1330 mm) above base of T5...187

Figure 121 - Measured strain in horizontal bar at unconfined stem 52.5 in. (1330 mm) above base of T6....187

Figure 122 - Envelopes of measured strain in longitudinal bars at confined stem for 1.5% drift ratio............. 188
Figure 123 - Envelopes of measured strain in longitudinal bars at confined stem for 2% drift ratio ................ 189
Figure 124 - Envelopes of measured strain in longitudinal bars at confined flange for 1.5% drift ratio........... 190
Figure 125 - Envelopes of measured strain in longitudinal bars at confined flange for 2% drift ratio.............. 191

Figure 126 - Envelopes of measured strain in longitudinal bars at unconfined flange for 1.5% drift ratio....192

xvii



Figure 127 - Envelopes of measured strain in longitudinal bars at unconfined flange for 2% drift ratio ........ 193

Figure 128 - Calculated average concrete strain along Column 1 for stem of T5.....coinrrenreseessseenns 194
Figure 129 - Calculated average concrete strain along Column 2 for stem of T5......ccconrennmrernnseernseeesnsessssseesssnnes 195
Figure 130 - Calculated average concrete strain along Column 3 for stem of T5......connrenrenreseeseseeenns 196
Figure 131 - Calculated average concrete strain along Column 4 for stem of T5......cccorreennmrernnssernneessnsessssseessnnnes 197
Figure 132 - Calculated average concrete strain along Column 5 for stem of T5.....coenmeerrernneeenesssnseessssseenns 198
Figure 133 - Calculated average concrete strain along Column 6 for stem Of T5.....ccoeeenmrernmeenseeesmeesseeesseessseessenes 199
Figure 134 - Calculated average concrete strain along Column 7 for stem of T5......coenmrererneeeessssneesssneeennns 200
Figure 135 - Calculated average concrete strain along Column 8 for stem 0Of T5.....cooerenmrernmeenseeesmeesseeesseessseessenes 201
Figure 136 - Calculated average concrete strain along Column 1 for stem of T6......cccoveerrmrerrerernneeenessssseesssseeennns 202
Figure 137 - Calculated average concrete strain along Column 2 for stem Of T6.....cc.coereermeersmeenseeesseesseeesseessseesseees 203
Figure 138 - Calculated average concrete strain along Column 3 for stem of T6......ccccoveermrerreeernneesesesnseesssseeennns 204
Figure 139 - Calculated average concrete strain along Column 4 for stem Of T6.....cccouereermeerrmeenseeesmeesseeessecssseessenes 205
Figure 140 - Calculated average concrete strain along Column 5 for Stem Of T6......ccccoeenmreernrerseeernseeesnsessssseesssnees 206
Figure 141 - Calculated average concrete strain along Column 6 for stem of T6......c.ccoverrerrrernsresseesessssennns 207
Figure 142 - Calculated average concrete strain along Column 7 for Stem Of T6.......cccomeenmeeermrerseserssessssessssseesssnees 208
Figure 143 - Calculated average concrete strain along Column 8 for stem of T6......c.ccoverrerrrenreeseesesseennns 209
Figure 144 - Calculated average concrete strain in Layer 1 for flange of T5 ....ceeneenesesseesssesssssesssness 210
Figure 145 - Calculated average concrete strain in Layer 2 for flange of TS 211
Figure 146 - Calculated average concrete strain in Layer 3 for flange of T5.....coeeeeneseseessssssssesssness 212
Figure 147 - Calculated average concrete strain in Layer 4 for flange of T5......sssenns 213
Figure 148 - Calculated average concrete strain in Layer 5 for flange of T5....cceeeeeenmeenmeesseesssessseessseessseesseees 214
Figure 149 - Calculated average concrete strain in Layer 6 for flange of T5......ceeeeeesessssessssesenns 215

xviii



Figure 150 - Calculated average concrete strain in Layer 1 for flange of T6 ......ccereenneeernsesesssessssssssssesssnees 216

Figure 151 - Calculated average concrete strain in Layer 2 for flange of T6......ccneeresssssssssesenns 217
Figure 152 - Calculated average concrete strain in Layer 3 for flange of T6 ......cenmrernneeernnesesssesssssssssesesnees 218
Figure 153 - Calculated average concrete strain in Layer 4 for flange of T6......ccnenrnssssssssssenns 219
Figure 154 - Calculated average concrete strain in Layer 5 for flange of T6 .......ccemreenneeernsesesssessssesssssesesnees 220
Figure 155 - Calculated average concrete strain in Layer 6 for flange of T6......cceeeerenseesssssssessssesenns 221

Figure 156 - Envelopes of concrete strain for confined stem at 1.5% drift ratio (data from optical markers

ALONZ COIUIMMNS T AN 2) .eurieeureeeueeesseeessseesssseesssseesssesesssesssssesssssesssssesssssesssssesssssesssssessssssssssesssssesssssesssssesssssassssssssssesesssesesssesssssesssssessssees 222

Figure 157 - Envelopes of concrete strain for confined stem at 2% drift ratio (data from optical markers along

COIUIMINS 1 AIIA 2)etureeueeesseeessreesseeessessssseessssessssesssssesssssesssssesssssesssssesssssesssssesssssesssssessssssssssesssssesssssesssssessssassssssssssesesssesesssesssssessssmssssssens 223

Figure 158 - Envelopes of concrete strain for confined flange at 1.5% drift ratio (data from optical markers

ALONE COTUIMI 11 courieuieeeeeueeuseeesseesseessessssessseessseesssesssessssess s sssas s s e x££ SRS AR RS E SRR R SRR E R LR SRR AR R E e RS LR AR RSt R 224

Figure 159 - Envelopes of concrete strain for confined flange at 2% drift ratio (data from optical markers

10D 0T 00 D0 4o o U ) OO 225

Figure 160 - Envelopes of concrete strain for unconfined flange at 1.5% drift ratio (data from optical markers

AloNg CoOlUMNS 8, 9, ANA 10) ocuureeeueeeuseeesseeessseeessseessssesssssesssssesssssesss e ssssesss s sss e sss s s s AR SRR R SRRt 226

Figure 161 - Envelopes of concrete strain for unconfined flange at 2% drift ratio (data from optical markers

AlONZ COIUMNS 8, 9, ANA 10) ooeurreeueeeusreeesreessseeessseeesssesssssesssssesssssesssssesssssesssssesssssesssssssssssessssesesssesesssesesssses s sssesebasesesssesssssesssssesesasens 227
Figure 162 - Shear component of displacement from LaYer 2........ccoeeressesessesssssssessssssssssssssssssssssans 228
Figure 163 - General deformed Shape fOr @ STATION .....ceeeeeeeecesneesseeessseeessssessssessssesssssesssssssssssssssesssssesssssesssssesssssesssasens 228
Figure 164 - Components of angular change for a Station ... 228
Figure 165 - Calculated shear distortion for T5, data from optical markers, Columns 1 through 8.................... 229
Figure 166 - Calculated shear distortion for T6, data from optical markers, Columns 1 through 8................... 230
Figure 167 - Base shearing displacement of T5 based on data from optical Markers ........erneeesnecesseeneees 231

Xix



Figure 168 - Base shearing displacement of T6 based on data from optical Markers ........eeeeeennees 231

Figure 169 - Calculated flexural rotation for T5, data from optical markers, Columns 1 through 8................... 232
Figure 170 - Calculated flexural rotation for T6, data from optical markers, Columns 1 through 8.................. 233
Figure 171 — Wall T5 at @ drift 1atio 0f 390 ..o ssssssssssssssssssssasesssans 234
Figure 172 - Rotation due to base opening versus drift ratio for T5 (data from optical markers) ......ccccevennees 235
Figure 173 - Rotation due to base opening versus drift ratio for T6 (data from optical markers) .........cceeeen. 235
Figure 174 - Contribution of deformation components from bottom 87 in. (2210 mm) for T5....cccuuereeermrernnens 236
Figure 175 - Contribution of deformation components from bottom 87 in. (2210 mm) for T6.....ccccceerererrerernne 237

Figure 176 - Cumulative contribution of deformation components from bottom 87 in. (2210 mm) for T5...238
Figure 177 - Cumulative contribution of deformation components from bottom 87 in. (2210 mm) for T6...239
Figure 178 - Measured crack width at peak drift versus drift ratio, stem in compression (1 in. = 25.4 mm).240

Figure 179 - Measured crack width at zero shear versus maximum drift ratio attained, stem in

(603101 0] LTS3 0 ) o 241
Figure 180 - Measured crack width at peak drift versus drift ratio, stem in tension ........reeeeesesseeennees 242
Figure 181 - Measured crack width at zero shear versus maximum drift ratio attained, stem in tension....... 243
Figure 182 - Crack width ratio versus drift ratio for positive loading direction, stem in compression............. 244
Figure 183 - Crack width ratio versus drift ratio for negative loading direction, stem in tension .........c.cc..... 245
Figure 184 - Calculated elongation at zero shear for T5, data from optical markers, Columns 1 through 8...246

Figure 185 - Calculated elongation at zero shear for T6, data from optical markers, Columns 1 through 8...246

Figure 186 - Idealized force-displacement curve and hysteresis Model......oeneereeesneernneeeeesseeseeesseessssesseees 247
Figure 187 - Envelope of shear versus drift ratio for T5 ... esesssesssesssesssssssessssesssssssssssssasssssans 248
Figure 188 - Envelope of shear versus drift ratio fOr T6 ......ceeeeesseesssssssessesssssssssssssssssssssssssssssssssssssseses 248
Figure 189 - Envelopes of Shear Versus drift TAt0 ... erereeseesssessssesssesssssssssssesssssssssesssssesssssesssssssssssesssssesssans 249

XX



Figure 190 - Effective initial stiffness K. normalized by flexural stiffness based on gross section ..........ccouueees 250

Figure 191 - Cracked moment of inertia normalized by gross moment of inertia.........n. 250
Figure 192 - Unloading stiffness VErsus drift FAti0.....ceeeeeeseesseesssesssssssssessssssssssssssssssssesssssesssssesssssessssesssanens 251
Figure 193 - Normalized unloading stiffness versus drift ratio ... 251
Figure 194 - Stiffness reducing exponent versus normalized diSplacement........coeeenmeeesseersesersessssesesssessssnees 252
Figure 195 - Comparison of measured response with Takeda hysteresis model for T5.......cccrmeenmeersneeennns 253
Figure 196 - Comparison of measured response with Takeda hysteresis model for T6.......ccouenmeerreeerneesseeeneens 253
Figure 197 - Shear versus drift ratio during first cycle to 1% drift ratio .....c———————— 254
Figure 198 - Shear versus drift ratio during first cycle to 1.5% drift ratio ... ————— 254
Figure 199 - Shear versus drift ratio during first cycle to 2% drift ratio .....c———————— 255
Figure 200 - Shear versus drift ratio during first cycle to 3% drift ratio ... ———— 255
Figure 201 - Hysteretic energy diSSipation INAEX ......crereeseeseesssessssesssssessssssssssssssssssssesssssesssssesssssessssesssssesssans 256
Figure 202 - Hysteretic energy dissipation index versus drift ratio......eeeeesseseessessesssessssssseees 257
Figure 203 - Measured shear versus drift ratio compared with modeling parameters from Table 15.............. 258
Figure 204 - Geometry and reinforcement 1ayout fOr T1 ... ssssssssssssssssssssssens 259
Figure 205 - Geometry and reinforcement [ayout for T2 and T3 ......eeemeemeesmsessssessssessssesssessssssssssssssees 260
Figure 206 - Geometry and reinforcement 1ayout fOr T4 ... sssssssssssssssssssssssans 261
Figure 207 - Geometry and reinforcement [ayout for T5 and T6 ......cccoeeneernmeemsessmeesssssessssesssssessssssssssssssesssssess 262
Figure 208 - Drift ratio versus uniform elongation of longitudinal reinforcing bars ... 263
Figure 209 - Drift ratio versus fracture elongation of longitudinal reinforcing bars.........oenreseeennees 263
Figure 210 — Shear VErsUS ATift FAtiO.... s sssssssssssssssss s sssssssssssesssssssssssssssssssssasssssans 264
Figure 211 - Envelopes of measured strain in longitudinal bars at confined stem for 1.5% drift ratio............. 265
Figure 212 - Envelopes of measured strain in longitudinal bars at confined stem for 2% drift ratio ................ 266

XXi



Figure 213 - Envelopes of measured strain in longitudinal bars at confined flange for 1.5% drift ratio .......... 267

Figure 214 - Envelopes of measured strain in longitudinal bars at confined flange for 2% drift ratio.............. 268
Figure 215 - Envelopes of measured strain in longitudinal bars at unconfined flange for 1.5% drift ratio....269
Figure 216 - Envelopes of measured strain in longitudinal bars at unconfined flange for 2% drift ratio ........ 270

Figure 217 - Envelopes of concrete strain for confined stem at 1.5% drift ratio (data from optical markers

ALONE COIUMMNS T QI 2) .ouveeureeeseeesuseeessseesssseessssessssesssssesssssessssses st assse s e s R RS RS R R SRR E SRR RSt 271

Figure 218 - Envelopes of concrete strain for confined stem at 2% drift ratio (data from optical markers along

COIUMINS 1 AIIA 2)eturietueeesseeessreessseeessseessssesssssessssesssssesssssesssssesssssesssssesssssesssssesssssesssssesssssssssesssssesssssesssssessssassssssssssesesssesesssesssssesssssssssssens 272

Figure 219 - Envelopes of concrete strain for confined flange at 1.5% drift ratio (data from optical markers

ALONE COTUIMI 11 couieuieeeeeueeuseessseesseessessssessseesssessssesssessssess s sss s s e xR £ RS R e E R ER SRR SRR £ R ER AR £ SRR e RS LR R RSt R e 273

Figure 220 - Envelopes of concrete strain for confined flange at 2% drift ratio (data from optical markers

ALONE COIUIMI 1 1) courievueieuseesssessseesssesssssesssssessssssssssessss s s s s R R R RS ES R A R RS RR R R e R R S R S e 274

Figure 221 - Envelopes of concrete strain for unconfined flange at 1.5% drift ratio (data from optical markers

AloNg CoOlUMNS 8, 9, ANA 10) oceureeeueeeuseeesseeesseeessseessssesssssesssssessssses s ssssesss e sss s s s E s E SRR RS R SRR E R 275

Figure 222 - Envelopes of concrete strain for unconfined flange at 2% drift ratio (data from optical markers

AlONE COIUMNS 8, 9, ANA 10) ooeureeeueeeusreeeseessseeesssesesssesssssesssssesssssesssssesssssesssssesssssessssssssssssssssesesssesesssesesssaes s sbssese b eses s ssssesssssesssasens 276

Figure 223 - Contribution of deformation components from bottom 87 in. (2210 mm), stem in

(000100 0] 113 0 ) o 1P 277

Figure 224 - Contribution of deformation components from bottom 87 in. (2210 mm), stem in tension......278

Figure 225 - Cumulative contribution of deformation components from bottom 87 in. (2210 mm), stem in

L0000 00 0] QL1130 ) o 279

Figure 226 - Cumulative contribution of deformation components from bottom 87 in. (2210 mm), stem in

L) 0153 0 ) 0 PP 279

Figure 227 - Envelopes of Shear Versus drift TAtI0 ... erreseeseesssessssesssesssssssssssssssssssssssssesssssessssssssssesssssesssans 280

xxii



Figure 228 - Envelope comparisons of shear Versus drift Fatio ......ceeeeeeessessessssessesssssssssssssssssssees 281

Figure 229 - Normalized effective initial StIffNESS Ke ..oirermrernrerssersserssessssssssssssssssssssssssssssssssssssssssssssssssssssssssans 282
Figure 230 - Normalized cracked mOmMeNt Of INETTIA ... ceeeeeeeseeessseesssseessseesssseesssesssssssssssssssssssssesssssesssssesssssesssssesssaness 282
Figure 231 - Unloading stiffness Versus drift ratio.. ... essssssssssssssssssssssssssssssssssssssssssssssssans 283
Figure 232 - Normalized unloading stiffness Versus drift Tatio ......eeeenmeesmsessnsesssssesssssesssesessesssssssssessssees 283
Figure 233 - Stiffness reducing exponent versus normalized diSplace@ment........c.ceeereeereressesssssessesssseessans 284
Figure 234 - Hysteretic energy dissipation index versus drift ratio.....eeeeesseseessessesssessssssseees 285
Figure 235 - Idealized stress-strain relationShiPs ... eerereessesssessessssesssssesssssssssssssssessssesssssesssssesssasesssess 286

Figure 236 - Stress-strain relationship for confined and unconfined concrete in compression using parameter

values from Table 19 compared with model proposed by Mander et al........eeeemeeemsesseessesessesesssssssssesssans 287

Figure 237 - Comparison between measured and calibrated stress-strain relationships for No. 6 (19) bars288

Figure 238 - Moment-curvature relationShips fOI T L. ... eeeeeesssesssssssssssssssssssssssssssssesssssesssssesssssssssssesssaness 289
Figure 239 - Moment-curvature relationships for TZ......s s 290
Figure 240 - Moment-curvature relationShips fOT T3 ... eeeeeesesssssssssssssssessssssssssssssesssssesssssesssssssssssesssaess 291
Figure 241 - Moment-curvature relationships for T4 ... s 292
Figure 242 - Moment-curvature relationShips fOI T5....eeeseessesssseessssessssssssssssssssssesssssesssssesssssssssssesssaness 293
Figure 243 - Moment-curvature relationsShips fOr TO.......oeeeeseesesssssesssessssesssssssessssesssssssssesssssesssans 294
Figure 244 - Moment-curvature relationships for all WallS ... sesssesesssrsessssssssssssssssssssssseees 295
Figure 245 - Normalized maximum measured moment to nominal flexural strength .........conenrcsresersrerennn. 296
Figure 246 - Normalized maximum measured moment to calculated moment............ .296
Figure 247 - Computed curvature for releVant BVENLS ... eeereesesssessssesssssesssssssssssesssssssssesssssesssssssssssssssssssssans 297
Figure 248 - Idealized Moment-Curvature relationShip ... ceeeeeeeessesseesssesssssssesssesssessssssssssssssssssssssssssssssssssseses 298
Figure 249 - Idealized moment and curvature distributions for Model A........oeeeeeeeseessessssssessssessns 299

xxiii



Figure 250 - Events used to defined the idealized moment-curvature relationship for T1 ... 300

Figure 251 - Events used to defined the idealized moment-curvature relationship for T2 ......nreoneiennn. 301
Figure 252 - Events used to defined the idealized moment-curvature relationship for T3 ... 302
Figure 253 - Events used to defined the idealized moment-curvature relationship for T4 .......cnnreonnrennn. 303
Figure 254 - Events used to defined the idealized moment-curvature relationship for T5 .....ccmenrernseeernnens 304
Figure 255 - Events used to defined the idealized moment-curvature relationship for T6 ......cnnrersrerennn. 305
Figure 256 - Inverse of ¢y versus drift ratio for bottom 50 in. (1270 MIM) .ocerreereerreenmeesseeeseessesessessseessesssseesssessseeens 306

Figure 257 - Inverse of ¢, versus drift ratio for bottom 50 in. (1270 mm) of wall (data from Figure 256)...307

Figure 258 - Idealized moment and curvature distributions for Model B........eneenneenseenseesseesseeesseessesssseees 308
Figure 259 - Comparison of measured and calculated deformation Capacity......eeeeeessssesssssessssessnns 309
Figure 260 - Measured and calculated maximum tensile strain of the reinforcement using Model A............... 310

Figure 261 - Measured and calculated maximum tensile strain of concrete surface on a gauge length of 14 in.

(356 MM) USING MOAEL A ... ssssss s ssesssassssnanes 310
g

Figure 262 - Measured and calculated maximum compressive strain of concrete surface on a gauge length of

14 in. (356 MIM) USING MOAEL A....coorrererererereeessesssseesssessssssssssssssssssssssssssss s s s s R RS R SRR 311
Figure 263 - Measured and calculated maximum tensile strain of the reinforcement using Model B................ 312

Figure 264 - Measured and calculated maximum tensile strain of concrete surface on a gauge length of 14 in.

(356 MM) USING MOAEL B ... ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssanes 312

Figure 265 - Measured and calculated maximum compressive strain of concrete surface on a gauge length of

14 in. (356 MM) USING MOAEL Bi...coorrererererereeereessseessssessssssssessssssesssssssss s ssssse s s ssss s s s s asesssasesess 313
Figure 266 - Average of measured-to-calculated maximum tensile strain of reinforcement using Model A ..314

Figure 267 - Average of measured-to-calculated maximum tensile strain of concrete surface using

1Y oY (=) - T 314

XXiv



Figure 268 - Average of measured-to-calculated maximum compressive strain of concrete surface using

1Y (6 o =) 2 PO 315

Figure 269 - Average of measured-to-calculated maximum tensile strain of reinforcement using Model B ..316

Figure 270 - Average of measured-to-calculated maximum tensile strain of concrete surface using

1Y oY (=Y 15 = 2O 316

Figure 271 - Average of measured-to-calculated maximum compressive strain of concrete surface using

1Y (6T 12 DTS 317
Figure B.1 - Post-yield strain penetration aSSUMPLIONS ......ceeeemeeseereessesssesssessssssssesssesssesssssssssssssssssssssssssssassssssseses 333
Figure B.2 - Influence of B, aNd B 0Nl B wuuuuurrmsmmssssmesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssess 334
Figure B.3 - Strain penetration amplification factor a, versus drift ratio, based on Table B.1.....cues 334
Figure B.4 - Strain penetration factor ag, versus drift ratio, based on Table B.2....ccssssssssssssssssssssssssssns 335

XXV



1 INTRODUCTION

1.1 Problem Statement

Reinforced concrete structural walls have been used for many years as part of the lateral-
force-resisting system of multi-story buildings located in regions of moderate to high seismic risk. If
adequately designed and detailed, walls provide efficient resistance to in-plane forces induced by
strong ground motions and offer high stiffness for the control of lateral drift. Drift control helps
protect against damage of non-structural components and building contents, both of which account

for 80% or more of the total cost of office, hotel, and hospital buildings(s}, see Figure 1.

During severe ground shaking, structural members are subjected to large inelastic
deformations. To tolerate deformation demands, walls need to be properly detailed for ductile
behavior. For instance, if the response is controlled by flexure, yielding of the main flexural
reinforcement would be expected and concentration of inelastic deformations are likely to occur at
the critical section, typically located at the base of the wall (i.e., the plastic hinge region). Brittle
modes of failure are precluded with proper reinforcing details and by limiting stresses induced by

the expected flexural overstrength.

Damage in buildings that use structural walls as the main lateral-force-resisting system has
been observed after recent earthquakes: Maule, Chile 2010; Christchurch, New Zealand 2011; and
Tohoku, Japan 2011. During these events, concrete crushing at wall boundary elements, global
buckling of wall segments, and buckling and fracture of reinforcing barsl29.76.98] were observed (see
Figure 2 and Figure 3). The damage experienced by reinforced concrete structural walls drove
changes to buildings codes, especially on design provisions related to wall boundary elements and

wall slenderness.



To achieve satisfactory performance, ACI 318 limits the acceptable range of values for
selected mechanical properties of reinforcing bars, such as yield strength, tensile-to-yield strength
ratio, and fracture elongation. These mechanical properties are typically specified via ASTM
specifications, see Table 1. Further restrictions in ACI 318 are imposed on the maximum yield
strength permitted for design purposes based on the application. These limitations were imposed to

prevent brittle failures of members and to attain sufficient deformation capacity.

The use of high-strength reinforcement with yield strength in excess of 80 ksi (550 MPa) has
been debated among structural engineers and the construction community for several years. Many
advantages of using high-strength reinforcement have been recognized by the construction industry
including reduced congestion of reinforcing bars, improved quality of construction, reduced
constructions time, smaller member sizes, and more usable space.[18871 Furthermore, structural
engineers seek more efficient and safer structures. High-strength steel has not been fully adopted
because of insufficient test data on the performance of structural members (including walls) with

this type of steel.

Concerns arise with the use of high-strength reinforcement, including but not limited to[16591:
the strain values to define tension- and compression-controlled sections, the strain limit to prevent
brittle failures, the impact of the absence of a yield plateau on member deformation capacity, the
influence of longitudinal reinforcement strains on shear strength, and the parameters required to

control serviceability (minimum reinforcement ratio, member thickness, and effective stiffness).

1.2 Objectives and Scope

The primary objective of this research is to evaluate through physical testing the impact of
mechanical properties of high-strength reinforcement on the behavior of non-symmetric reinforced

concrete structural walls (T-shaped) subjected to reversed cyclic transverse displacements. The



study aims to complement the experimental data obtained from previous similar tests conducted at

The University of Kansas.

The main variables in this study are the mechanical properties of high-strength steel bars,
primarily the yield strength (f,), the tensile-to-yield strength ratio (f;/f,), and the uniform
elongation (&g,) of the longitudinal reinforcement in confined boundary elements. The controlled
reinforcement parameters in the experimental program are the yield strength, amount and layout of
the transverse and confining reinforcement, and the amount and layout of the longitudinal
reinforcement. The focus of the study is on slender structural walls with a nominal shear span-to-

depth ratio of 3.

Axial load is limited to the self-weight of the specimen and testing apparatus. Test specimens

are built using concrete with the same nominal compressive strength.

A secondary objective of this research is to develop a simplified numerical model to estimate
strain demands and deformation capacity of the specimens, including the effects of cracking, yielding,

and ultimate strains combined with deformations due to shear and strain penetration.

1.3 Organization

This study is organized in seven chapters and two appendices. Chapter 2 provides an
overview of the behavior of reinforced concrete structural walls subjected to lateral loads as well as
a summary of previous work on walls with non-symmetric cross sections reinforced with
conventional and high-strength steel bars. The chapter also summarizes the evolution of the design

provisions in building codes for the use of high-strength reinforcement.

Chapter 3 contains a detailed description of the experimental program, including the design

and construction of specimens, test setup, loading protocol, and instrumentation.



Chapter 4 provides a detailed description of the collected experimental data. Numerous
tables and figures are included to help understand the behavior of the specimens. The shear versus
drift ratio, damage progression, displacement components, and wall elongation describe the overall
behavior of the walls. The vertical distribution of the measured reinforcement and concrete strains
are included for understanding the local behavior. The processed data also includes determining

initial stiffness, unloading stiffness, and hysteretic energy dissipation.

Chapter 5 documents response comparisons of six slender T-shaped walls tested at The

University of Kansas with similar research objectives and scope.

Chapter 6 describes two simplified models for estimating strain demands and deformation
capacity. The models use data from moment-curvature analyses combined with the effects of

deformations due to shear and strain penetration.

Chapter 7 documents the main observations and conclusion from the preceding chapters. The
manuscript closes with two appendices: Appendix A contains the notation and terminology used
throughout the dissertation, and Appendix B describes a model to determine deformations due to

strain penetration (or bond slip) in reinforced concrete members responding in the inelastic range.



2 PREVIOUS STUDIES

2.1 Overview

Traditionally, structural walls subjected to lateral loads (due to earthquake, wind, or blast)
are classified depending on their height-to-length ratio (or aspectratio) as slender walls for h,, /¢, =
2 or squat walls for h,,/#,, < 1.5, refer to Appendix A for notation. The primary mode of failure in
slender walls is generally controlled by yielding of the longitudinal reinforcement due to flexure,
whereas in squat walls failure is generally controlled by shear. The behavior of intermediate walls

are dominated by both flexural and shear resisting mechanisms.

In an effort to fully understand these differences, many researchers have performed
experimental tests on walls with different aspect ratios (slender and squat)[23.39.48.7891], cross sections
(planar and non-planar)(19.21.233960-6469]; Joading conditions (monotonic and cyclic), loading
directions (unidirectional and multidirectional)[2021.253843]; axial load magnitudes[2559], concrete
compressive strengths (normal- and high-strength)3¢l; reinforcement mechanical properties (low
and high tensile-to-yield strength)37], and amount of reinforcement at confined and unconfined
regions(8288l, Past studies have shown a direct relation between wall deformation capacity and the
amount of transverse reinforcement at wall boundary elements[8889.93-97], Results from these studies
have contributed to the development of design provisions for reinforced concrete seismic-force-

resisting systems.

Most of the research on structural walls have considered material properties within the limits
defined in ACI 318, including a maximum yield strength of 60 ksi in special structural walls for use in
high-seismic regions. A total of 150 tests of slender walls (with rectangular or barbell cross section)
were found in the ACI 445 databasel83]. Most of the test specimens used Grade 60 or Grade 40
reinforcement and approximately 10% had reinforcement with yield strengths near 80 ksi. In the

case of slender walls with unsymmetrical cross section, only five research studies[3637:47.53.67] (totaling

5



13 tests) have evaluated the effects of high-strength reinforcing bars. Despite the ample experimental
test data available for understanding the behavior of structural concrete walls, very limited data have
addressed the response of walls with high-strength reinforcement subjected to cyclic loading. More
test data are needed to explore new limits for the yield strength of the reinforcement in earthquake-
resistant construction. The intention of this chapter is to describe the behavior of structural walls
subjected to reversed cyclic loading, summarize relevant previous research on structural walls with
unsymmetrical cross sections, and identify research needed to support the use of high-strength

reinforcement bars in future editions of the ACI 318 Code.

2.2 High-Strength Steel

The use of high-strength steel bars has been debated among structural engineers and the
construction community for several years. High-strength steel (HSS) is defined as a class of steels
with yield strengths greater than 80 ksi (550 MPa). ACI 318 Committee has upgraded the code
provisions related to reinforcing bars once new findings from research projects and new ASTM
standards are published. The historical development of HSS is illustrated in Table 1. Changes in ACI
318 and ASTM standards are included in chronological order and shown in different columns to

better visualize how ACI 318 has incorporated the changes in ASTM standards.

Many advantages of using HSS has been recognized by the construction industry: reducing
congestion, improving the quality of cast-in-place concrete, and reducing the speed of construction
time. From the structural point of view, the use of reinforcement with higher yield strength will lead
to a more efficient use of steel bars. However, many issues need to be addressed before fully adopting
HSS as concrete reinforcement. Concerns about the ability of this type of steel in providing adequate

ductility in earthquake-resistant structures prevent its full adoption in ACI 318.

In 2013 two independent documents studied the feasibility of using high-strength steel in

reinforced concrete. The first one, titled Use of High-Strength Reinforcement in Earthquake-Resistant
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Concrete Structures!>9 confirmed the viability of using HSS in seismic applications. The second one
titled Roadmap for the Use of High-Strength Reinforcement in Reinforced Concrete Designli¢l identified

the changes and research needed to update ACI 318 for allowing higher grades of reinforcement.

The roadmap in ATC 115016l suggested that before making changes in the code, it is necessary
to understand the effects of the mechanical properties of high-strength steel on the response of
structural members subjected to reversed cyclic loading. Among other requirements, this included
the determination of the member strength under flexure or combined flexure and axial loads. Other
items of concerns were to define the net tensile strain for compression-control sections (ety) and
tension-control sections, as well as determine whether the strength reduction factors of Section 21.2

of ACI 318-14111 are adequate when using high-strength reinforcing bars.

2.3 Concrete Members with High-Strength Reinforcement

Among the early studies of concrete members reinforced with high strength steel was the
investigation made by Richart and Brown (1934)[75], who studied the behavior of columns reinforced
with bars having a yield strength between 80 and 96 ksi (550 and 660 MPa). However, it was in the
late 1950’s that the research community paid more close attention to this type of reinforcement
when, in 1959, ASTM A431 introduced the first standard that included a steel with a yield strength
of 75 ksi or 520 MPa. This standard was later renamed ASTM A615 in 1968, and allowed reinforcing

bars Grade 40 (280), 60 (420) and 75 (520).

In 1955, the Portland Cement Association started a research program aimed to understand
the behavior of concrete members with different types of reinforcement, including high-strength
steel. The scope of these projects included the evaluation of member strength, deformation capacity,
crack control, and durability. The findings were published in a series of reports in the 1960’s [31.33,34.40-
42,7071], They found cracks width were proportional to the stress of the steel and that the concrete

cover of the main reinforcement was a key parameter for crack control. Additionally, members
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reinforced with HSS were able to achieve acceptable levels of deformation without losing load

carrying capacity!66.74.90],

Significant research has been done since the early 1970’s aimed to understand the seismic
behavior of members with conventional and high-strength transverse reinforcement. The objectives
included evaluating the effects of confining reinforcement on the ultimate compression deformation
capacity, control of bar buckling, and member ductility. The work done by Wight and Sozenl?],
Muguruma et al.[57], Sato et al.[’?], Bing et al.[?2], Azizinamini and Saatcioglul7], Lin and Leel51], Budek
et al.24], and Restrepo et al.’4l found that transverse reinforcement enhanced axial strength of

confined concrete, improved flexural ductility, and delayed bar buckling.

Research projects in Japanl44546] tested concrete walls with reinforcement of yield strength
between 100 and 210 ksi (690 and 1450 MPa). However, the specimen geometry and detailing are
not typically used in the United States. Test results showed that walls failed due to flexural
compression and bar buckling at a drift ratio of 2.0% for specimens subjected to axial loads of
0.1f/A; . Dazio et all?”] evaluated the effects that different amount and grade of flexural
reinforcement has on the performance of structural walls. The report concluded that reduced
ductility was obtained if low amount of flexural reinforcement or steel with low uniform elongation
is used. Early bar buckling was observed in specimens with transverse reinforcement in the
boundary elements spaced between 6.25d;, and 7.5d;, not complying with the requirement of ACI

318.

The main focus of the research done by Lowes et al.[52] was to test four planar rectangular
walls under reversed cyclic loading and to develop tools to enable performance-based earthquake
engineering of structural walls. Two of the walls had reinforcement with a yield strength of
approximately 80 ksi (550 MPa). Test results showed that the main flexural reinforcement buckled

prior to fracture, without exceeding a drift ratio of 1.5%.
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In the last 15 years, a series of research program have tested beams, columns and walls
reinforced with HSS subjected to reversed cyclic loading. The work done by Rautenberg et al.[73]
Tavallali et al.[8¢], Pfund(72], and Tretiakoval92] studied the cyclic response of concrete beams and
columns reinforced with steel bars having yield strengths as high as 120 ksi (830 MPa). Huq et al.37]
tested four T-shaped slender walls using a similar loading protocol (three of them used HSS). They
concluded that RC members with HSS had similar deformation capacity to members with
conventional reinforcement (Grade 60 or 420 MPa), and were able to attain nearly the same target
flexural strength. The evidence suggested that HSS is feasible as reinforcement for concrete members

located in regions with high seismic hazard.

Two of the L-shaped walls tested by Hosaka et al.36] used high-strength steel as flexural
reinforcement at the boundary element located at the corner of the L-shaped wall with f,, = 106 ksi
(731 MPa) and Grade 60 (420) was used elsewhere. The L-shaped specimens tested by Kono et al.[47]
used steel with f,, = 102 ksi (703 MPa) as vertical reinforcement. Other studiesi*+58] used high-
strength wires as concrete reinforcement. The study by Huq et al.[371 was the only reference found for
unsymmetrical structural walls with high-strength steel deformed bars as flexural, shear, and

confining reinforcement.

2.4 High-Strength Reinforcement in Building Codes

Section 20.1.2.3 of ACI 318-14I1 allows the use of high-strength steel ASTM A1035[11] as
concrete confining reinforcement. The maximum yield strength allowed for design calculations is 100
ksi, even though ASTM A1035 has two grades, Grade 100 (690) and 120 (830). ACI 318 allows high-
strength confinement based on experimental data [245684] from tests of columns confined with high-

strength steel wires and strands with yield strengths ranging from 120 to 200 ksi (830 to 1380 MPa).

The other key requirement for reinforcing bars is in Table 20.2.2.4a for flexural, axial, and

shrinkage and temperature reinforcement required to have a maximum yield strength of 60 ksi (420
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MPa) for special seismic structures or 80 ksi (550 MPa) otherwise. This requirement applies for
special moment resisting frames and special structural walls including coupling beams and wall
piers. Due to insufficient of experimental evidence in the performance of special seismic structures
when the code was written, Grade 80 (830) was excluded from the provisions. However, recent tests
in beams and columns have shown reinforcement bars Grade 80 are appropriate for seismic

applications[59],

When A615 Grade 60 steel is used, ACI 318-1411 requirements (i) through (iii) shall be met

and (i) and (ii) need to be satisfied for Grade 40:

(i) The actual yield strength does not exceed the specified yield strength by more than
18 ksi.

(ii) The tensile-to-yield strength ratio is at least 1.25

(iii)  The minimum elongation in 8 in. (205 mm) gauge length shall be 14% for bar sizes
No. 3 (10) through No. 6 (19), 12% for No. 7 (22) through No. 11 (36), and 10% for

No. 14 (43) and No. 18 (57).

Table 2 compares the mechanical properties of different types of ASTM steel available in the
United States. The comparison is made in terms of the minimum and maximum yield strength, tensile
strength, and fracture elongation for different bar diameters. When a particular ASTM standard does
not specify a requirement, a hyphen (-) is used. Note that only ASTM A706 steel specifies a maximum
yield strength. ASTM A615 and A706 Gr. 60 are included for comparison purposes since both are

allowed in ACI 318-1411 for seismic applications.

The main reason ACI 318-14[1] limit the yield strength is because by the time the critical
section of a member reaches the yield point, higher shear and bond stresses will be developed if the
flexural reinforcement has a yield strength higher than the one assumed in design. These higher

stresses cause a sudden reduction in the load carrying capacity of the member (a brittle failure),
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condition that shall be avoided if the structure is located in earthquake-prone areas(l. Additionally,
there is insufficient experimental data on the cyclic response of members with a yield strength
greater than 80 ksi (550). The tensile-to-yield strength ratio requirement was imposed to promote
spread of plasticity in regions where yielding is expected (plastic hinge regions). The shear
reinforcement cannot exceed Grade 60 (420) in special seismic systems. In all of these cases, steel

ASTM A615071 and ASTM A706I[8] are permitted.

Other types of steel, namely ASTM A995191 and ASTM A996I[10], are permitted as deformed
bars per ACI 318-141! Table 20.2.2.4a and low-carbon chromium steell!l in plain spirals per ACI 318-
14011 Table 20.2.2.4b with similar maximum stress limits for design depending on the application.

These types of steels and wires are not covered in this study.

As shown in Table 1, the ACI 318 code has incorporated new material strengths over the years
enabling safer and more efficient designs. NIST591 and ATCI16l documents identified areas of needed
research to advance the state of the art in concrete members with high-strength reinforcement. In
particular, experimental data are needed to evaluate the seismic response of reinforced concrete
structural systems using high-strength steel bars. This study focuses on the response of slender
cantilever T-shaped concrete walls reinforced with high-strength steel bars under quasi-static

reversed cyclic loading.
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3 EXPERIMENTAL PROGRAM

A summary of the experimental program is presented in this chapter including a description
of material properties, construction of specimens, test setup, instrumentation, and loading protocol.
Two T-shaped concrete walls reinforced with high-strength steel were built and tested under
reversed cyclic loading. A summary of the test program in Table 3 indicates where the nominal yield
strength (fy), the target tensile-to-yield strength ratio (ft / fy), and the nominal concrete
compressive strength (f/) of the walls. Specimen T5 had Grade 120 (830) flexural and shear
reinforcement with f; /f, = 1.30, whereas T6 had Grade 100 (690) reinforcement with f;/f, = 1.15.
The same nominal compressive strength of 8 ksi (55) and the same Grade 120 (830) confining

reinforcement were used in both walls.

The T-shaped specimens were 300-in. (7620-mm) tall with a thickness of 10 in. (254 mm),
and a 100-in. (2540-mm) long stem with a 100-in. (2540-mm) long flange. The No. 6 (19) longitudinal
reinforcement was concentrated at three different boundary elements, one located at the tip of the
stem and one at each tip of the flange. These regions were confined using No. 3 (10) hoops and
crossties spaced at 3 in. (76.2 mm) in the bottom half of the walls and at 6 in. (152 mm) in the top
half. Non-confined regions were used elsewhere, including the flange-stem intersection. The
geometry and the reinforcement layout of the walls, as well as details of the confined regions, are
shown in Figure 4 through Figure 6. The reinforcement data and cross section properties are shown

in Figure 7. A typical wall elevation with the reinforcement layout is presented in Figure 8.

To evaluate the performance of the walls under transverse lateral loads, a reversed cyclic
loading was applied parallel to the stem at the top of the wall. The loading protocol followed the
recommendations in FEMA 46130, as shown in Figure 9 and Table 4. The load was applied at a
nominal height of 300 in. (7620 mm) above the base of the wall to have a shear span-to-depth ratio

of 3.0.
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3.1 Design of Specimens

Similar to the approach followed by Huq et al.37], the specimens were designed to be
controlled by flexure. The flexural strength (M,,) was determined based on the shear strength (1)
calculated using the minimum transverse reinforcement ratio allowed by ACI 318-14l! for p, =
0.0025 and satisfying 0.9M,, = 0.6V}, h,,, where h,, = 300 in. (7620 mm) corresponds to the shear
span. The shear strength was calculated as the contribution of the concrete and steel per the

following expression:

Vo = Ve + Vs =2y, psidyty, + ptfy’?wtw Eq.1

where £, = 100 in. (2540 mm) is the wall length, t,, = 10 in. (254 mm) is the wall thickness, f; is
the specified concrete compressive strength, and f,, is the transverse reinforcement yield strength.
The data needed to calculate the nominal flexural strength of each wall are shown in Table 5, where
the strength in the positive direction (stem in compression) is approximately 15% greater than the
strength in the negative direction. The calculated nominal flexural strength (negative direction) was
6470 ft-kips (8780 m-kN) and 5650 ft-kips (7660 m-kN) for T5 and T6, respectively. A shallow
neutral axis depth (within the flange) at nominal flexural strength was desired to attain maximum
tensile strain demands (at the stem boundary element). Assuming a T-shaped cross section and a
fully-effective flange, a neutral axis depth of approximately 3% of the wall length was attained as

indicated in Table 5.

The walls were detailed to comply with the requirements prescribed for special structural
walls by ACI 318-1411], which is limited to Grade 60 (420) reinforcement. For Grades 100 (690) and
120 (830) the spacing of the confining reinforcement at the wall boundary elements was based on

the recommendations of ATC 115(16] and NIST[591. Both of these documents recommend that the ratio
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of buckling-to-yield stress (Eq. 2) for Grade 100 (690) reinforcement be similar to the ratio for Grade
60. Considering that the hoop spacing for Grade 60 (420) longitudinal reinforcement prescribed in
ACI 318-14M1lis s = 6d}, Eq. 2 was used to determine the spacing of the transverse reinforcement for
T5 and T6. The resulting spacing was 4.2d;, for Grade 120 (830) steel and 4.6d,;, for Grade 100 (690)
steel. A minimum spacing of 4d; was selected for both T5 and T6 to account for the effect of

construction tolerances.

]ﬁ m2E,

fy:)@(ﬁ) Eq. 2

The confined boundary element in the stem used three legs in the direction of the applied
load even though two legs were sufficient to satisfy the requirements for confining reinforcement.
The additional leg was provided to laterally restrain all of the longitudinal bars located at the extreme

layer of the stem.

3.2 Material Properties

The specimens were cast in four segments: the base block, Lift 1, Lift 2, and the top block,
with three construction joints as shown in Figure 8. The key dates for specimen casting and testing
are listed in Table 6. A target concrete compressive strength of 8 ksi (55 MPa) was provided by a local
ready-mix plant. Actual batched mixture proportions are shown in Table 7. The mechanical
properties of the concrete were obtained following ASTM C39112] for compressive strength and ASTM

C4961131 for tensile strength. The measured strengths at test day are indicated in Table 8.

Two types of reinforcing bars were used as flexural and shear reinforcement in this project:
Grade 120 (830) for specimen T5 and Grade 100 (690) for T6. The confining reinforcement of the

boundary elements of both walls consisted of No. 3 (10) Grade 120 (830) reinforcement from the
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same heat. The mechanical properties of the reinforcement were measured in accordance with the
standard testing method specified in ASTM A37016l. Reinforcement mill certifications indicated that
No. 4 (13) and No. 6 (19) steel bars in wall T5 complied with ASTM A1035[11] Grade 120 (830)
specification whereas bars in T6 complied with ASTM A615[71 Grade 100 (690). Figure 10 and Figure
11 illustrate representative stress-strain curves obtained for the No. 6 (19) and No. 4 (13) reinforcing
bars. The peak stress associated with the uniform elongation (following ASTM E8[14]) is also indicated
in these figures. None of the stress-strain curves showed a yield plateau; therefore, the yield strength
was determined following the 0.2% method in accordance with ASTM A370!(¢! as permitted in section

20.2.1.2 of ACI 318-1411l.

A summary of the tensile test results is presented in Table 9 including the yield strength,
tensile strength, tensile-to-yield strength ratio, and uniform and fracture elongation. The reported
values are the average of two tests. The uniform elongation (&,,) was calculated using the second
method specified in ASTM E8 [14, where &, was taken as the average of the two strains obtained
from the intersection of the stress-strain curve with a horizontal line at 99.5% of the peak stress.
Reinforcement in T5 showed a higher tensile-to-yield strength ratio (ft/fy = 1.33) and lower
uniform elongation (&5, = 5.4%) than the reinforcement in T6 (f;/f, = 1.18 and &5, = 7.1%).
Fracture elongation for the No. 4(13) and No. 6 (19) bars, were between 8.6 and 10.1%, with the
lower value for the No. 4 (13) Grade 100 (690) and the higher value for the No. 6 (19) Grade 120

(830).

3.3 Construction of Specimens

Conventional construction methods were used to build the specimens, i.e.,, wood formwork
assembly, installation of the reinforcement cage, casting with ready-mix concrete, curing with wet
burlap and plastic, and formwork removal. The formwork was removed three to four days after

casting. The concrete surface at the construction joints was intentionally roughened to enhance the
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shear transfer mechanism. Concrete cylinders were made to track the compressive strength of the
concrete cast on each of the four segments (base block, Lift 1, Lift 2, and top block). The cylinders

were kept inside the laboratory at the same environmental conditions of the walls until test day.

Conventional Grade 60 (420) reinforcing bars were used in the base and top blocks. The
vertical wall reinforcement was spliced at the top of Lift 1, see Figure 8, with the splice length
determined based on ACI 408249 The specimens were painted using an oil-based white paint to
facilitate the marking and visibility of the cracks. Figure 12 shows the state of the specimens at

different stages of construction.

3.4 TestSetup.

3.4.1 Description

The specimens were anchored to the strong floor using 14 No. 14 (43) Grade 100 (690)
threaded rods passing through the 27-in. (686-mm) deep base block, see Figure 13. To reduce the
stress on the strong floor, the tension force on the threaded rods reacted on spreader beams under
the floor (Figure 14). The external horizontal force was applied by two MTS 201.70 Hydraulic
Actuators with a force capacity of 220 kips (980 kN) and a stroke of 40 in. (1020 mm). Each actuator
was installed at 297 in. (7544 mm) above the top of the base block for a shear span-to-depth ratio of
3.0. To control twisting of the specimens, the distance from the centerline of the wall stem to the
center of the actuators was 27 in. (686 mm). The actuators were attached on one end to the strong

wall and on the other to the top block by means of HP18x204 steel sections.

To prevent out-of-plane buckling, the walls were braced near midheight as shown in Figure
13. Two steel bracing systems were provided: (1) internal bracing to prevent relative horizontal
movement between the stem and flange, and (2) external bracing to prevent global twisting. Friction
between the external brace and the wall was minimized by using nylon pads reacting on a mirror-

finished steel plates attached to the walls.
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3.4.2 Instrumentation

External and internal instrumentation were installed to collect relevant data for
understanding the behavior of the specimens. Linear variable differential transformers (LVDT),
string potentiometers (string pots), infrared non-contact position measurement system, and
electrical resistance strain gauges bonded to the reinforcement bars. The instrumentation
arrangement was designed to determine the contributions of deformations due to flexure, shear, and

strain penetration to the total lateral deformation.

Figure 15 and Figure 16 show the instrumentation layout on both the stem and flange. To
measure the total lateral deformation and twisting of the specimen, two 40-in. (1020-mm) string
potentiometers were installed 10 in. (254 mm) below the horizontal plane of action of the actuators
at the top of the wall and spaced 72 in. (1830 mm) apart. An additional 20-in. (508-mm) string
potentiometer was installed at the centerline of the wall for redundancy. Two LVDTs were installed
at a height of 19 in. (483 mm) above the strong floor and spaced 78 in. (1980 mm) apart to measure

horizontal sliding and twisting of the base block relative to the floor.

To calculate the elongation and flexural rotation, four vertical LVDTs were mounted at
opposite ends of the wall. Two of them were installed at different elevations at the edge of the stem
whereas the other two were placed at the center of the flange also at different elevations. The
deformations of the bottom 90 in. (2290 mm) of the wall were measured using two string
potentiometers with a stroke of 20 in. (508 mm). Deformations at the top 210 in. (5330 mm) were
measured using two 4-in. (102-mm) stroke potentiometers attached at a height of 90 in. (2290 mm)
above the base block and near the top of the wall. Finally, to measure the shear distortion of the top
two-thirds of the wall, two 4-in. (102-mm) LVDTs were attached along two diagonals between 90

and 270 in. (2290 and 6860 mm) above the base.
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A motion capture system served to measure the three-dimensional displacement field of the
bottom 90-in. (2290-mm) region of the wall. A square grid, nominally 14-in. (356-mm) wide, of
optical markers were glued on the surface of the stem (east surface) and on one-half of the flange
(northeast surface) as indicated in Figure 17 and Figure 18. The other half of the flange (northwest
surface) was used to mark cracks. Six additional markers were installed on a secondary grid between
Columns 1 and 2 and Rows 1 and 7 to collect a more detailed deformation profile for the confined
stem. Due to limited visibility of the cameras to track the optical markers, the first row was installed
3 in. (76 mm) above the base of the wall. The data collected with the motion capture system is
presented by column, row, layer, or station, where a layer is the region of the wall between two
consecutive rows (for a total of 6 layers) and a station is the region bounded by four adjacent markers
(two consecutive columns and rows) on the primary grid (for a total of 54 stations), see Figure 17

and Figure 18.

Nine markers were mounted at the top of the base block to measure the rigid body motion of
the base block (markers B1 through B9 in Figure 19) and six additional markers were installed at the

strong floor (S1 to S6 in Figure 19) as redundant points of reference.

To measure the deformation of the longitudinal and transverse reinforcement, thirty four
electrical resistance strain gauges were glued at different locations of selected reinforcing bars. Five
longitudinal reinforcing bars located at the confined boundary element (three at the stem and two at
the flange) as well as four vertical and two horizontal bars at unconfined regions of the walls were
instrumented as indicated in Figure 20 for T5 and Figure 21 for T6. The strain gauges located above
the base block were used to measure the strain demands as a function of drift ratio and in relation to
wall elevation. The strain gauges placed inside the base block were intended to measure the effects
of strain penetration. The hoops at the base of the stem were also instrumented, see Figure 20 and

Figure 21.
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3.4.3 Loading Protocol

The loading protocol recommended by FEMA 461130, listed in Table 4 and illustrated in
Figure 9, was applied at the top of the wall. This type of loading is used to evaluate the performance
characteristics of structural and nonstructural components under seismic conditions. Based on this
protocol, continuously increasing target lateral displacements varying from 0.6 to 12 in. (15 to 305
mm) were applied by the actuators. The displacement history corresponds to a target drift ratio
varying from 0.2% to 4%, where the drift ratio is defined as the lateral displacement at the top of the
wall with respect to the base block divided by the distance from the top of the base block to the point

of load application. The applied protocol had 9 steps, each consisting of two cycles.

To overcome imprecisions of displacement measurements at low drift ratios (up to 0.5%),
displacements during the initial loading steps were imposed by targeting a force level. Later in the
test, at drift ratios of 0.75% and greater, the actuator imposed the target displacements. Loading rates
were set as 0.01 in./sec (0.25 mm/sec) for drift ratios not exceeding 0.75%, 0.02 in./sec (0. 51

mm/sec) for 1% drift ratio, and 0.03 in./sec (0.76 mm/sec) for drift ratios in excess of 1%.

During the tests, displacements measured at the top of the wall neglected the base block
rotation (due to uplift); therefore, actual drift ratios imposed on the wall resulted generally lower

than the target drift ratios.
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4 EXPERIMENTAL RESULTS

4.1 Measured Shear versus Drift Ratio

Measured shear versus drift ratio is plotted in Figure 22 for T5 and Figure 23 for T6. The drift
ratio (DR), expressed in percent, is plotted on the horizontal axis and the vertical axis represents the
applied shear (V), in kips, at the top of the wall. The drift ratio, is defined as the relative displacement
between the top and the base of the wall divided by the height of the wall measured form the top of
the base block to the level where the top displacement was measured. The following expression was
used to calculate DR:

_ 5top — Opase

DR
h

- Qbase EQ- 3
y

where 8, is the displacement measured at the level of the three potentiometers installed 11 in. (279
mm) below the plane of action of the actuators; 8y, is the average displacement from two
potentiometers located 8 in. (203 mm) below the top of the base block (Figure 15 and Figure 16)
measuring the horizontal translation (in the direction of loading) of the base block; h,, is the height
from the top of the base block to the three potentiometers installed at 286 in. (7260 mm) for both
walls; and 8,4, is the rotation of the base block about an axis normal to the plane of the wall stem
calculated using markers B1 and B6 (Figure 19). The effect of 8,45, 0n 645 Was small and therefore

neglected.

For each of the walls, the measured V versus DR is shown in Figure 22 and Figure 23. The
same figures are annotated in Figure 24 and Figure 25 to identify instances of bar buckling and bar
fracture. All of the reinforcing bars that buckled and fractured are mapped in Figure 26 and Figure

27.
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The hysteretic curve of T5 (Figure 22 ) did not exhibit a well-defined yield point. Instead, a
smooth transition between the elastic and the inelastic range was observed, similar to the transition

shown in the stress-strain curve of the reinforcing bars of T5 in Figure 10 and Figure 11.

The first considerable change in lateral stiffness (measured by the slope of Vversus DR curve)
in T5 occurred when loading in the positive direction (stem in compression) near V = 100 kips (445

kN) and near V = 60 kips (267 kN) in the negative direction (stem in tension). The stiffness change
corresponds to flexural cracking for a modulus of rupture of 5.5 and 8.2./f/,psi (0.46 and

0.68\/m) in the positive and negative loading directions, respectively. Wall T5 completed two
cycles to 2% drift ratio and failed during the first excursion to -3% drift ratio (stem in tension). A
total of 15 bars fractured simultaneously, including all No. 6 (19) bars in the confined stem and one
No. 4 (13) bar in the unconfined stem. After these bars fractured, the wall lost its lateral load-carrying
capacity in the negative loading direction, as shown in Figure 22 by the sudden drop of the applied

shear en route to -3% drift ratio. Bar buckling was not observed prior to bar fracture.

Flexural cracking in T6 occurred at approximately 110 kips and 60 kips, for the positive and

negative loading directions, respectively. These correspond to a modulus of rupture of 5.8 and

7.8 \/m (0.48 and 0.65%) for positive and negative loading, respectively. Wall T6
completed one cycle to 3% drift ratio and failed during the second excursion to -3% drift ratio. During
the second excursion to -3%, one No. 6 (19) bar fractured near -1% drift ratio, and two more
fractured near -1.7%. Prior to these fractures, the bars buckled at +3% drift ratio in the preceding
half cycle (stem in compression). The wall completed the second cycle to -3% with a strength loss of
approximately 25% and when loaded to +4%, it retained 85% of the strength. When loaded to -4%
drift ratio, additional No. 6 (19) bars in the confined stem started fracturing at -2.2% drift ratio

(without reaching -4%). A total of 14 No. 6 (19) bars of the confined stem and two No. 4 (13) bars of
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the unconfined stem had fractured after attempting completion of the first cycle to 4% drift ratio, as

shown in Figure 27. Out of the 16 bars that fractured, only 7 were observed to have buckled.

The maximum measured shear force (V,,,,) and drift ratio (DR, ) during the wall tests are
shown in Table 10. The peak forces were 395 and 290 kips (1760 and 1290 kN) in the positive

direction and 303 and 240 kips (1350 and 1070 kN) in the negative direction for T5 and T6,
respectively. As indicated in Table 10, these values correspond to 4.6,/ f., and 3.2,/ f., in one

direction and 3.5@ and 2.7@ in the other, where f,, is the measured compressive strength
reported in Table 8 (average of Lift 1 and 2). In the positive direction of loading, the recorded lateral
strength for T5 was 30% greater than in the negative direction, whereas for T6 the lateral strength
in the positive direction exceeded the negative direction by 20%. The strength in the positive
direction was greater than in the negative direction because when the flange is in tension, more
reinforcement is near the extreme tension fiber. The larger overstrength of T5 is explained by the

greater tensile-to-yield strength ratio of the Grade 120 (830) bars.

The maximum drift ratio (DR,,,,) achieved by both walls are shown in Table 10 and
correspond to the maximum drift ratio attained without losing more than 20% of the maximum
applied shear (each direction considered separately). Values of DR,,,,, were 2.8% and 3.9% for T5
and T6, respectively, when the stem was in compression, and 2.3% for T5 and 3.1% for T6 when the
stem was in tension. The lower value of DR,,,, in T5 is correlated with the lower uniform elongation
of 5.4% for No. 6 (19) bars and 5.3% for No. 4 (13) bars when compared with those of T6, 7.1 and

7.3% for No. 6 (19) and No.4 (13) bars, respectively.

4.2 Damage Progression

The damage progression of both walls is shown in Figure 28 through Figure 47. Photographs
in Figure 28 through Figure 35 show the condition of the walls at peak displacements to target drift

ratios of 1, 2, 3 and 4%. The photos correspond to the maximum deformation during second cycles
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except for Figure 32 and Figure 35, which were taken at peak drift during first cycles. Horizontal
cracks due to flexure were observed in the confined stem during the cycle to -0.2%. The spacing of
the flexural cracks near the tip of the stem nearly coincided with the 3-in. (76-mm) spacing of the
confining hoops. The length of these cracks was approximately equal to the length of the confined
boundary element (30 in. or 760 mm) and generally diminished with wall elevation. At a drift ratio
of +0.3%, two types of cracks occurred in the flange: (1) horizontal cracks spaced at approximately 6
in. (150 mm) were observed at the confined flange, and (2) V-shaped diagonal cracks spaced at
approximately 13 in. (330 mm) were observed with the vertex located at the center of the flange. The
first shear cracks (along the stem) occurred when loading in the negative direction (stem in tension)
at a drift ratio of -0.2%. When loading in the positive direction, shear cracks were first observed at a

drift ratio of +0.3%.

As the target drift ratio increased from 0.5%, the damage progression was similar for both
specimens. From drift ratio between 0.75% and 1.5%, few additional diagonal cracks formed at the
unconfined stem when loading in both directions. When loading in the positive direction, the cracks
formed a “fan” shape (i.e., diagonal cracks had shallower slope near the bottom of the wall with a
vertex near the bottom corner of the stem boundary element). At values of drift ratio greater than
2%, new diagonal cracks were not observed but the existing cracks continued to widen. The major
difference between the crack patterns for both walls was in the penetration (or extent) of the
diagonal cracks into the confined stem, when the stem was in compression. For T5, the diagonal
cracks extended into the tip of the stem from the base to an elevation of 46 in. (1170 mm), whereas
for T6 the diagonal cracks extended into the confined stem for up to 20 in. (506 mm) above the base.

These elevations coincided with the height of the spalled concrete.

Concrete spalling in T5 was noticeable at the stem boundary element near a drift ratio of

+1.0% during the first cycle to +1.5%. The measured concrete strain (average surface strain) using
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the bottom two markers of Column 1 (Figure 17) at a drift ratio of 1% was 0.0027 over a length of 7
in. (178 mm). Concrete spalling in T6 was observed at the edge of the stem boundary element during

the cycle to +1% drift and was limited to the bottom 3 in. (76 mm) of the wall.

Bar fracture of the No. 6 (19) bars in the confined stem of T6 was preceded by bar buckling.
The first three No. 6 (19) bars of the confined stem fractured during the second cycle to -3%. Table
11 identifies the drift cycle and bar location where bar buckling or bar fracture first occurred for
both walls. Most of these events are also identified in Figure 36 through Figure 47. In T5, a total of 15
bars fractured simultaneously, 14 of which were No. 6 (19) bars located at the confined stem and one
No. 4 (13) bar at the unconfined stem. None of these bars buckled prior to their fracture and therefore
most of the bars showed evidence of necking. In contrast, the outermost bars in the confined stem of

T6 fractured without necking because the bars had buckled.

The vertical No. 4 (13) bars of the unconfined stem of both walls were located inside the
horizontal reinforcement, with a nominal cover of 2.375 in. (60 mm). Buckling of these bars was not

apparent during the test. It is plausible that the extra cover played a role in precluding bar buckling.

4.3 Reinforcement Strains

Reinforcing bars were instrumented with electrical resistance strain gauges to measure the
changes in strain during the test. The locations of the gauges are shown in Figure 20 and Figure 21.
A total of 34 strain gauges were installed in T5, whereas 36 were used in T6 (additional gauges were
placed on hoops). The strains measured in vertical bars are shown in Figure 48 through Figure 105.
The strains in the hoops are shown in Figure 106 through Figure 117, and the strains in horizontal
bars are shown in Figure 118 through Figure 121. In these figures, the horizontal axis represents the
drift ratio and the vertical axis represents the elongation of the bars, with negative elongation

indicating shortening of the bar. All strain gauge readings were zeroed prior to starting the test.
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4.3.1 Stem Longitudinal Reinforcement

The strains measured in the longitudinal reinforcement inside the base block and within the
confined stem are shown in Figure 48 through Figure 55. The data indicate that the reinforcing bars
for both walls yielded at a depth of 18 in. (457 mm) from the top of the base block but the yield point
was not apparent. At a depth of 9 in. (229 mm) inside the base block, the bars yielded at a drift ratio
near -0.9% for T5 and -0.6% for T6. At a drift of -2% the recorded strain was approximately 0.8% for

both walls.

The recorded strains of the longitudinal reinforcement of the confined stem at different
heights above the top of the base block are shown in Figure 56 through Figure 75. The strains were
recorded at four different elevations between 0.5 in. (13 mm) and 100 in. (2540 mm) above the base
block. Additionally, two No. 6 (19) bars at the confined stem and flange regions were instrumented
at 144 in. (3660 mm). Based on the data in Figure 56 through Figure 61, the reinforcement at the
base of the wall (0.5 in. or 13 mm above the base block) yielded during the cycle to 0.75% for T6 but
for T5 the yield point was not apparent. The maximum strain recorded at this elevation was 3.4%
(Figure 56) and 5.2% (Figure 61) for T5 and T6, respectively. The longitudinal reinforcement of the
confined stem yielded at elevations of 25 in. (635 mm), 50 in. (1270 mm), and 100 in. (2540 mm)
above the base block in both walls (Figure 62 through Figure 73). At an elevation of 144 in. (3660

mm) a strain gauges recorded values slightly greater than the yield strain in both walls.

For T6, when loading to the second cycle to -3%, the recorded strains remained nearly
constant at an elevation of 50 in. or 1270 mm (Figure 67 and Figure 69) and at 100 in. (2540 mm)
above the base block (Figure 71 and Figure 73). This behavior was observed after buckling of the
three outermost No. 6 (19) bars in the confined stem. It is possible that when loading in the negative
direction (stem in tension), the bars above 50 in. (1270 mm) did not elongate because the

deformation concentrated at the level of the buckled bars to straighten them. This deformation
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pattern was not observed at 25 in. (635 mm) because the strain gauges stopped working at a drift

ratio of -2% when loading to the first cycle to -3%.

The recorded strain data for the vertical reinforcement in the confined stem of T5 did not
clearly show the yield point. Instead, a smooth transition between the elastic and inelastic range was
observed. In contrast, most of the strain data for T6 clearly showed the point were yielding occurred.
Typically, yielding occurred at drift ratios below 1% for an elevation of 25 in. (635 mm) and above

1% for an elevation of 50 in. (1270 mm) or greater.

Figure 74 and Figure 75 show the data recorded at an elevation of 144 in. (3660 mm) above
the base block for T5 and T6, respectively. These figures suggest the instrumented No. 6 (19) vertical
bar of the confined stem in both walls exceeded the yield strain corresponding to the yield stress

reported in Table 9.

The measured strain of the vertical reinforcement located at the unconfined stem are shown
in Figure 76 through Figure 83. The data indicate that for both T5 and T6 the No. 4 (13) vertical bars
in the stem were subjected to positive tensile strains throughout the test. At the base of the wall (2
in. or 51 mm above the base block) these bars yielded during the cycles to 1.5% drift ratio for T5
(Figure 76) and 1% for T6 (Figure 77). At this elevation, a maximum strain demand of 2.9% was
recorded for T5 at a drift ratio of +2.4%. T6 experienced a maximum strain demand of 1% at a drift
ratio of +1.4% before the strain gauge stopped working. The recorded strain data indicate that at an
elevation of 25 in. (635 mm) above the base block, yielding occurred at a drift ratio above 1% for T5
and below 1% for T6 (Figure 78 and Figure 79). At an elevation of 50 in. (1270 mm) above the base
block, the instrumented No. 4 (13) vertical bars experienced yielding near 1% drift ratio for both
walls (Figure 80 and Figure 81), whereas at an elevation of 100 in. (2540 mm) the bars of T5 yielded
near 1.6% drift ratio, as shown in Figure 82. Once the bars in the confined stem of T6 buckled, the

strain data of the No. 4 (13) vertical bars at an elevation of 50 in. (1270 mm) suggest the bar did not
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sustain an increase in tensile elongation. Instead, the elongation diminished as shown in Figure 81.
Data for T6 were not available to support this observation at an elevation of 25 in. (635 mm) since

the strain gauge stopped working before buckling of the bars in the confined stem (Figure 79).

4.3.2 Flange Longitudinal Reinforcement

Figure 84 through Figure 105 show data recorded by strain gauges installed at different
elevations in the vertical reinforcement at both the confined and unconfined flanges of the walls. Data
from elevations of 2 in. (51 mm), 50 in. (1270 mm), and 100 in. (2450 mm) are reported. The
instrumented bars show that at 2 in. (51 mm) yielding occurred approaching 1% drift ratio for T5
and near 0.7% for T6 (Figure 84 through Figure 87). The maximum strain demand recorded at this
elevation was 3% and 5.6% for T5 and T6, respectively. The drift ratio at which this elongation was
attained was 2.8% for T5 and 3.5% for T6. After the flange reinforcement yielded in tension, plastic
elongations remained positive throughout the test. For T5 and T6, yielding of the confined flange
reinforcement at 50 in. (1270 mm) and 100 in. (2450 mm) was observed at a drift ratio in excess of

1%.

The elongation of the longitudinal reinforcement recorded at different elevations at the
unconfined flange are shown in Figure 96 through Figure 105. A few of these figures indicate “Data
not available” for cases where the strain gauge malfunctioned. For T5, the data indicate the
reinforcement yielded near a drift ratio of 1% at an elevation of 2 in. (51 mm), as shown in Figure 96.
The maximum strain observed at this location was 7% at a drift ratio of +2.28%. This value was 30%
greater than the uniform elongation for this type of reinforcement (&5, = 5.4%) and 30% smaller
than the fracture elongation (ssf = 9.9%). Refer to No. 4 (13) Grade 120 bars in Table 9 and Figure
11. Figure 96 shows a strain jump of 4.5% was associated with the drift ratio changing from
approximately 2 to 3% in the positive loading direction (stem in compression). At peak lateral

displacement, near 3% drift ratio, no considerable damage was observed at the base of the wall
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(other than the main crack at the wall-base block interface) to justify such large strain values, see

Figure 32(a).

At an elevation of 25 in. (635 mm) above the base block, Figure 98 through Figure 101
indicate the reinforcement yielded during the cycle to 1.5% drift ratio for T5 with insufficient data
for T6 to clearly identify yielding. At an elevation of 50 in. (1270 mm) above the base of T6, Figure
103 shows that non-zero strains at zero drift ratio started to grow at drift ratios near 1.5%, an
indication of yielding taking place at this elevation. The strain gauge malfunctioned for T5 at this
elevation. Strains greater than the strain associated with the yield stress were also recorded at an

elevation of 100 in. (2450 mm) above the base block.

4.3.3 Transverse Reinforcement

The strain data recorded at the bottom two hoops of the confined stem are shown in Figure
106 through Figure 117. During the tests, none of the instrumented hoops of both walls reached the
strain associated with the yield stress. At an elevation of 1.5 in. (38 mm) above the base block, the
maximum measured hoop strain was 0.4% for T5 and 0.3% for T6. At an elevation of 4.5 in. (115
mm), the maximum hoop strain was 0.4% for both walls. These strain maxima were below the strain

associated with the yield stress of 140 ksi (965 MPa) for the No. 3 (10) bars, see Table 9.

The strain data for the horizontal bars along the unconfined stem are shown in Figure 118
through Figure 121. For TS5, the recorded data indicate that the bars located at 22.5 in. (572 mm)
above the base block did not reach the strain corresponding to the yield stress of the No. 3 (10) bars.
In the positive loading direction (stem in compression), the recorded maximum strain was 0.3% at a
drift ratio near 3%. For T6, the maximum recorded strain did not exceed 0.25% because the gauge
stopped working at a drift ratio near 2%. At an elevation of 52.5 in. (1330 mm), the horizontal No. 4

(13) bars Grade 120 (830) in T5 exceeded the strain associated with the yield stress during the cycle
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to 3% drift ratio. For T6, the horizontal bar located at this elevation did not yield and recorded a

maximum strain of 0.3% during the cycles to 3% drift ratio.

4.3.4 Reinforcement Strain Comparisons

Figure 121 through Figure 126 show the envelope of the longitudinal reinforcement strains
in the confined stem, confined flange, and unconfined flange at the end of the loading cycles to target
drift ratios of 1.5 and 2%. Figure 122(a) and Figure 123(b) indicates that the reinforcement of the
confined stem of T5 experienced greater compressive strains than in T6. In contrast, T6 experienced
greater tensile strain than in T5. Given that both walls have the same reinforcement ratio, maximum
tensile strains occurred in T6 because the No. 6 (19) bars in the confined stem have a lower yield
strain than in T5. The distribution of maximum tensile strains over the height of the wall shows
greater strains in T6 than in T5 up to an elevation of 50 in. (1270 mm) above the base block. At
elevations greater than 50 in. (1270 mm) the envelope tensile strains in both T5 and T6 were similar
attargetdrift ratios of 1.5 and 2%. The maximum measured strains inside the base block were similar
in both T5 and T6 with minima near zero when loading in the positive direction (stem in
compression) and maxima of approximately 0.007 when loading in the negative direction (stem in

tension).

The maximum strains recorded in the No. 6 (19) bars of the confined flange are shown in
Figure 124 and Figure 125 for target drift ratios of 1.5 and 2%. The figures show decreasing
maximum strains with an increase in elevation when the stem is in compression (positive loading
direction). When the stem is in tension, the strain envelopes in the confined flange are small and
nearly constant with values close to zero at an elevation of 100 in. (2540 mm) above the base block.
Maximum tensile strains in the confined flange were greater in T6 than in T5 up to an elevation of 50

in. (1270 mm) with similar strain maxima at an elevation of 100 in. (2540 mm).
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Figure 126 and Figure 127 show the strain envelopes for the vertical No. 4 (13) bars of the
unconfined flange for target drift ratios of 1.5 and 2%. The data indicate that maximum tensile strains
were greater in T5 than in T6. These envelopes differ from the pattern showed in Figure 124 and
Figure 125 where the maximum tensile strains of the confined flange were greater in T6 than in T5.
This discrepancy may be due to having primary flexural cracks at the unconfined flange of T5 closer

to strain gauges than in T6.

4.4 Concrete Strains

Longitudinal (vertical) strain profiles were calculated at the concrete surface using data from
the grid of optical markers installed on the stem (Figure 17) and the flange (Figure 18). The concrete
strain (surface strain) between two adjacent markers was determined as the ratio of the change in
vertical distance between two adjacent markers to the initial vertical distance between markers.
Considering that the markers were installed at a nominal distance of 14 in. (356 mm), the calculated
strains represent an average strain along that distance (calculated strains are based on actual, not
nominal, initial distance between markers). Additional markers were used at the first two columns
of the confined stem (Figure 16) to allow calculation of average strains along a nominal distance of 7
in. (178 mm). Reinforcing bar strains (Section 4.3) are generally much greater ata crack location than

the reported average concrete surface strains.

The strain profiles reported in this section were calculated at the peak drift of the second
cycle to target drift ratios of 1, 1.5, 2, and 3% for each loading direction. However, T5 failed during
the first cycle toward a target drift of -3%, whereas T6 failed during the second cycle toward a target
drift of -3%. Therefore, the strain profile reported for a target drift ratio of 3% when the wall stem
was in tension represents the concrete strains during the cycle at which the wall failed (first cycle for

T5 and second cycle for T6).
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The calculated strain profiles associated with the eight columns of markers installed on the
stem are shown in Figure 128 through Figure 143. The vertical distribution of the average concrete
strain from 3 to 87 in. (76 to 2210 mm) above the base block is plotted for both directions of loading.
Thirteen rows of markers were installed on Columns 1 and 2 and seven on Columns 3 to 8, enabling

a more dense strain profile near the tip of the stem, see Figure 17.

Figure 144 through Figure 155 show the vertical distribution of the calculated concrete strain
in the flange of the walls. A grid of four columns and seven rows was used to define the position of
the markers on the flange (Figure 18). The concrete strains at the flange were calculated in the same
way as in the stem. However, to visualize the strain distribution along the width of the flange, the
strain is plotted versus the horizontal distance from the stem centerline. A comparison of the
maximum and minimum strain profiles (envelope data) calculated for the confined stem, confined
flange, and unconfined flange for both walls are shown in Figure 156 through Figure 161. The

envelope are reported as elevation versus strain for both walls at target drift ratios of 1.5 and 2%.

4.4.1 Stem Longitudinal Strains

The vertical distributions of the measured concrete strain at the stem of wall T5 are shown
in Figure 128 through Figure 135 for Column 1 through Column 8. When loading in the positive
direction (stem in compression), an approximately uniform compressive strain distribution was
observed at Column 1 throughout the height of the wall. A similar pattern is observed at Column 2
for elevations above 30 in. (760 mm) from the base, although the magnitude of the negative
(compressive) strains were smaller than in Column 1. Below this point, the magnitude of concrete
strains were generally maximum at the base and reduced with elevation. As the distance from the
edge of the wall increased (away from the tip of the stem), Columns 3 through 8, tensile strains were
recorded within 87 in. (2210 mm) from the base of the wall (case of stem in compression). At Column

3, the strain profile was nearly uniform with maximum tensile strain at the bottom of the wall (Layer
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1) and minimum at the top (Layer 6). This pattern was observed throughout the range of values of
drift ratios reported in these figures. Furthermore, the magnitude of the tensile strain (in Columns 3
through 8) for a given drift ratio increased in proportion to the distance from the tip of the stem, with
the maximum at Column 8 (located at the flange). The unconfined stem was subjected to positive
(tensile) strains throughout the test, consistent with strain gauge data from the longitudinal

reinforcement of the unconfined stem (see Section 4.3.1).

When loading in the negative direction (stem in tension), a nearly linear strain distribution
with maxima at the base of the wall was observed between Columns 2 and 7. The maximum strains
at the perimeter of the confined stem measured at Column 2 were approximately 0.006, 0.011, 0.017,
and 0.031 at target drift ratios of -1, -1.5, -2, and -3%. The tensile strain magnitudes generally
decreased with distance from the tip of the stem, as shown in Figure 129 through Figure 134 for
Columns 2 through Column 7 (data for Column 1 were not available for bottom rows). Furthermore,
the strains generally increased with deformation demand. A compressive strain distribution was
recorded at Column 8 up to a target drift ratio of -1.5%. At a target drift ratios of -2% and -3%, tensile
strains were recorded in Layer 2 and above. Maximum tensile strains in the stem of T5 were
approximately 0.03 in Columns 2 and 8 for the negative and positive direction of loading,
respectively, measured during the cycle to 3% drift ratio. The marker of Column 1 would have
measured larger strains than in Column 2 but the markers in Column 1 at the base of the confined

stem detached from the concrete surface before completion of the 1.5% drift cycles.

The measured maximum strains at Columns 4 and 5 were similar in shape and magnitude for
both directions of loading. The maximum strains at the unconfined stem (Columns 3 through 7) were
+0.01 for Column 3 and +0.028 for Column 7 when the stem was in compression and between +0.022

for Column 3 and +0.013 for Column 7 when the stem was in tension.
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Concrete strains in the stem of T6 are plotted in Figure 136 through Figure 143. When loading
in the positive direction (stem in compression), a nearly uniform compressive strain distribution was
observed at Column 1 up to a target drift ratio of 1.5%. At higher deformation demands (2 and 3%
drift ratios), compressive strains occurred above 45 in. (1140 mm), whereas residual tensile strains
occurred below this point. This observation is consistent with strain gauge data from the longitudinal
reinforcement of the confined stem located at 0.5 in. or 13 mm (Figure 61), and 25 in. or 635 mm

(Figure 63 and Figure 65), above the base block.

The maximum strains within the unconfined stem (Columns 3 through 7) at the base of T6
(case of stem in compression for 3% drift ratio) were all tensile strains with values of +0.023 for
Column 3 and +0.036 for Column 7. The overall maximum strain was +0.045 occurring at Column 6
within Layer 2. The larger strain was due to three wide cracks that developed in Layer 2,

concentrating the deformation away from other layers.

In the negative loading direction (stem in tension), for target drift ratios between 1 and 3%,
tensile strains were recorded from Column 1 (Figure 136) through Column 7 (Figure 142), except for
Layer 6 in Column 7. At a target drift ratio of -1.5%, the strain recorded at Columns 1 and 2 showed
a strain concentration at an elevation near 27 in. (686 mm) above the base of the wall. The maximum
tensile strains generally reduced with distance from the tip of the stem. The maximum tensile strains
in the stem, during negative loading, varied between 0.05 and 0.06 in Columns 1 through 3 at the
bottom three layers. Compressive strains occurred at Layer 1 of Column 8 (Figure 143) up to a drift
of -1.5%. As the magnitude of the imposed deformation increased, the maximum tensile strain was
0.008 at Layer 3 of Column 8, whereas a small tensile strain was observed in Layer 1 (0.001) and
Layer 5 (0.002). This indicates that the flexural cracks in the wall at the flange-stem intersection

(Column 8) were more widely open in Layers 2 through 4 during the cycles to 2 and 3% drift ratios.
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4.4.2 Flange Longitudinal Strains

The strain profile derived from markers along half-width of the flange (Figure 18) is shown
in Figure 144 through Figure 149 for T5 and in Figure 150 through Figure 155 for T6. The horizontal
distribution of strains at different heights (defined by six layers) above the base of the wall are
presented for both loading directions. When the stem of T5 was in compression, average surface
concrete strains were approximately uniform throughout the width of the flange at different levels
of deformation demands, with the exception of Layer 1 (Figure 144) at target drift ratios of 2 and 3%,
where the strain at the stem centerline was nearly twice the strain at the confined flange. This
exception is consistent with the crack pattern observed during the test where the number of cracks
at the tip of the flange exceeded those developing in the vicinity of the flange-stem intersection. It is
also consistent with data from longitudinal bars in the flange (confined and unconfined) with strain
gauges at 2 in. (51 mm) above the base (Figure 84 and Figure 96). Considerably larger reinforcement
strains were recorded at the unconfined flange throughout the test. The longitudinal and transverse
reinforcement ratio may have played a role on the tensile strain distribution given that in T5, the No.
6 (19) bars used at the flange boundary elements had very similar mechanical properties (yield
strength, tensile-to-yield strength ratio, and uniform elongation) to those of the No. 4 (13) bars used
at the unconfined flange (see Table 9). The lower reinforcement ratio at the flange-stem intersection
compared with the confined flange may have caused fewer but wider cracks with larger

reinforcement strains in the vicinity of the cracks.

When T5 was loaded in the negative direction (stem in tension), the concrete surface strains
in the flange were negative (compressive) for the first three layers (below 45 in. or 1140 mm) up to
a drift ratio of -2% with tensile strains occurring for a target drift ratio of -3%, see Figure 144 through
Figure 146. At the top three layers (Layers 4 through 6) from 45 in. (1140 mm) to 87 in. (2210 mm),
compressive strains occurred at lower drift ratios (1 and 1.5%), whereas tensile strains occurred at

higher drift ratios (2 and 3%), see Figure 147 through Figure 149. The maximum tensile strain
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demands in the flange of T5 occurred in the bottom three layers (Figure 144 through Figure 146).
For the unconfined flange, maximum values were 0.012, 0.018, and 0.03 for drift ratios of 1.5, 2, and
3%, respectively. The maximum tensile strain demands at the confined flange were 0.0087, 0.010,

and 0.018 for drift ratios of -1.5, -2, and -3%.

Concrete strain profiles for T6 are shown in Figure 150 through Figure 155. The distribution
of strains were generally uniform along the half-width of the flange throughout the bottom 87 in.
(2210 mm) of the wall except for tensile strains in Layer 1 at drift ratios of 2 and 3% and in Layer 2
at a drift ratio of 3%. The tensile strains decreased with height in a way similar to what was observed
in T5. At Layer 1 (Figure 150), greater tensile strains occurred near the flange-stem intersection with
tensile strains generally decreasing toward the confined flange, similar to what was observed in T5.
The No. 6 (19) bars used at the confined flange had yield strength and uniform elongation, f,, = 112
ksi (772 MPa) and &, = 7.1%, similar to the No. 4 (13) bars used at the unconfined flange, f, = 109
ksi (752 MPa) and &, = 7.3%. However, the tensile-to-yield strength ratio was different, f/f, =
1.18 for the No. 6 (19) bars and f;/f,, = 1.24 for the No. 4 (13) bars. The lower f;/f, for the bars at
the confined flange may have played a role for having maximum tensile strains in Layer 1 at the
unconfined flange within 20% of the maximum strains at the confined flange. For the negative loading

direction (stem in tension), the flange strain profile in T6 were very similar to those of T5.

The maximum tensile strain (on concrete surface) in the unconfined flange of T6 were 0.014,
0.025, and 0.038 for target drift ratios of 1.5, 2, and 3%, respectively. The maximum tensile strain in

the confined flange were 0.012, 0.021, and 0.032 for target drift ratios of 1.5, 2, and 3%.

4.4.3 Concrete Strain Comparisons
A comparison of the maximum and minimum concrete strain distributions at the confined
stem, confined flange, and unconfined flange are shown in Figure 156 through Figure 161. The

reported values correspond to the strain measured during the second cycle at target drift ratios of
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1.5 and 2%. At a drift ratio of 1.5%, the maximum tensile strains at the confined stem were 0.014 and
0.023 for T5 and T6, respectively. The maximum tensile strains at the confined flange were 0.009 for
T5 and 0.012 for T6 at the same target drift ratio. Greater concrete tensile strains were obtained at

the unconfined flange with 0.012 for T5 and 0.015 for Té.

At a drift ratio of 2%, the maximum concrete tensile strains at the confined stem were 0.018
and 0.032 for T5 and T6, respectively. At the confined flange, the maximum tensile strains were 0.011
and 0.022 for T5 and T6, and at the unconfined flange maximum tensile strains were 0.018 and 0.025

for T5 and Té.

The ratio between the maximum concrete tensile strain in the confined stem to the maximum
in the flange was approximately 1.2 for T5 and 1.5 for T6 at a drift ratio of 1.5%. These ratios reduced
to approximately 1.0 for T5 and 1.3 for T6 at a drift ratio of 2%. The ratio was greater in T6 very likely
due to the presence of a yield plateau in the stress-strain curves of the reinforcement used in T5

causing a strain jump at first yield.

The concrete strain envelopes reported in Figure 156 through Figure 161 resemble the
reinforcement strain envelopes reported in Figure 122 through Figure 127 at the confined stem and
confined flange. For T5, the bottom three markers of Column 1 were lost at a drift ratio of 1.5% as
did the bottommost marker of Column 1 for T6. Therefore, the bottom three points of the profile for
T5 and the one located at the bottom for T6 correspond to the strains calculated with the data

recorded at Column 2.

The maximum tensile strain at the concrete surface for the confined stem at 1.5% drift ratio
when the stem was in tension was approximately two-thirds of the maximum strain recorded by the
strain gauges (Figure 56 through Figure 75) for both T5 and T6. At a target drift ratio of 2%, the ratio
between the measured maximum tensile strain on the concrete surface to that of the longitudinal

reinforcement was approximately 0.6 for T5 and 0.8 for T6. Compressive strains (negative values in
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Figure 156 and Figure 157) measured on the concrete surface between markers at 3 and 10 in. (76.2
and 254 mm) above the base block were greater in T5 than in T6 but this was not the case between
markers at 10 and 17 in. (254 and 432 mm) above the base block. Concrete spalling at the tip of the

stem was likely the cause for having greater compressive strains in T6 than in T5.

It is important to note that when the stem was in tension, the minimum concrete strains in
the flange (confined and unconfined) were always positive (tensile strain) throughout the bottom 87
in. (2210 mm) above the base block, see Figure 158 through Figure 161. This is an indication that
compressive stresses in the flange reinforcement did not reset the residual tensile strains possibly

due to having greater amount of reinforcement in the flange than in the confined stem.

4.5 Drift Components

The total measured lateral drift can be considered as the sum of four different deformation
components: flexural, shear, base shearing, and base opening. The data collected by the grid of
markers installed at the bottom 87 in. (2210 mm) of the wall (Figure 17 and Figure 18) were used to
calculate the aforementioned deformation components. It was assumed that all the inelastic
deformation was concentrated in the bottom region of the wall (nearly one-third of the wall height)

and that the top region responded in the elastic range.

4.5.1 Shear Component

The shear component of drift was determined for the bottom region of the wall using data
from the grid of optical markers (Figure 162). Each grid layer was divided into seven stations. The
coordinates of the corners of each station were measured throughout the tests using the grid of
markers installed at the stem of the wall (Figure 17). The shear distortion in each of the stations was

calculated and then averaged for each horizontal layer. Thus, the distortion of one layer was defined
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as the average of the distortion of seven stations. Each of the four angles on each station were
measured at the beginning of the test (4, By, Cp, and D,) and at an arbitrary instant in time k. The
angles 4, B, C, and D (Figure 163) were determined using Eq. 4 through Eq. 7 based on the law of

cosines with the calculated distances between the corners of that station:

Ay = cos™! {h? -;val_ d%} Eq. 4
By = cos™! {h? ;:fv: d%} Eq.5
Cp = cos™! {hlz’ -;ll:fv: d%} Eq. 6
D, = cos™? {h’z’ ;:jvl_ d%} Eq.7

It was assumed that the change in angles of a distorted station has three components: flexural
rotation, 6; shear distortion, y’; and core expansion, ¥, as shown in Figure 164. These components
were defined as the difference between the angles at instant k and the initial angles (at the start of

the test: Ag, By, Cy, and D) using Eq. 8 through Eq. 11.

0

Ak AOZ_E+}/,_¢ Eq8
6 ’
0

Ce=Co=+5+V +¥ Eq. 10
6 ’

Dk—Doz_E_V + Eq. 11

Since the vertical and horizontal distance of a station was small 14 in. (356 mm),

approximately equal to 1/20h,, and 1/71,,, a constant curvature along its height and length was
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assumed. Under this condition, the combination of the previous equations led to the following

expression to calculate the shear distortion:

v =—[(Ax —Ap) — (Bx — Bg) + (Cx — Co) — (D — Dy)] Eq. 12

e

Finally, the average shear distortion of Layer i during time step k (yi,k) was calculated as the
average shear distortion contributed by each Station j (Eq. 13). In this expression, ng represents the
number of stations per layer, £ is the length of the station, and the negative sign was used to have

positive shear distortion coincide with positive drift ratio (stem in compression).

Ng 12
Xili Yijr s

S Eq.13
j=1%j

Yik = —

The calculated shear distortions for each loading direction are shown in Figure 165 and
Figure 166 for walls T5 and T6, respectively. In these figures, the calculated distortion of each layer
is plotted with the vertical distance from the base to the centroid of the layer. These figures consider
four different target drift ratios (1, 1.5, 2, and 3%) to evaluate the shear distortion profile. The plotted
shear distortion value corresponds to the peak drift during second cycles to drift ratios of 1, 1.5, and
2%. For a target drift ratio of 3%, the first cycle was used for both walls because T5 was not subjected

to a second cycle due to bar fracture occurring during the first cycle.

The shear distortion of T5 is shown in Figure 165. When the stem was in compression, an
approximate uniform distribution along the bottom 87 in. (2210 mm) was observed up to a drift ratio
of 2%. However, a minimum value was observed near the base of the wall (at Layer 1) throughout
the test. The maximum shear distortion generally occurred at Layer 4. The maximum shear

distortions were 0.003, 0.005, 0.008, and 0.014 rad for 1, 1.5, 2, and 3%. At a drift ratio of 3%, the
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shear distortion of Layer 1 was 0.0075 rad when the stem was in tension, shear distortions were
generally greater in Layers 3 and 6, with the lower values generally occurring in Layers 1 and 5.
Maximum shear distortions of 0.005, 0.007, and 0.009 rad at -1, -1.5, and -2%, respectively, occurred
at Layer 6. At higher drift ratios, the maximum distortion of 0.013 rad occurred at Layer 3 (52 in. or
1320 mm above the base block). It is important to note that based on Figure 120, the largest strain
recorded for the transverse shear reinforcement was nearly 0.5% at an elevation of 52.5 in. (1330

mm) above the base (i.e., within Layer 3).

Figure 166 shows the vertical profile of the shear distortion for specimen T6. At a drift ratio
of 1%, the profile of shear distortion was nearly uniform for Layers 1 through 6 in both loading
directions. As the imposed drift increased, greater shear distortions generally occurred in Layers 1
through 3 with Layers 4 through 6 exhibiting a nearly uniform profile. In the positive loading
direction, maximum shear distortions of 0.003, 0.009, 0.014, and 0.019 generally occurred in Layer
1 at 1, 1.5, 2, and 3% drift ratios, respectively. In the negative loading direction, maximum shear
distortions generally occurred in Layer 2 with values of 0.004, 0.007, 0.014, and 0.024 at drift ratios

of -1, -1.5, -2, and -3%, drift ratio.
4.5.2 Base Shearing Component

The second component of deformation considered, base shearing, was defined as the
horizontal displacement (in the direction of loading) between the first row of markers (AXRl) and the
markers installed on the top of the base block (AXBase)' Sliding along the joint between the wall and

the base block plus the shear distortion of the bottom 3 in. (76 mm) of the wall are considered in this
component. The measured horizontal displacements are not corrected for flexural rotation, which is

assumed negligible in a 3-in. (76-mm) layer.
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The shear displacement caused by base shearing for T5 and T6 are shown in Figure 167 and
Figure 168, respectively. In these figures, the displacement is plotted against the drift ratio. It can be
seen that the maximum base shearing distortion attained for both walls during the first cycle to a
target drift ratio of 2% did not exceed 0.1 in. (2.5 mm). During the cycles to 3% drift ratio, the
contributions of base shearing approached 0.20 in. (5 mm) in the negative leading direction for both
T5 and T6, and to 0.25 in. (6.4 mm) in the positive loading direction for T6. The larger increase in
base shearing deformations of T6 during the second cycle to 3% drift ratio was likely due to the
severe damage in the stem due to spalling of the concrete and buckling of the bars in the confined
stem. Wall T5 did not complete the first cycle to a drift ratio of 3%, which limited the compression

damage of the stem.

4.5.3 Flexural Component

The flexural component of a layer was defined as the relative rotation between the two
horizontal rows that bound the layer (Figure 162). The rotation was calculated using Eq. 14, where
the first term is the rotation of the top row, and the second term is the rotation of the bottom row.
The rotation of each row was calculated as the relative vertical displacement of the two extreme
markers (located at Columns 1 and 8) divided by the initial horizontal distance between the two

columns.

_ (yRi+1.C8 B YRi+1'C1) _ (YRi,Cs B yRi;C1)
£C861 €CSC1

6; Eq. 14

In Eq. 14, 6; is the flexural rotation of Layer i and yp,  refers to the vertical displacement of
the markers at Row R and Column C relative to their initial position. The denominator in both terms,

¥¢,c, is the initial horizontal distance between markers in Row i + 1 at Columns 1 and 8.
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The calculated flexural rotations for T5 and T6 are shown in Figure 169 and Figure 170,
where the rotations for the six layers representing the bottom 87 in. (2210 mm) of the wall are
plotted for different values of drift ratios. For positive drift ratios (stem in compression), Figure 169
shows two plots of the flexural rotation of T5 based on the use of Columns 1 and 8 or Columns 2 and
7. After a drift ratio of 2% on the way to the first cycle of 3%, the presence of a wide crack between
Rows 4 and 5 (indicated with arrows in Figure 171) caused a reduction of the angle of rotation for
Row 4. The wide crack affected the calculated flexural rotation of Layers 3 and 4 (represented in the
top left plot of Figure 169 by the third and fourth point above the base). When using Columns 2 and
7, the flexural rotation showed a different profile. In general, the flexural rotation increased with an
increase in drift ratio and reduced with an increase in elevation from the base of the wall. When the
stem was in compression, the maximum flexural rotations (based on data from Columns 2 and 7)
were 0.0014, 0.0018, 0.0026, and 0.0044 rad at target drift ratios of 1, 1.5, 2, and 3%, respectively.
When loading in the negative direction (stem in tension), an approximate linear distribution is
observed with maximum flexural rotations at the base of the wall of 0.0010, 0.0018, 0.0028, and
0.0043 rad at drift ratios of -1, -1.5, -2, and -3%, respectively. At a drift of -3%, the flexural rotation
diminished considerably in Layers 3 through 6. Considering that the data in the figure were
calculated at the peak force during this half cycle (just before the bars fractured), the concentration
of flexural deformation at the base of the wall is likely associated with longitudinal bars at the onset

of fracture in the confined stem.

The flexural rotation for T6 is shown in Figure 170. A nearly linear distribution was observed
when the stem was in compression with a maximum rotation at the base of the wall. The maximum
flexural rotations generally occurred at the base of the wall with values of 0.0012, 0.0024, 0.0041,
and 0.0063 rad for drift ratios of 1, 1.5, 2, and 3%, respectively. The flexural rotations in the negative
loading direction were also generally greater at the base of the wall. When loading in the negative

direction (stem in tension) maximum flexural deformations of 0.0014, 0.0026, 0.0036, and 0.0067
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rad are reported for drift ratios of -1, -1.5, -2, and -3%. At a drift ratio of -3%, the flexural rotation
increased considerably in Layer 1 and diminished in the top two layers (Layers 5 and 6) to
magnitudes corresponding to lower drift ratios. The large rotations in Layer 1 are indicative of
concentrated damage due to spalling of concrete and bar buckling at the perimeter of the confined

stem.

4.5.4 Base Opening Component
The component of drift due to base opening was defined to include flexural rotations
occurring within the bottommost 3 in. (76 mm) of the wall and rotation due to elongation of the bars

within the base block. Base opening (6,,,) was calculated using

_ (le,c8 - le,Cl)
Yeqc,

gbo - Bbase Eq- 15

where yg . and yg, ¢, are the change in position (along the vertical y axis) of markers in Row 1 at
Columns 8 and 1, and ¢, is the distance between markers in Columns 1 and 8 (at Row 1). The
rotation of the base (045.) about an axis normal to the plane of the wall stem was calculated using
the positions of markers B1 and B6 (Figure 19). This deformation component accounts for the
additional rotation caused by strain penetration (or bond slip) of the longitudinal reinforcement

developed into the base block.

The base opening rotation versus drift ratio is shown in Figure 172 for T5 and Figure 173 for
T6. Base opening increased in proportion to drift ratio in both loading directions up to DR = 2% for
T5and DR = 1.5% for T6. At DR = 1%, both walls exhibited a base opening of approximately 0.0015

rad. Base opening in T5 at DR > 2% shows a positive shift for base opening rotation possibly due to
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concrete spalling at the tip of the stem. The nearly linear relationship between base opening and drift
ratio for T5, even after yielding of the flange reinforcement, was possibly affected by the lack of yield

plateau and high tensile-to-yield strength ratio for the reinforcement in T5.

Base opening of T6 increased at a lower rate for the positive loading direction (stem in
compression) up to the first cycle to DR = 3% and remained nearly proportional to drift ratio in the
negative loading direction. This implies that upon tension yielding of the flange and given the low
tensile-to-yield strength ratio of the reinforcement in T6, strain penetration and curvature at the base
of the wall increased at a lower rate with increased drift ratio. Deviations in base opening rotation of
T6 during the second cycle to DR = 3% (with respect to the first cycle) were affected by spalling of
concrete and bar buckling at the base of the confined stem. The flattening of the curve was not as
apparent in the negative loading direction possibly due to the more gradual yielding of the

reinforcement layers in the stem.

4.5.5 Drift Component Comparisons

The contribution of the four components of drift (shear, base shearing, flexure, and base
opening) to the total lateral deformation is determined in this section based on the second cycle of
each step of the loading protocol (Figure 9) for target drift ratios between 0.5 and 2%. The following
expressions were used to calculate the deformations due to shear (A,), base shearing (A;), flexure

(Af), and base opening (4,,):

n
Shear: A, = 2 vih; Eq. 16
i=1
Base shearing: Aps = _(AXR1 - AXBase) Eq. 17
ny
Flexure: Ar = Z O;hy; Eq. 18
i=1
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Base opening: Apo = Opohy Eqg. 19

where all terms are defined in Appendix A.

To derive the percent contributions shown in Figure 174 through Figure 177, the drift
components were divided by the total displacement at the top of the wall (elevation 286 in. or 7260
mm above the base block) during second cycles. The use of Eq. 16 through Eq. 19 was all dependent
on data measured by the motion capture system tracking the position of the optical markers on the

bottom 87 in. (2210 mm) of the wall (see Figure 15 through Figure 19).

The shear distortion of the first 3 in. (76 mm) above the base block was determined using Eq.
17, where the negative sign is introduced to make the positive base shearing coincide with positive
drift (stem in compression). Eq. 18 assumes curvature due to flexure is uniformly distributed along
the height and length of each layer; and Eq. 19 includes flexural deformation of the bottom 3 in. (76
mm) of the wall due to effects of strain penetration (into the base block) and curvature (below

markers in Row 1, see Figure 17).

Figure 174 and Figure 175 show that both walls exhibited a behavior dominated by flexure
(including base opening), which accounted for more than 50% of the total deformation for drift ratios
between 1 to 3%. A nearly constant contribution of shear distortion between 10 and 15% was found
throughout the test, whereas the deformation due to base shearing contributed with approximately
2%. Clearly, base shearing played a minor role throughout the test. The contribution of the rotation
due to base opening varied between specimens. For T5, this component provided approximately 15%
of the total lateral drift when the stem was in compression, and 10% when the stem was in tension.

For T6, the contribution of base opening to total deformation was nearly constant at approximately
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18% when the stem was in tension, and varied between 18 and 8% when the stem was in

compression, with lower values for higher drift ratios.

The cumulative contribution of each component to the total lateral drift is shown in Figure
176 for T5 and Figure 177 for T6. In these figures, the contribution is expressed in percentage and is
plotted against drift ratio. Considering that only data from the bottom 87 in. (2210 mm) of the wall
were included, the reported cumulative percentage is less than 100%. According to these figures, for
values of drift ratios between 1 and 3%, the bottom 87 in. (2210 mm) of the wall contributed with 80
to 95% of the total imposed deformation, with the exception of T5 in the negative loading direction

(stem in tension), where 70% of the deformation was concentrated at the bottom region of the wall.

The greater contribution of flexural deformation in the positive direction of loading (stem in
compression) is likely related to having the primary flexural reinforcement within 10 in. (254 mm)
from the edge of the wall, which causes a nearly simultaneous yield of the flange reinforcement. The
smaller contribution of flexural deformations in T5 (for negative loading) were very likely influenced
by the stress-strain curves of the Grade 120 (830) reinforcement (Figure 10 and Figure 11) without
a yield plateau and with greater tensile-to-yield strength ratio, delaying the development and

concentration of plastic curvatures at the base of the wall.

4.6 Crack Widths

In earthquake-resistant design of reinforced concrete members, crack control is typically of
secondary concern given that members are detailed to withstand flexural yielding. However, crack

widths can be used as an approximate external measure of damage.

Crack widths were recorded to evaluate the influence of the grade of reinforcement on crack
control in members subjected to inelastic displacement reversals. Four locations were selected to

take measurements: the confined and unconfined flange, and the confined and unconfined stem,
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where the concrete surface was free of any type of instrumentation. A crack comparator was used to
sequentially measure the cracks during the second cycle of each loading step up to DR = 2%: at peak
positive drift ratio (stem in compression), zero shear force (after unloading), peak negative drift ratio

(stem in tension), and zero shear force (at end of loading step).

Figure 178 illustrates the crack width history versus drift ratio for the confined and
unconfined flange when the stem was in compression (positive direction) followed by the
measurements at zero applied shear force in Figure 179. When loading in the negative direction
(stem in tension), the crack widths at peak drift are shown in Figure 180, whereas Figure 181 plots
crack widths measured at the end of the loading step. It can be seen that both walls exhibited a similar

behavior up to DR = 2%.

To evaluate the effect of inelastic displacement reversals on crack widths, the ratio of crack
width at zero lateral force (W,.,,) to crack width at the preceding peak displacement (wpeak) was
calculated and reported in Figure 182 for the confined and unconfined flange when loaded in the
positive direction (stem in compression) and Figure 183 for the confined and unconfined stem when
loaded in the negative direction (stem in tension). For both walls, at the end of the second cycle to a
drift ratio of 2%, the cracks at zero force were approximately 60% of the cracks at peak displacement
for the confined and unconfined stem and for the confined and unconfined flange. For loading cycles

with drift ratios lower than 2%, the crack width ratios varied between 20 to 80%.

4.7 Wall Elongation

The elongation of the wall was calculated using the markers installed at the bottom region of
each wall (87 in. or 2210 mm above the top of the base block), including the bottommost 3 in. or 76
mm (Figure 162). Elongation was defined as the change in the vertical distance between two adjacent
markers on the same column of markers (see Figure 17) determined at the end of a loading step

(Figure 9). Elongations for the loading steps associated with the target drift ratios of 0.75, 1, 1.5, 2,
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and 3% were calculated. For a drift ratio of 3%, elongation data for T5 were not available given that
T5 failed before completing the first cycle to 3% drift, whereas for T6 the first cycle to 3% drift were
used given that T6 failed during the second cycle. Vertical distributions of the calculated elongations
are presented in Figure 184 and Figure 185 for T5 and T6, respectively. The bottom points in these
figures correspond to the elongation calculated for a 3-in. (76-mm) thick layer, whereas 14-in. (356-

mm) thick layer was used for other points.

As shown in the figures, a nearly uniform elongation was recorded for drift ratios less than
1%, with maximum elongations of approximately 0.02 in. (0.5 mm) for T5 and 0.03 in. (0.8 mm) for
T6. These values are an indication of very limited damage. As the imposed drift ratio increased, the
elongation over the height of the wall increased. Starting at a drift ratio of 1.5%, the distribution of
the elongation changed considerably between the specimens. The elongation profile for T5 was
approximately uniform over the height with a maximum of 0.07 in. (2 mm) for Layer 2 at elevations
between 17 and 31 in. (432 and 787 mm) above the base, while the elongation profile for T6 showed
a more pronounced increase for Layers 1 and 2, with a maximum of 0.13 in. (3.3 mm). This

deformation was nearly twice the elongation of T5.

At a drift ratio of 2%, both walls exhibited maximum elongations in Layers 1 and 2 at
elevations between 3 and 31 in. (76 and 787 mm). The maximum elongation for T5 was of 0.12 in. (3
mm), whereas 0.25 in. (6.4 mm) was reported for T6. Even though the elongation profiles of both
walls were similar at this level of drift ratio, the elongation of T6 was approximately two times that
of T5. These differences may be due to the tensile-to-yield strength ratios of the No. 6 (19) primary
flexural reinforcement withf;/f, = 1.33 for T5 and f;/f,, = 1.18 for Té. In addition, the No. 6 (19)
bars in T5 did not exhibit a yield plateau, which helped reduce plastic deformations. The ratio of
maximum-to-minimum residual deformation at a drift ratio of 2% was approximately 2 for T5 and 4

for T6.
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4.8 Wall Stiffness

Two types of stiffness were calculated for each wall, the effective initial stiffness (K,) and the
unloading stiffness (K, ). Stiffness K, is defined as the secant stiffness to the notional yield point
(Ay, Fy) of an idealized force-deformation relationship (Figure 186). Stiffness K,, is defined as the
secant stiffness from the maximum displacement of a loading cycle to the point of zero force (Figure
186). Both K, and K, are key parameters for representing nonlinear response of reinforced concrete

members subjected to strong ground motions.[6585]

4.8.1 Effective Initial Stiffness

The envelopes of the measured shear-drift response are shown in Figure 187 and Figure 188
for T5 and T6, respectively. The breakpoints correspond to the maximum shear attained during each
loading step (Figure 9) and its corresponding drift ratio. The coordinates of each breakpoint are listed
in Table 12. For direct comparison, the envelopes of both walls are plotted in Figure 189. The figure

also shows the shear strengths associated with the nominal flexural strengths (V,f,;n and Vy )

calculated using specified material properties (see Table 5). The figure shows that the walls exceeded
the calculated strength for each loading direction. Greater deformation capacity was achieved by T6
in both loading directions. However, the strength of T5 was 25% greater than the strength of T6 in
the positive direction and 35% in the negative direction. These differences are mainly due to T5

having a higher grade of reinforcement and a higher tensile-to-yield strength ratio.

The key parameters used to determine the effective initial stiffness are shown in Figure 189,
where the maximum shear (V},,,,) and the notional yield force (0.8V,,,,) are shown for both walls.
The secant stiffness (K) associated with each breakpoint in Figure 188 is included in Table 12, where
the effective initial stiffness corresponding to the point where V = 0.8V,,,,,, was derived using linear
interpolation as indicated at the bottom of Table 12. The average measured values of K, for T5 were

93 kips/in. (16.3 kN/mm) and 130 kips/in. (22.8 kN/mm). These measured values include the effects
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of flexure, shear, and strain penetration. For both walls, the measured effective initial stiffness (K,)
normalized by the flexural stiffness calculated based on gross section properties (Kf’,g = 3EC1g/ha,)

is shown in Figure 190 and the cracked moment of inertia (I,-) normalized by the gross moment of
inertia (I,) is shown in Figure 191. The calculated stiffness ratios in Figure 190 were approximately
0.09 for T5 and 0.13 for T6. Given that both walls had identical reinforcement ratio, the cracked-to-

uncracked stiffness ratio was nearly the same, with I.,. based on values from Table 13.

The stiffness associated with flexural and shear deformations was calculated using formulas
based on beam theory, as described in the footnotes of Table 13. The stiffness associated with strain
penetration (or bond slip), also described in Table 13, was based on the development length of the
No. 6 (19) bars. The measured-to-calculated stiffness ratio in Table 13 indicate that the calculated
stiffness for T5 was greater than the measured stiffness. For T6, the calculated stiffness was less than
the measured stiffness. The calculated stiffness assumes cracked sections properties throughout the
height of the wall. The table considered values for the stiffness reduction factor (¢ ) proposed by

Moehlel551,

The calculated stiffness of wall T5 resulted approximately 20% greater than the measured
stiffness. The overestimation is in part due to the reduced modulus of elasticity of Grade 120 (830)
reinforcing bars starting at a stress of approximately 100 ksi (690 MPa), near 80% of the nominal
yield stress (see Figure 10 and Figure 11). The transformed cracked section moment of inertia (1)
used in the calculated flexural stiffness was based on a constant modulus of 29,000 ksi (200,000 MPa)
for the reinforcement. The calculated stiffness of wall T6 resulted approximately 10% lower than the
measured stiffness, an indication that flexural and shear cracking did not extend throughout the wall

height as assumed in the calculations.

The displacement due to strain penetration is assumed to cause a rigid body rotation at the

base of the wall. This contribution was calculated assuming the primary flexural reinforcement
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develops f,, for an embedment length of 2Ad,, into the foundation with a uniform bond stress. An
average strain of ¢,/2 was assumed along the embedment length. The design equation for

developmentlength in ACI 40812 was used to determine A. Values of 4 = 20 for T5 and 16 for T6 were

derived for ¢ = 1, confined concrete, f,,,,, and actual fy.

4.8.2 Unloading Stiffness

The unloading stiffness was defined as the secant stiffness calculated from the point of
maximum drift (A4, Vinax) Of @ loading cycle to the point of zero shear force (4,, 0) after unloading
from the point of maximum drift. The unloading stiffness shown in Table 14 and illustrated in Figure
192 corresponds to data measured during the second cycle for each step of the loading protocol
(Table 4), starting from step 2 with a target drift ratio of 0.3%. In this figure, K, was plotted against
drift ratio showing a reduction of approximately 35% from DR = 1% to DR = 2% for both walls. T6
exhibited a reduction in the value of K;, of nearly 50% from DR = 1% to DR = 3%. The unloading

stiffness normalized with respect to the flexural stiffness based on gross moment of inertia
(Ku/Kf,,g) is shown in Figure 193, where the unloading stiffness at high levels of deformation can be

as low as 5% of the uncracked stiffness.

For each loading direction, the unloading stiffness (K,,) is generally defined as a function of

the effective initial stiffness (K, )¢5 based on Eq. 20:

A, \®
Ku:Ke( ) Eq. 20

where Apqy is the previously attained maximum displacement and A, is the notional yield
displacement (refer to Section 4.8.1), both defined for each direction of loading. Parameter « is the
stiffness reducing exponent. For reinforced concrete, @ normally ranges between 0 and 0.5[¢5], and
controls stiffness retention during computed inelastic cyclic response. Using the data from Table 14
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for K;, and A, 4, the values of @ were determined for different drift ratios based on Eq. 20, where the
notional yield displacement (Ay) was taken as the deformation associated with 1, = 0.8V, (per
loading direction) divided by K, (taken as the average of K, and K., reported in Table 12). The
calculated values of @ are shown in Figure 194 for both walls as a function of the normalized yield
displacement (Ay/Amax). For T6 the values of a varied between 0.3 and 0.5 for normalized
displacements between 2 and 4. The limited data derived for T5 resulted in values of @ similar to

those obtained for Té6.

4.9 Hysteretic Behavior

49.1 Takeda Model

A simplified force-deformation relationship based on the Takeda hysteresis modell¢585] was
developed to compare the measured response of both walls. The parameters needed to describe the
model are illustrated in Figure 186. In this figure, the initial stiffness (K,) in both directions was
taken as the average of the measured stiffness in the positive and negative loading directions,
reported at the bottom of Table 12. The post-yield stiffness (pr) was taken as 0.15K, for T5 and
0.05K, for T6; the yield force (Fy) was the value associated with IV = 0.8V},,,, and the stiffness

reduction exponent @ was taken as 0.35 for both walls based on Figure 194.

The comparison between the calculated force-deformation relationship (based on Takeda
model) and the measured response is shown in Figure 195 and Figure 196. The initial line segments
of the Takeda model connect the origin to the yield points of coordinates (Fy/Ke,Fy) followed by
post-yield line segments of slope Kj,,, connecting the points corresponding to peak drift in Table 14.
At each peak drift, the model unloads based on the value of a and reloads in the opposite direction
toward the previously attained maximum displacement in the direction of loading. A reasonable
agreement is observed between both curves, indicating the selected parameter values are

satisfactory.
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4.9.2 Energy Dissipation

Comparisons of the measured shear versus drift ratio for T5 and T6 during the second cycle
to 1, 1.5, 2, and 3% drift ratios are illustrated in Figure 197 through Figure 200. During the cycle
corresponding to a target drift ratio of 1%, both walls showed similar stiffness and area enclosed by
the hysteretic loop. However, starting from the cycle to a target drift ratio of 1.5% through the end of
the test, the area under the curve for T6 increased with respect to that of T5. The shear at drift ratios
greater than 1% were greater in T5 than in T6, an indication that T5 yielded at a greater drift ratio

than T6 (given that both walls had the same reinforcement ratio).

The area under the curve of the hysteretic cycles shown in these figures was used to calculate

the hysteretic energy dissipation index (Ej) defined by Eq. 21:

g, = —2 Eq. 21
LT 4

A separate index was calculated for each loading direction for target drift ratios of 1, 1.5, 2,
and 3%. In Eq. 21, W is the hysteretic energy dissipated per half cycle for each loading direction, A,,
is the maximum displacement of the half cycle considered, and V,, is the shear associated with A,,
(Figure 201). The index E; follows the definition by Otanilés] to represent the equivalent viscous
damping factor of a linear-elastic system capable of dissipating W in one cycle under steady-state

oscillation.

The calculated values of E}, are plotted against drift ratio in Figure 202. Consistent with the
observations made in Figure 197 through Figure 200, values of E;, were greater for T6 in both loading
directions, indicating more energy was dissipated in T6 (with Grade 100 reinforcement) than in T5
(with Grade 120 reinforcement). At low drift ratios (DR = 1%), similar values of E};, were obtained.

The difference increased as more deformation was applied to the walls. At DR = 2%, the difference
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was approximately 40% when the stem was in compression and 65% when the stem was in tension.
The greater values of E}, for T6 are due to the lower grade of reinforcement, which yielded at a lower
drift ratio and led to increased ductility demands. Data is not shown for T5 at DR = -3% because the

wall failed before completing the first cycle to 3% drift ratio.

4.9.3 Modeling Parameters

ASCE 41 (2017)15] gives recommendations for developing the generalized force-deformation
relationship of structural walls to perform nonlinear seismic analysis. The recommended envelope
and modeling parameters are shown in Figure 10-1(a) and Table 10-19 of ASCE 41-17 with the
definitions of points A through E (see Table 15). In ASCE 41 (2017), the initial line segment AB is
defined by the effective initial stiffness based on I.sf and Ay o, in combination with the strength at
B based on M,, (see Table 15). The capping or peak force defines point C based on M,,., and the
residual strength defines points D and E. The values in Table 15 for ASCE 41 correspond to walls
controlled by flexure and subjected to low axial stress. For T5, the normalized shear stress of
V/Acv\/m = 4.6 (0.38 for MPa) requires linear interpolation between the tabulated values of
4 and 6. In addition to ASCE 41 recommendations, Table 15 includes proposed values specific for
walls with Grade 100 (690) reinforcement based on Huq et al.[371 and for Grade 120 (830) the values

are based on data from T5.

A comparison between the measured hysteretic response and the envelopes defined in Table
15 is shown in Figure 203 for both walls. The plotted data show that the proposed values for I, ¢¢ /I,
and Ay, orr/Acy are more realistic than those obtained following ASCE 41. It is important to note that
both models (Proposed and ASCE 41) consider the combined effects of the effective flexural and shear

stiffness on the initial stiffness.

The data in Figure 203 show that the measured response for both walls intersects the

proposed post-yield line between points B and C, whereas the proposed post-yield line based on ASCE
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41 (2017) only intersects the measured response of T5 in the positive loading direction. The
proposed value of 1.1M,, instead of My, (see footnote h in Table 15) provides a reasonable estimate
of the expected strength. Regarding the deformation capacity and residual strength defined by
segment DE, the curves for T5 and T6 exceed segment DE in both loading directions, an indication

that the proposed envelope represents reasonable limits.

The above observations suggest that the modeling parameters in ASCE 41 (2017) for
structural walls subjected to low axial stress need to be modified; in particular, the values associated

with initial effective stiffness (to define point B or yield point) and peak force (to define point C or

capping point).
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5 WALL RESPONSE COMPARISONS

The responses of walls T5 and T6 are compared with the results obtained by Huq et al.37],
who tested four walls (T1 through T4) with nearly identical geometry, test setup, and loading
protocol. One of these walls (T1) was the control specimen with conventional reinforcement (Grade
60 or 420 MPa), the other three (T2, T3, and T4) were reinforced with Grade 100 (690 MPa) steel
bars. The comparisons presented in this chapter refer to shear versus drift ratio, reinforcing bar
strain, concrete surface strain, components of drifts, effective initial stiffness and unloading stiffness,

and hysteretic energy dissipation index.

5.1 Wall Properties

The nominal dimensions of the walls tested by Huq et al.371 were identical to those of the
walls tested in this project. The walls differed in the mechanical properties of the reinforcement and
the number of longitudinal bars in the confined boundary elements. The mechanical properties of the
concrete and steel for all six walls are listed in Table 16 and Table 17. Wall cross section and
reinforcement are shown in Figure 204 through Figure 207. Walls T1 through T4 had nearly identical
pfy in the stem boundary element. Wall T1 had 27 No. 6 (19) bars Grade 60 (420) at the confined
stem, whereas T2, T3, and T4 had 16 No. 6 (19) bars Grade 100 (690). The confined stem of T5 was
reinforced with 14 No. 6 (19) bars Grade 120 (830) and T6 was also reinforced with 14 No. 6 (19)
bars but Grade 100 (690). The amount of longitudinal reinforcement in the confined flanges was 12
No. 6 (19) bars in T1 and 6 No. 6 (19) bars in all other walls. The amount of longitudinal and
transverse reinforcement in the unconfined stem and flange was identical in T1 through T6. The

amount of confining reinforcement in T2 through T6 was identical.

As indicated in Table 17, the tensile-to-yield strength ratios (ft\fy) of the longitudinal

reinforcement varied from 1.34 to 1.39 for Grade 60 in T1, 1.10 to 1.36 for Grade 100 (690) in T2, T3,
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T4, and T6, and 1.32 to 1.33 for Grade 120 (830) in T5. The uniform elongation (&g,) in all of

reinforcing bars was greater than 6% except for the No. 4 bars in T2 and all bars in T5.

Figure 208 shows the wall drift ratio capacity (DR.qpfrom Table 21) versus the uniform
elongation (&g, from Table 17) of the longitudinal reinforcing bars for each wall. The data in Figure
208 show that walls having longitudinal reinforcement with &5, = 6% and f;/f, = 1.2, had a drift
ratio capacity of 3% or greater. Figure 209 shows the wall drift ratio capacity versus the fracture
elongation (&5 from Table 17) of the longitudinal reinforcing bars for each wall. The figure shows
that walls with longitudinal reinforcement having &5 = 10% and f;/f,, = 1.2, had a drift capacity not

less than 3%.

The lines defining the quadrants in Figure 208 and Figure 209 were chosen based on the data
corresponding to T4, which reached a drift ratio capacity of 3.9% with reinforcing bars having f;/f,,
sy, and &g5 as low as 1.20, 6.5%, and 10.9%, respectively. The boundaries of the quadrants were set

after rounding down values of DR, f;/f,, &, and &g¢ to 3%, 1.2, 6%, and 10%, respectively.

The importance of the uniform elongation in the response of the walls is revealed when
comparing T2 with T6. Both walls had reinforcing bars with tensile-to-yield strength ratios less than
1.20 (1.10 for T2 and 1.18 for T6) and fracture elongations not less than 10% (10% for T2 and 10.1%
for T6). However, the uniform elongation of the bars that controlled the response in T6 was 7.1%,
whereas in T2 the uniform elongation was 5.7%. This 25% difference in uniform elongation,
combined with the lower values of f;/f,, and &, for T2, had effect on the deformation capacity of T2
(DRcap = 1.8%) compared with T6 (DRcap = 3.1%). In addition, when comparing two walls with
reinforcing bars having similar uniform elongation (5.7% for T2 and 5.4% for T5), and similar
fracture elongation (10% for T2 and 9.9% for T5), but different tensile-to-yield strength ratios (1.10

for T2 and 1.33 for T5), the deformation capacities of both T2 and T5 were below 3% (1.8% for T2
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and 2.3% for T5). The data suggest that the combined effect of tensile-to-yield strength ratio and

uniform elongation played a major role in the deformation capacity of the walls.

5.2 Shear versus Drift Ratio

The shear versus drift ratio of all six walls tested at The University of Kansas are plotted in
Figure 210. The dashed lines represent the shear (VMn) associated with the nominal flexural strength
(M,,) calculated based on ACI 318-141l. The plotted data show that the calculated flexural strength
was exceeded in all cases except in the negative loading direction (stem in tension) for T2. This result
was mainly attributed to the premature failure of the No. 4 (13) bars at the unconfined flange, which
had a low uniform elongation (5.7%), and tensile-to-yield strength ratio (1.10), refer to Huq et al.[37]

for more details.

The difference between the calculated nominal flexural strength and the measured strength
varied approximately between 5 and 25% in the positive loading direction and between 5 and 20%
in the negative loading direction. The difference was nearly proportional to the tensile-to-yield
strength ratio (see Table 18) and to the ratio of measured-to-nominal yield strength of the flexural

reinforcement.

Three walls (T1, T3, and T4) were able to complete two cycles at 3% drift ratio without a 20%
loss of lateral strength. In these walls, fracture of flexural reinforcement occurred during the first
cycle to a drift ratio of 4%. The bars that fractured had buckled during the previous half cycle. Wall
T6 completed one cycle to 3% drift ratio and failed due to bar fracture during the second cycle to 3%
after bar buckling was observed. However, the bars that fractured in T2 and T5 did not buckle in
previous cycles, suggesting that the uniform or fracture elongation of the bars in T2 and T5 was
insufficient to mobilize bar buckling followed by bar fracture. It is important to note that bar buckling

occurred without a 20% loss of lateral strength.
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5.3 Reinforcement Strain Envelopes

The envelopes of the measured strain in the longitudinal bars at the confined stem, confined
flange, and unconfined flange are shown in Figure 211 through Figure 216. The profiles in these
figures represent the maximum and minimum strains corresponding to peak drifts during the second
cycles to 1.5 and 2% drift ratios. The overall maximum tensile strains in the No. 6 (19) bars of the
confined stem occurred in T2 at 0.5 in. (13 mm) above the base of the wall, followed by T6. For a drift
ratio of 1.5% (Figure 211), the longitudinal reinforcement of the confined stem of T6 shows a peak
tensile strain at the base of the wall similar to that of T2. For a drift ratio of 2% (Figure 212), the
maximum tensile strain at the base of T2 was nearly 8% (or approximately twice the maximum strain
measured at a drift ratio of 1.5%), whereas for T6 the maximum tensile strain remained nearly
proportional to the increase in drift ratio. Note that the No. 6 (19) bars in the confined stem of T2 and
T6 had similar tensile-to-yield strength ratio (f;/f, = 1.15 for T2 and f;/f,, = 1.18 for T6) and bars
in T6 did not exhibit a yield plateau. The envelope of minimum strains (compressive strains)
recorded for the reinforcement in the confined stem were similar in all six walls except for T1 and T2
at the base of the wall showing strains of -0.005 at drift ratios of 1.5%. These large compressive

strains are typically associated with concrete spalling at the tip of the stem.

The maximum and minimum strain profiles of the No 6. (19) bars of the confined flange are
shown in Figure 213 and Figure 214 for drift ratios of 1.5 and 2%. Except for T2, the profiles for all
walls are similar. The maximum and minimum strains for T2 were always positive (tensile strains)
with values two to three times greater than those in other walls. As the target drift ratio increased
from 1.5% to 2% (Figure 214), the maximum strains increased in proportion to the imposed drift
ratio. Tensile strains did not concentrate at the base of the walls, except for T2, which experienced

fracture of the No. 4 (13) bars located at the unconfined flange, see Huq et al.[37] for more details.
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Strain envelopes for the unconfined flange are shown in Figure 215 and Figure 216 for drift
ratios of 1.5 and 2%. The maximum recorded reinforcement strain when the stem was in
compression were similar at the base of the walls (2 in. or 51 mm above the base block) with the
exception of T2, which had No. 4 (13) bars with the lowest tensile-to-yield strength ratio
(ft/fy = 1.10). For the stem in compression the profiles of the strain envelopes for T5 and T6 were

similar to the strain profiles of other walls.

5.4 Concrete Strain Envelopes

The envelopes of the concrete strain measured on the surface of the confined stem, confined
flange, and unconfined flange are shown in Figure 217 through Figure 222. These concrete strain
profiles show the maximum and minimum strains corresponding to peak drifts during second cycles
to target drift ratios of 1.5 and 2%. In the negative loading direction (stem in tension), the strain
distribution of T5 at 1.5% drift ratio for the confined stem in Figure 217 shows a uniform distribution
over the height because at Column 1 the bottom three markers detached before reaching 1.5% (data

for T5 in Figure 217 correspond to Column 2).

At a target drift ratio of 2%, Figure 218 show that the maximum tensile strains in the confined
stem, when the stem was in tension, occurred in T2 and T6 in the bottom two layers. These strains
were greater in T2 possibly due to the lower f;/f, of their No.6 (19) bars in the confined stem
(ft/fy = 115 for T2 and 1.18 for T6). Figure 220 also shows T2 and T6 at a drift ratio of 2% with
maximum tensile strains at the base of the confined flange, which is also reinforced with No. 6 (19)
longitudinal (vertical) bars. In the positive loading direction (stem in compression), compressive
strains occurred in Columns 1 and 2 throughout the bottom 87 in. (2210 mm) of the walls for target

drift ratios of 1.5 and 2%.

The maximum tensile trains in the flange and stem, at a drift ratio of 2% indicate that the

unconfined flange at the lower layers had strains between 0.015 and 0.03, whereas for the confined
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flange maximum values were between 0.01 and 0.02, and maxima in the confined stem were similar

to maxima in the unconfined flange.

5.5 Deformation Components

Based on the four deformation components (shear, base shearing, flexure, and base opening)
described in Section 4.5, the relative contributions of each to the total wall drift were calculated for
the second cycle of loading to each target drift ratio from 0.5 to 3% (plots for T2 were limited to a

drift ratio of 2% because of wall failure). The loading protocol is described in Section 3.4.3.

The calculated relative contributions to drift are shown in Figure 223 through Figure 226 for
each deformation component within the bottom 87 in. (2210 mm) of the wall instrumented with
optical markers (see Figure 17 and Figure 18). The calculated data are plotted as a percentage of total
drift versus drift ratio. The sum of the relative contributions do not add to 100% because

contributions from the top 70% of the wall height are not considered.

Walls T5 and T6 show relative contributions to drifts similar to other walls reinforced with
high-strength steel bars. In all six walls, flexural rotations (including the effects of base opening) were
the largest deformation component, accounting for 50 to 80% of total drift for drift ratios between 1

and 3%.

Shear distortion in T5 and T6 accounted for 10 to 15% of overall drift, depending on the level
of drift demand, with higher contributions typically corresponding to higher drift ratios. Less than
2% was contributed by the base shearing component. For a more detailed comparison between walls

T1, T2, T3, T4, refer to Huq et al.37]

5.6 Effective initial stiffness and Unloading Stiffness

Figure 227 shows the envelope of the shear versus drift ratio for each of the six walls in

individual plots. These plots are combined in Figure 228. The plotted data show in the positive
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loading direction that all the walls with high-strength reinforcement exhibited similar behavior, as
did T1 with conventional Grade 60 (420) reinforcement. Some differences are apparent in the
strength, though. The main exception was T2, which showed a sudden drop in shear after the No. 4
(13) bars fractured prematurely at 1.8% drift ratio, and T5 which reached the highest shear. In the
negative loading direction, the level of shear attained did not vary as much as it did per the positive
loading direction, with T5 reaching the highest shear. This can be attributed to the higher measured-
to-specified yield strength ratio and one of the highest tensile-to-yield strength ratios. However, its

deformation capacity was small, as explained before.

The shear-drift envelopes were used to calculate the effective initial stiffness, as explained in
section 4.8. The normalized effective initial stiffness is shown in Figure 229 and the normalized
moment of inertia in Figure 230 for all six walls. The wall with conventional Grade 60 (420)
reinforcement showed the highest normalized stiffness and normalized moment of inertia. Walls

with Grade 100 (690) reinforcement showed similar values except for T5 and T6.

Values for normalized moment of inertia for T5 and T6 when the stem was in compression
were similar to the values of T2 through T4 because the same amount of reinforcement was used on
the flange, and the variation of the measured compressive strength of the concrete was within 10%.
When the stem was in tension, the ratios of T5 and T6 were smaller with respect to the other high-
strength steel walls because these two walls had fewer No. 6 (19) bars at the stem boundary element,

resulting in smaller cracked moment of inertia.

The unloading stiffness calculated for all six walls was plotted against the drift ratio in Figure
231 and Figure 232 shows the unloading stiffness normalized by the flexural stiffness based on gross
moment of inertia. Similar values of the unloading stiffness were obtained for T5 and T6 when the

stem was in compression (positive drift ratio in the figures).
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Figure 233 shows the stiffness reducing exponent (@) versus the normalized displacement
(Amax/Ay) for all six walls. When the stem was in tension, a good agreement between T5 and T6 was
obtained when compared with the other high-strength steel walls. The values of a varied between
0.25 and 0.5 for T5 and T6. When the stem was in compression, the values of T6 were greater than
the ones obtained for T2 through T4. The coefficient varied between 0.35 and 0.5 for T5 and T6,

whereas values from 0.2 to 0.45 were obtained for the rest of the high-strength steel walls.

5.7 Hysteretic Behavior

A comparison of values for the hysteretic energy dissipation index is presented in Figure 234
for both directions of loading. When the stem was in compression, the calculated index values for T6
at different drift ratios were similar to those of T4 at 1.5, 2, and 3% drift ratios. For T5, energy
dissipation index values were smaller regardless of the level of deformation experienced by the wall,
consistent with the closed hysteretic loops presented in Figure 197 to Figure 200. At 1% drift, the
indexes of all walls were similar in both directions. In the negative loading direction (stem in tension),
the index values for T6 and T5 showed similar results to those obtained for the positive loading

direction.
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6 ESTIMATES OF DEFORMATION CAPACITY AND STRAIN DEMANDS

6.1 Material Models

6.1.1 Concrete Stress-Strain Relationships

A typical one-dimensional constitutive relationship is used to model the nonlinear response
of the unconfined and confined concrete in compression based on the approach used by Huq et al.[37],
where the constitutive relationship proposed by Park et al.[68] was modified to include a plateau such
that the peak stress is associated with a larger strain. The stress-strain relationship followed the
models proposed by other researchers[>>81. A representative stress-strain curve for concrete is
shown in Figure 235(a), and the parameters needed to develop both the confined and unconfined

models are listed in Table 19. For simplicity, the behavior in tension is assumed to be linear up to a

tensile strength of 7.5,/ £" (psi) (0.62,/f;" (MPa)) with zero post-cracking strength.

The ascending branch of the unconfined concrete model followed the parabolic curve
recommended by Hognestad!32], where the maximum stress f_.'is taken equal to f,,, from the average
reported in Table 16 (average of Lift 1 and Lift 2). The strain at peak stress g, was calculated after
the idealized curves shown in Darwin et al.[26] The softening parameter Z,,. was derived considering

the experimental data and the formulation proposed by Mander et al.[54]

To develop the stress-strain relationship for the confined concrete, the factor K. is included
to account for the increment in the compressive stress due to confinement, based on the modified
Kent and Park(68] stress-strain model. The peak stress f;, of the confined concrete was calculated

using Egs. 22 through 23.

c,c, = K. c” Eq. 22
Ke=1 +pjf¥“ Eq. 23
c
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where p; is the volumetric transverse reinforcement ratio measured to the outside of the peripheral
confining reinforcement, and fy, is the yield strength of the hoops. The softening parameter Z for
the descending branch of the confined concrete was derived based on experimental data and

formulation presented by Mander et al.[54

A comparison between the stress-strain relationship developed using the parameter values
from Table 19 with the model proposed by Mander et al.[54] is shown in Figure 236. Close agreement
was obtained in all cases regarding initial slope, peak stress, and descending branch up to strains of

0.0075 for unconfined concrete and 0.025 for confined concrete.

6.1.2 Steel Stress-Strain Relationships

Two models were considered for the uniaxial stress-strain relationships of steel bars: a
perfectly elastoplastic model and a nonlinear strain-hardening model. The elastoplastic model was
used to determine the nominal flexural strength M,, of the walls. The strain-hardening model was
adopted to derive the moment-curvature relationships. The elastoplastic model was defined using
the yield strength and the modulus of elasticity of steel, while the strain-hardening model was
defined using the parameters shown in Figure 235 and listed in Table 20. Figure 237 shows close
agreement between the measured and calculated stress-strain curves (based on the strain-hardening

model) for the No. 6 (19) steel bars used in T1 through Té6.

6.2 Moment-Curvature Analysis

Moment-curvature relationships were calculated using the material models described in the
previous section with the following assumptions: concrete clear cover was 0.75 in. (19 mm); location
of steel bars was based on Figure 204 through Figure 207; confined concrete was assigned to the

stem and flange boundary elements (excluding the concrete cover), and unconfined concrete was
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assigned elsewhere (including the concrete cover to confined boundary elements); all bars were
assigned an identical steel model; cross section was subjected to an axial load of 60.9 kips (271 kN)
representing the self-weight of the specimen and testing apparatus; two directions of analysis were
considered (M* for stem in compression and M~ for stem in tension); strains were varied linearly
through the depth of the cross section; and bar buckling was not accounted for. All moment-curvature

relationships were calculated using computer program QBIAXI28l.

The flexural capacity M,, for each direction of analysis (M,f and M,;) was defined as the
moment associated with a compressive strain of ¢, = 0.003 at the extreme concrete fiber and a steel

stress limited to its yield strength, in accordance with ACI 318-1411l.

6.2.1 Computed Results

The moment-curvature relationships for all specimens are shown in Figure 238 to Figure 243
for both loading directions. Figure 238 shows the results for T1 reinforced with conventional Grade
60 (420) reinforcement, the other figures correspond to walls T2 through T6 with high-strength
reinforcement. All of these figures identify key events: first yielding of the steel tension fiber (Myl);
nominal flexural strength (M,,); the point where the extreme tension fiber reached the uniform
elongation (&g,); and the points at which the extreme fiber of the confined concrete reached a
compressive strain (ec,core) 0f 0.010 and 0.015. Key values from the moment-curvature analyses are

shown in Table 22.

Computed moment-curvature relationships show significant differences for each direction of
analysis but the sequence of relevant events (for each direction) was similar for all walls. When the
stem was in tension, the response was controlled by the uniform elongation of the steel regardless of
the type of steel used (conventional or high-strength). The specimen reinforced with Grade 60 (420)
steel achieved its nominal flexural strength (M,,) before the reinforcement reached its peak stress
associated with g, . In contrast, all section with high-strength steel achieved M,, at steel strains
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exceeding &,. These results are particular to the use of the perfectly elastoplastic model for steel.

Computed maximum moments associated with the strain-hardening model always exceeded M,,.

Results of moment-curvature analyses for the stem in compression show that the nominal
flexural strength and the maximum moment for all six walls were achieved before the strain in the
steel reached its uniform elongation &g,,. The moment associated with a maximum compressive strain
of 0.01 for the confined concrete was within 5% of the maximum moment. Increasing the limiting
strain from 0.01 to 0.015 reduced the moment by approximately 5% and increased the curvature by
approximately 25%. The maximum moment was attained when the extreme fiber within the confined
boundary element of the stem reached compressive strains of 0.0081, 0.0069, 0.0079, 0.0076, 0.0074,
and 0.0070 for T1 through T6, respectively, with the smaller strain values corresponding to T2 and
T6 (walls with lowest f;/f, ). In all cases, uniform elongation of the reinforcement was reached at a
curvature greater than the curvatures associated with concrete compressive strains of & .o =

0.015.

The moment curvature relationships for all six walls are shown in Figure 244 for both
directions of analysis. The curvature (x-axis) scale was modified to facilitate comparison of results.
For the case of stem in compression, T1 shows curvature capacity comparable to other walls if the
limiting curvature is based on &; ..., see also Figure 247. For the case of stem in tension, T1 shows

more curvature capacity than the other walls based on &, = ¢, see also Figure 247.

The maximum moment (V,,,.h,) measured during the test normalized by the calculated
nominal flexural strength (M,,) is shown in Figure 245 and normalized to the maximum calculated
moment (M based on moment-curvature analysis) in Figure 246. The data in Figure 245 show that
the nominal strength is smaller than the measured moment in all cases, except for the negative
direction of T2. During the test, T2 did not mobilize its flexural strength because bars fractured before
completing the 2% drift cycle. The maximum moment from the moment-curvature analysis was
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generally greater than the measured moment resulting in ratios less than one in Figure 246, which
identifies a limitation of monotonic moment-curvature analysis to estimate strength of

unsymmetrical wall sections subjected to reversed cyclic loading.

6.3 Displacement Capacity

6.3.1 Analytical Models

Two simplified analytical models, referred to as Model A and Model B, are used to estimate
the deformation capacity of T-shaped cantilever walls. The load-displacement response of slender
structural walls can be represented with reasonable accuracy if the total lateral displacement

considers the contribution of three different components of drift: flexural (Af), shear (A,), and strain

penetration (Asp). The base shearing (or sliding component) is typically neglected in slender walls

(hw/tw = 2).
Model A

Model A is based on the use of an idealized moment-curvature relationship represented by a
trilinear curve defined by moment-curvature data of three points: cracking, yielding, and ultimate, as
shown in Figure 248. For this model, the assumed moment and curvature distributions along the
height of the cantilever wall are shown in Figure 249, where the points for cracking, yielding, and
ultimate are indicated in Figure 249(b) and Figure 249(c). The contribution of curvature to
displacement is calculated by integrating curvature along the height times the distance to the top of
the cantilever. This model was used by Saiidi and Sozen!?7l and HopperI35] to derive moment-rotation

relationships.

hw
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where ¢, ¢,, and ¢, are the cracking, yielding, and ultimate curvature, respectively, and 1, and 4,
are coefficients to define the shape of the curvature diagram indicated in Figure 249(c). These
coefficients depend on the relative values of the moments at cracking (M,,), yielding (My), and
ultimate (M,,) depending on the flexural rotation being calculated using Eq. 24: at cracking, A; = 1
and A, = 1 to determine 6.,; at yielding, A, = M,./M,, and 1, = 1 to determine 6,,; and at ultimate,
M = Mg /M, and A, = M, /M,, to determine 6,.. The displacement associated with each of these

rotations is obtained by multiplying the rotation times the height h,,, of the cantilever wall.

The cracking moment is calculated based on the modulus of rupture recommended in ACI
318-14101. Different definitions of the yield point were evaluated based on: (a) yield strain at the
extreme tensile reinforcement, M, (b) yield strain at the centroid of the boundary element in
tension, and (c) yield strain at distance 0.8/, from the extreme compression fiber, M,,;. These
definitions are shown with different symbols in Figure 250 through Figure 255 for each of the six
walls. Of the three definitions, M,,; best represented the point where a significant slope change

occurred in both direction of analysis.

Two different definitions were used to determine the ultimate point depending on the loading
direction. For the case of stem in compression, the strain at the extreme compressive fiber of the
confined boundary element (ec’core) is limited to either 0.010 or 0.015. These points are shown as
open and solid squares in Figure 250 through Figure 255. For the case of stem in tension, the strain
of the No. 6 (19) bars is limited to the uniform elongation (&g, ). This condition is illustrated with an

open triangle in the same set of figures.

To determine the displacement associated with shear deformations (4,), the walls were
assumed to have a bottom and a top region with different properties. It was assumed that the shear

deformations of the bottom region (bottom one-third of the wall) was greater than the shear
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deformation of the top region (top two-thirds of the wall). Thus, A, was calculated using the

following expressions:

Ay =Dy pot + Dy top Eq. 25
Vu(l - Az)hw
=— Eq. 26
vhot ¢K,botAchc d
Vu/lzhw

A = Eqg. 27
VP T b ropAenGe d

where A, ;¢ is the displacement due to shear deformations in the plastic hinge region defined by
(1 = 2A2)hy, with A, = M, /M,;; Ay 1,y is the displacement due to shear deformations in the top two-
thirds of the wall; , is the shear force associated with M,, based on ¢,; A., = t,, 1, is the effective
area of the concrete resisting shear; and ¢ is the ratio of effective shear stiffness to uncracked shear

stiffness for the top and bottom regions of the wall, determined as explained below.

The shear stiffness of the top region of the wall was assumed to be 1/10 the uncracked
stiffness of the wall, as recommended by Huq et al.37I Therefore, ¢ o, = 1/10 was used throughout
the analysis. The values of ¢ ;.. for the plastic hinge region were derived based on the average shear
distortion in the bottom 50 in. (127 mm) of each wall (Figure 256). The data show that ¢ ., is
nearly linear proportional to drift ratio. Based on the data in Figure 257, Eq. 28 is proposed for ¢ po¢

for all walls regardless of the loading direction.

1/¢k o = 10 + 50(DR — 1) Eq. 28

Figure 257 shows that at a drift ratio of 1%, the effective shear stiffness is approximately

1/10 of the uncracked stiffness, as assumed for the top 2/3 of the wall, and as obtained from Eq. 28.
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For drift ratios of 1.5, 2, and 3%, values of ¢}, from Eq. 28 result in 1/35, 1/60, and 1/110,

respectively.

The displacement due to strain penetration Ay, was calculated using Eq. 29, which is derived

Sp’

in APPENDIX B:

Agp = agpAdypyhy, Eq. 29

where ¢,, is the yield curvature, dj, is the diameter of the primary longitudinal reinforcement, and 4
is the number of bar diameters that define the length over which the reinforcement strain is assumed
constant to develop f,,. The value of A for T1, T2, T3, and T4 are taken from Table 12 in reference 38,

and for T5 and T6 from Table 13 in this manuscript.
Model B

Model B is based on the plastic hinge model illustrated in Figure 258, where the curvature is
assumed to vary linearly from zero at the tip of the cantilever wall to the point where the yield
moment occurs. A constant plastic curvature (qbu — q,')y) is assumed over the plastic hinge length ¢,,.
The flexural displacement component was calculated considering contributions from the elastic and
plastic curvatures. The displacement at the top of the wall due to the curvature diagram in Figure

258(c) is given by

1 2 lp
A =Ary + 45y = §¢th + (¢u - ¢y)lp hy, — 5 Eq. 30

where Ay, is the displacement corresponding to the yield curvature ¢,, Af ), is the displacement

associated with the plastic curvature ((,bu - qby), L, is the length of the plastic hinge, and h,,, is the
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height of the wall (from base to point of load application). The plastic hinge length is typically taken
as 0.5h,, when considering flexural deformations and neglecting other sources of deformations
(shear and strain penetration). A more general expression for the plastic hinge length £, directly

accounts for the extent of the plastic curvature:

My
zp=—hw(1— ) Eq. 31

where M, is the yield moment and M is the maximum moment from the moment-curvature
relationship. The coefficient of 1/2 adjusts the assumed constant plastic curvature (¢,, — ¢,) to the
average value (qbu — qby)/Z extending over the length £,,. A summary of the parameters used to
determine [, are shown in Table 23. It is clear that the differences in the calculated values depend on
the loading direction. The values in Table 23 give an average plastic hinge length of 35 and 50 in. (889
and 1270 mm) for the positive and negative loading directions, respectively. Assuming M,, = 0.8M,

Eq. 31 simplifies to £, = 0.1h,,, or £,, = 0.3¢,, for h,, /?,, = 3.

6.3.2 Computed Results

Based on the moment-curvature analyses, the deformation capacity was controlled by the
stem in compression. The curvatures corresponding to &; cor-e = 0.015 were in all cases smaller than
the curvature corresponding to &5, (for stem in tension). Considering that moment-curvature
analyses do not account for reversed cyclic loading, it was assumed that a compressive concrete
strain of 0.015 at the extreme fiber of the boundary element represent the onset of bar buckling, a

key event in the failure mechanism of most of the T-shaped walls considered.

The effects of shear deformations and strain penetration on the total deformation were
examined for two scenarios: one based only on flexural deformations, the other based on the

combined effects of deformations due to flexure, shear, and strain penetration. Therefore, a total of
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four model variations were considered: A1, A2, B1, and B2, where Models Al and B1, account only
for flexural deformations; and models A2 and B2, account for flexure plus shear and strain

penetration.

A comparison between the experimental and calculated deformation capacities is shown in
Figure 259, based on the parameters shown in Table 24 and Table 25 for Models A1 and B1 and Table
26 and Table 27 for Models A2 and B2. Results for Model A1 are not shown separately in Figure 259

as they can be inferred directly from the data shown for Model A2.

The plotted data in Figure 259 based on the stem in compression show that estimates of
deformation capacity for all models were generally conservative (safe), except for T2, which was the
wall that failed prematurely mostly due to the combined effects of low f;/f, and &,. Excluding T2,

Model B1 was generally closer to the measured deformation capacity than the other models.

Estimates of deformation capacity based on the stem in tension were not generally
conservative, a clear indication that the T-shaped walls herein considered were controlled by the
stem in compression. Deformation capacities based on elongation of the reinforcement should be
based on a fraction of the uniform elongation (&,,) to indirectly account for the effects of buckling on

reducing the tensile elongation capacity of a buckled bar.

6.4 Strain Estimates

6.4.1 Analytical models

The maximum tensile strains developed in the steel bars and on the surface of the concrete,
as well as the maximum compressive strains on the concrete were calculated for all six walls using
Models A and B described in the previous section. The calculated strains were compared with the
experimental data measured during the tests. Measured and calculated tensile strains for the

longitudinal reinforcement and concrete surface are reported for target drift ratios of 1.5 and 2%.
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Calculated compressive strains are compared with concrete surface strains (based on data from
optical markers) for a target drift ratio of 2%. Strains are calculated based on the curvature ¢’

required to attain the target drift ratio Arg,ger. The value of ¢ is determined from Eq. 32 through

Eq. 35 depending on the model used.

For Model Al:
X 223 ,
Atarget = - 203, + 1+ 2, — 7 ¢y + (2 - 2,1+ 1)) Eq. 32
Vh,, <1 -1, Ay )
+ + + ag,Adyd,h
Achc ¢K,bot ¢K,top P pYyTw
For Model A2:
X 223 .
Dparger = - 28¢, + 1+, — 7 ¢y + (2—2,(1+ 1)) Eq. 33
For Model B1:

¢yh3¢ ) %4 t hw =4y
_ . _'p Eq. 34
Atarget 3 + (¢ ¢y)€p hu 2 + AcyGe \ Pk pot * ¢K,top !

+ asp/ldb(bth
For Model B2:
[0) h2 , £
Atarget = y_3 2+ (¢ - ¢y)£p h,, — ?p Eq. 35
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6.4.2 Computed Results

A comparison between the measured and calculated maximum strains in the steel bars and
concrete are shown in Figure 260 through Figure 265. In these figures, the white symbols represent
calculated strains considering only flexural deformations, the gray symbols account for deformation

due to flexure, shear, and strain penetration and the black symbols represent the measured strains.

The measured and calculated strain data are shown for target drift ratios of 1 and 2% for
Models A and B. Figure 260 through Figure 262 correspond to the calculated strain data for Model A
and Figure 263 through Figure 265 to those for Model B. The calculated strains based on Model A
were greater than those calculated based on Model B and both models generally provided strain

estimates that were greater than the measured strains.

Model A1l (based on flexure) resulted in strains that were greater than Model A2 (based on
combined flexure, shear, and strain penetration), because to attain the target drift ratio the effects of
flexure (and therefore curvature and strains) were reduced after considering deformations due to

shear and strain penetration.

Model B1 (based on flexure with ¢, = 0.5¢,,) resulted in strains that were similar to the
strains calculated with Model B2 (based on combined flexure, shear, and strain penetration, with
¢, = 0.3¢,,). The results from models B1 and B2 were comparable because the greater value of £,, in

Model B1 compensated for the neglected deformations (shear and strain penetration).

Figure 266 through Figure 268 show the average measured-to-calculated strain ratios for
each of the six walls based on Model A and Figure 269 through Figure 271 based on Model B. Ratios
were generally lower than one, which indicate that the models are generally conservative (safe) for

estimating strains.
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7 CONCLUDING REMARKS

Results were reported from tests of two large-scale T-shaped reinforced concrete structural
walls (T5 and T6) subjected to reversed cyclic loading to assess their deformation capacity. The
primary variables were the yield strength (fy) and the tensile-to-yield strength ratio (fy/ft). The
results were compared with experimental data from four walls (T1, T2, T3, and T4) tested by Huq et
al. (2017) at The University of Kansas to evaluate the influence of the uniform elongation (&g, ) and
fracture elongation (esf), in addition to f, and f;/f, of high-strength reinforcement on the behavior

of concrete walls subjected to reversed cyclic loading.

The design of the walls complied with ACI Building Code (ACI 318-14) and the detailing
recommendation in ATC 115 for Grade 100 reinforcement. Wall T5 used Grade 120 (830)
reinforcement with f; /£, of 1.33 and T6 used Grade 100 (690) reinforcement with f;/f,, of 1.18.
Confined boundary elements were considered at the three tips of the T section to concentrate the
main flexural reinforcement (No. 6 or 19 mm bars) enclosed by No. 3 (10 mm) hoops. No. 4 (13 mm)
bars were used outside the boundary elements as longitudinal and horizontal reinforcement. The
nominal concrete compressive strength of 8 Ksi (55 MPa) and wall dimensions were kept constant
in both specimens with a wall thickness of 10 in. (25 mm) and height-to-length ratio of 3. Wall stem
and flanges were 100-in. (2540-mm). The axial load was limited to the self-weight of the walls and

the weight of the testing apparatus. The specimens were design such that flexural behavior controlled

their response inducing a shear stress of approximately 4./ f/, psi (0.33,/f., MPa).

The following conclusions and observations were found:
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1y

2)

3)

4)

Test results confirmed the recommendations made by Huq et al.B71 for high-strength
reinforcement in earthquake-resistant walls: to satisfy f;/f, 2 1.2, &g, = 6%, and & 2 10% in
order to achieve deformation capacities similar to those of walls reinforced with conventional
Grade 60 (420) reinforcement.

Regardless of the value of f;/f, (in the range between 1.1 and 1.33), high-strength reinforcement
with &g, < 6% exhibited a reduced deformation capacity compared with that of walls reinforced
with conventional Grade 60 (420) reinforcement, as demonstrated by T5 with flexural
reinforcement having f; /f,, = 1.33 and &, = 5.5% and T2 with f; /f,, = 1.10 and &, = 5.7%. Both
T5 and T2 failed due to bar fracture (without prior bar buckling) at drift ratios below 3% (2.3%
for T5 and 1.8% for T2). In contrast, T6 with high-strength reinforcement having f; /£, = 1.18 and
&y = 7.1% failed at a drift ratio of 3.1% due to bar fracture (with prior bar buckling).

Similar to the behavior of T1, reinforced with conventional Grade 60 (420) steel bars, bar
buckling was observed in the flexural reinforcement of T6 at the confined boundary element of
the stem. Bar buckling occurred despite having the confining reinforcement spaced at four times
the longitudinal bar diameter. Although bar buckling did not have a noticeable effect on lateral
strength, it led to bar fracture of the buckled bars in subsequent cycles. In T1 and T6, bar buckling
of the primary flexural reinforcement was first observed during the second cycle to 3% and both
T1 and Té6 failed (due to bar fracture) during the first cycle to 4% drift ratio, reaching a drift ratio
capacity in excess of 3% (3.7% for T1 and 3.1% for T6).

The envelopes of tensile strains recorded by strain gauges in reinforcing bars had similar
distribution over the height of the wall to those derived from optical markers on the surface of
the concrete. Generally, measured steel strains were greater than those reported for the concrete

surface because concrete strains were averaged over 14 in. (356 mm) gauge length.
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5)

6)

7)

8)

9)

The strength of walls T5 and T6, in both loading directions, exceeded the shear strength
associated with the nominal flexural strength (M,) calculated based on ACI 318-14 using
measured material properties.

Walls T5 and T6 showed relative contributions to drifts similar to other walls with high-strength
and conventional reinforcement. Flexural deformations (including the effects of base opening)
were the largest deformation component, accounting for 50 to 80% of total drift for drift ratios
between 1 and 3%.

The ratio between the effective initial stiffness to flexural stiffness based on gross section
properties was approximately 0.12 for T6 with Grade 100 (690) reinforcement. An average ratio
of 0.11 was obtained for the walls with high-strength steel bars (T2, T3, and T4) tested by Huq et
al.371 The ratio reduced to 0.09 in T5 with Grade 120 (830) reinforcement. The ratio between the
cracked moment of inertia to the gross moment of inertia was 0.14 for both T5 and T6, a slightly
smaller value than 0.15 obtained for T2, T3, and T4. The reduced ratio was nearly proportional
to the reduced amount of reinforcement in T5 and T6 in relation to the other walls.

The deformation capacity estimated for all models considered (Models A and B) were generally
conservative (safe), in all six walls except for T2, which failed prematurely mostly due to the
combined effects of low f;/f, and &g, . Excluding T2, Model B1 was generally closer to the
measured deformation capacity than the other models.

The strains calculated based on both models considered (Models A and B) generally provided
strain estimates that were greater than the measured strains (safe). In general, Model A

estimated greater strains than those calculated based on Model B.
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Table 1 - Historical development of high-strength steel as concrete reinforcement

Year ACI 318 Year ASTM
1959 ASTM A432 Grade 60 (420) and A431 Grade
75 (520) are introduced.
1963 Grades 60 (420) and 75 (520) steel are

1971

1977
1983

2005

2008

2011

2014

allowed.

Specified yield strength of 80 ksi is allowed
for non-seismic applications. A limit of 60 ksi
is used for seismic applications and remains
in place through ACI 318-14 (except for
confining reinforcement, where 100 ksi is
allowed in 2008).

ASTM A706 Grade 60 (420) is allowed.

ASTM A706 Grade 60 (420) is allowed for
seismic applications. ASTM A615 is allowed as
a substitute for ASTM A706 with limitations
on yield and tensile strength.

Yield strength of 100 ksi is allowed for non-
seismic applications as confining
reinforcement.

ASTM A1035 Grade 100 (690) is allowed for
seismic applications as confining
reinforcement.

ASTM A706 Grade 80 (550) is not permitted
for seismic applications.

ASTM A615 Grade 60 (420) is allowed as a
substitute for ASTM A706 with limitations on
fracture elongation, maximum yield strength,
and tensile-to-yield strength ratio. ASTM
A615 and A1035 Grade 100 (690) are allowed
as confining reinforcement (seismic and non-
seismic applications).

1968

1972
1974

1987
2001
2004

2007

2009

2015

ASTM A432 and A431 are replaced by ASTM
A615 Grades 40 (280), 60 (420) and 75 (520).

Grade 75 (520) is removed from ASTM A615.

ASTM A706 Grade 60 (420) is first published
with limited range of values for tensile
properties and chemical components for
weldability.

Grade 75 (520) is reintroduced in ASTM A615.
ASTM A955 Grade 75 (520) is introduced.

First appearance of ASTM A1035 Grade 100
(690).

ASTM A1035 Grade 120 (830) is introduced.

ASTM A615 and A706 Grade 80 (550) are
introduced.

ASTM A615 Grade 100 (690) is introduced.
Three different alloy types are introduced in
ASTM A1035: A1035 CL, A1035 CM, and
A1035 CS.
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Table 2 - Summary of required mechanical properties for deformed reinforcing bars in ASTM
standards (1 ksi = 6.89 MPa)

ASTM A615a4d ASTM A706Pd  ASTM A1035cef
Property Units Grade Grade Grade Grade Grade Grade Grade Grade
608 75 80 100 60 80 100 120

Tensile strength, min ~ ksi 90 100 105 115 80n 100n 150 150

Yield strength, min ksi 60 75 80 100 60 80 100 120

Yield strength, max ksi - - - - 78 98 - -
Elongation in 8 in.
Bar size

3,4,56 % 9 7 7 7 14 12 7 7
7,8 % 8 7 7 7 12 12 7 7
9,10, 11 % 7 6 6 6 12 12 7 7
14,18 % 7 6 6 6 10 10 6 6
20 % 7 6 6 6 - - 6 6

aPer ASTM A615/A615M-16171.

bPer ASTM A706/A706M-1618],

cPer ASTM A1035/A1035M-16bl11l. Three types of steel are available (ASTM A1035 CL, A1035 CM,
and A1035 CS) with different chromium content.

dTwo methods are allowed to determine the yield strength: (1) the 0.2% offset method and (2) the
halt-of-force method.

¢The 0.2% offset method shall be used to determine the yield strength.

fThe stress corresponding to an extension under load of 0.35% is required as follows: 80 ksi for Grade
100 and 90 ksi for Grade 120.

¢Further restrictions are required per ACI 318-14{!lin f; /f, ratio and bar elongation for use in special
seismic systems.

hThe tensile strength shall not be less than 1.25 the actual yield strength.
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Table 3 - Summary of test program (1 ksi = 6.89 MPa)

Yield Strength Tensile-to-Yield Strength Ratio  Concrete Compressive Strength
Wall fya ft/fyb fé®
ksi ksi
T5¢ 120 1.30 8
T6d 100 1.15 8

aNominal yield strength for flexural and shear reinforcement. Confining reinforcement for both walls
was Grade 120 (830).

bTarget values, see Table 8 (concrete) and Table 9 (reinforcing steel) for measured properties.

cTested in spring 2017.

dTested in summer 2017.
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Table 4 - Loading protocol

Drift Ratio

Step? DRb
%

1c 0.2
2¢ 0.3
3d 0.5

44 0.75
5d 1
64 1.5
7 d 2
8d 3
9d 4

aEach step has two cycles of loading following FEMA 461130],
see Figure 9.

bDrift (lateral displacement) divided by height (from base of
wall to point of drift measurement). See notation in
Appendix A.

¢ Displacement-controlled to a target force.

dDisplacement-controlled to a target displacement.
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Table 6 - Dates for specimen casting and testing

Specimen
Location s T6
Cast day Test day Age Cast day Testday  Age
days days
Base Block 10/5/2016 286 2/3/2017 185
Wall Lift 1 10/28/2016 263 2/20/2017 168
7/18/2017 8/7/2017

Wall Lift 2 11/21/2016 239 3/6/2017 154
Top Block 12/14/2016 216 3/20/2017 140
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Table 7 - Proportions for concrete mixture (1 gal = 3.79 liters, 1 0z=0.278 N,11b=4.45N, 1 in. =

25.4 mm)
Specimen
s E e
Wall Lift 1~ Wall Lift 2 Wall Lift 1~ Wall Lift 2

Water gal 34 33 34 34
Cementitious Material (CM):

Cement b 646 659 651 646

Fly Ash b 149 155 165 157
Fine Aggregate 1b 1689 1683 1683 1690
Coarse Aggregate? 1b 1206 1190 1200 1207
Admixtures:

Retarder 0Z 32 32 32 32

Rheology Modifier 0Z 48 48 48 48

Water Reducer® 0z 56 56 56 56
Water/CM 0.36 0.35 0.35 0.35
Initial Slumpe in. 9.0 9.0 9.5 4.5

aMaximum aggregate size of % in.

bConcrete arrived at construction site with tabulated amounts of admixtures. Supplemental
water-reducing admixture was added to achieve a minimum 20 in. spread before casting.

cSlump measured at time of arrival to construction site prior to adding supplemental water-
reducing admixture.
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Table 8 - Concrete strength measured at test day (1 in. = 25.4 mm, 1 ksi = 6.89 MPa)

Specimen
Location 15 Té

fem ? fee® Jem ® fer®

ksi ksi ksi ksi
Base Block 6.6¢ 0.614 7.34 0.51d
Wall Lift 1 7.54 0.61d 7.34 0.664
Wall Lift 2 7.64 0.624 9.24 0.704
Lift Average 7.5 0.61 8.2 0.68
Top Block 7.84 0.614 7.54 0.594

aCompressive strength of concrete following ASTM C39[12l measured
within one week of test day (Table 6).

bSplitting tensile strength of concrete following ASTM C496[13]1 measured
within one week of test day (Table 6).

cReported value based on the average of three 4 x 8 in. cylinders.

dReported value based on the average of two 6 x 12 in. cylinders.
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Table 9 - Reinforcing steel properties (1 in. = 25.4 mm, 1 ksi = 6.89 MPa)

Bar Nominal Bar  Yield Strength Tensile Strength Uniform  Fracture
Wall Designation  Diameter fy? fe® f¢/fy Elongation Elongation
No. in. ksi ksi Esy © Esr ¢
6 (19)e 0.750 129 171 1.33 5.4% 9.9%
T5 4 (13)e 0.500 127 167 1.32 5.3% 8.6%
3 (10)f 0.375 140 174 1.24 4.7% 7.3%
6 (19)¢ 0.750 112 132 1.18 7.1% 10.1%
T6 4 (13)e 0.500 109 134 1.24 7.3% 9.7%
3 (10)f 0.375 140 174 1.24 4.7% 7.3%

aMeasured from laboratory tests following ASTM A3701¢] using the 0.2% offset method. Reported
values correspond to average of two tests.

bMeasured from laboratory tests following ASTM A37016l. Reported values correspond to average of
two tests.

cCorresponds to strain at peak stress (tensile strength) following ASTM E8[141.

dBased on 8-in. gauge length following ASTM A370l6l.

eMechanical properties of No. 6 (19) and No. 4 (13) bars comply with ASTM A1035 Grade 120 (830)
for T5 and ASTM A615 Grade 100 (690) for Té6.

fMechanical properties of No. 3 (10) bars comply with ASTM A1035 Grade 120 (830) for both T5
and Té.
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Table 10 - Maximum measured shear force and drift ratio (1 kip = 4.45 kN, 1 psi = 0.00689 MPa)

Vmax a Umax b DRmax ¢ DRcap d
Wall kips \ fem (psi) % %
— + — + — +
T5 303 395 3.5 4.6 2.3 2.8 2.3
T6 240 290 2.7 3.2 3.1 3.9 3.1

aMaximum measured shear force for each loading direction during the loading protocol (Table
4).

bShear stress calculated using V4, /(4w t,,) expressed as a fraction of \/ f,, (psi), where t,, =
10 in., #,, = 100 in,, and f,, is the lift average compressive strength taken from Table 8.

¢cMaximum drift ratio attained for each loading direction during the loading protocol (Table 4)
while maintaining a shear force not less than 80% of V,, ;-

dDrift ratio capacity obtained from the minimum DR, .
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Table 11 - Drift cycle and bar location where bar buckling or bar fracture first occurred

Drift Cycleb
Wall Bar Location? 2% 3% 4%
i+ i- i+ ii- | i+ i- i+ Q- | i+ i- i+ ii-
Flange Unconfined
TS Confined
Stem Unconfined F
Confined F
Unconfined B
Flange ,
T6 Confined
Stem Unconfined F
Confined B F

aConfined regions refer to boundary elements with closely spaced transverse reinforcement.

Unconfined flange includes the intersection of flange and stem (See Figure 4).

b Notation:

i+ : first cycle, stem in compression; i- : first cycle, stem in tension;
ii+ : second cycle, stem in compression; ii- : second cycle, stem in tension;
B: buckling of longitudinal reinforcement; F: fracture of longitudinal reinforcement.
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Table 12 - Secant stiffness from measured shear-drift envelope
(1in.=25.4 mm, 1 kip = 4.45 kN)

T5 T6

Drift Shear Secant | Drift Shear Secant

Ratio Stiffness| Ratio Stiffness
DRa v Y > Ke | DRa v Yy v ke

% kips kips/in.| % kips Kips/in.
-2.16 -112 0.47 18
-2.26 -303 1.00 47 -3.09 -240 1.00 27
-1.78 -297 0.98 58 -2.05 -236 0.99 40
-1.38 -280 0.92 71 -1.58 -236 0.99 52
-0.93 -241 0.79 90 -1.06 -230 0.96 76
-0.69 -208 0.69 106 -0.85 -225 0.94 92
-0.39 -170 0.56 152 -0.38 -175 0.73 159
-0.24 -117 0.39 174 -0.29 -130 0.54 157

0 0 0 - 0 0 0 -

0.24 130 0.33 187 0.23 131 0.45 203
0.39 175 0.44 159 0.39 175 0.61 155
0.50 225 0.57 157 0.55 225 0.78 142
0.75 268 0.68 124 0.78 261 0.90 117
1.26 325 0.82 90 1.31 290 1.00 77
1.76 362 0.92 72 1.81 288 0.99 56
2.77 395 1.00 50 2.83 290 1.00 36
3.92 247 0.85 22
Vog =  -242 K, = 89 Vog = -192 K, = 124
Vo's = 316 K} = 96 Vi's = 232 K} = 136

a]dentifies drift ratio DR associated with peak force for each step (two
cycles per step) of the loading protocol starting from step 2 (Table 4). DR
is the measured drift divided by height h,,, where h,, = 286 in.

b Vax 1S the maximum measured shear force per loading direction.

¢ K is calculated using V /(DR h,) see footnote a. The value of K, at the
base of this table corresponds to the secant stiffnessatV =V, g =
0.8V,,,4x, based on linear interpolation.
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Table 13 - Wall data for cracked stiffness calculation (1 in. = 25.4 mm, 1 kip = 4.45 kN)

Terma Unit T5
V- v+ V- v+
h, in. 297 297 297 297
hy in. 286 286 286 286
2, in. 100 100 100 100
t, in. 10 10 10 10
Fomb Ksi 75 7.5 8.2 8.2
f, ksi 129 129 112 112
E,d ksi 4,940 4,940 5,160 5,160
G.e ksi 2,060 2,060 2,150 2,150
E, ksi 29,000 29,000 29,000 29,000
Xeger in. 7.7 23.9 75 235
I, in.4 244,000 266000 234,000 256,000
bk 1/10 1/10 1/10 1/10
dy in. 0.75 0.75 0.75 0.75
Af 20 20 16 16
6ECICT . .
Kre = W2 31y kips/in. 146 159 146 160
C{;W w . .
Kb = Scfutudi Kips/in. 720 720 752 752
y
H ECICT
Ko'= s kips/in. 950 1030 1180 1300
Kyt catc) kips/in. 108 116 111 120
Kyyatimeas © kips/in. 89 96 124 136
K,
—wallmeas 0.82 0.83 112 113
Kwall,calc

a

- o

For notation and definitions see APPENDIX A: NOTATION.

Measured average compressive strength of concrete (average of Lift 1 and 2, from Table 8).
Measured yield strength of the main flexural reinforcement (No. 6 (19) bar, from Table 9).
Modulus of Elasticity of concrete, 57,/1000f,, , ksi.

Shear modulus of concrete: E. /2.4 ksi.

From 21 = ¢;/d;, where ¢, is based on Eq. (4-11a) in ACI 408I2] using ¢ =1, w =1, and
(cw+ Kip)/dy = 4

2,/dy = <1°°°fy - 2400) /305, where £ = 1000f.,, for base block in Table 8 (f., = 6.6 ksi
i

for T5 and 7.C3 ksi for T6).

From flexural deflection A an at elevation h,, of a cantilever beam with flexural rigidity Ecl.,
and subjected to pointload V at h,,:

Ar = VhZ(3hy, — hy)/(6E.I, ).

From shear deflection A, an at elevation h, of a cantilever beam with shear rigidity
G Aty dx and subjected to point load V at h,, (see Moehlel55] for typical values of ¢):
Av= Vhy/(Gc{)Wtwd)K)-

From deflection due to strain penetration Ay, an at elevation h, assuming an additional
curvature of Vh,, /(E.I.) over a distance Ad, lumped at the base of the wall:

Agp= Vhwhy/ldb/(Eclcr)-

Calculated stiffness of wall: K,,41; cqic = 1/(1/Kf +1/K, + 1/K5p).

Based on K, secant stiffness from measured shear-drift envelope, see Table 12, footnote c.
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Table 14 - Unloading stiffness derived from measured shear versus drift ratio

(1in.=25.4 mm, 1 kip = 4.45 kN)

T5 Té6
Target Drift | Actual Unloading| Actual Unloading
Ratio Drift Shear Stiffness | Drift Shear Stiffness
DR Aa Ve Kb Aa Ve Kb
% in. kips  kips/in. in. Kips  kips/in.
A -8.77 -174
3 Ay -5.51 0 >3
A -5.32 -284 -5.86 -220
2 A, | -1.46 0 ™ -2.66 0 69
A -4.04 -266 -4.57 -221
15 A, | 111 0 o -1.77 0 79
A -2.71 -229 -2.93 -216
-1 m 117 102
Ag -0.75 0 -0.82 0
A -1.99 -195 -2.52 -216
-0.75 m 138 127
Ag -0.58 0 -0.82 0
A 1.54 218 1.58 216
0.75 m 160 134
Ag 0.18 0 -0.03 0
A 2.32 259 2.27 244
1 m 117 119
A 0.11 0 0.21 0
A 3.63 302 3.70 256
1.5 m 89 81
Ag 0.23 0 0.53 0
2 A, 5.07 337 79 5.27 260 79
Ay 0.81 0 1.98 0
A, 8.13 248
3 A, 431 0 65

aFor a given target drift ratio DR, shear V;,, corresponds to peak drift A,,
during second cycle to DR. Drift Ay corresponds to zero shear (unloading

from A,,;) and is measured during second cycle to DR.

b K, is calculated using V,,, /(A,, — Ap)
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Table 15 - Modeling parameters for nonlinear analysis (1 psi = 0.00689 MPa)

ASCE 41 (2017)a

Parametersa v <4 4 - Proposed Envelope
Ao/ fom (psi) B Acpy/ fem (psi) B
a 0.015 0.009 Same as ASCE 41
b 0.020 0.15 Same as ASCE 41
c 0.75 0.40 Same as ASCE 41
Legr/lIg® 0.35 0.35 1/7 (Grade 100) cd
1/9 (Grade 120) ¢
Acverf/Acy® 1.0 1.0 1/104d
Qg M, f M, f 0.9M,, td From ASCE 41 (2017) Figure
Qc® My, b My, b 1.1M,, td 10-1 (a)

aSee Figure 10-1(a) in this table. These parameters correspond to the case when the normalized
axial P < 0.10f;, 4.

bNormalized effective section properties to the gross section properties.

¢ Grade of flexural reinforcement.

dFrom Hugq et al.[371

e Force at point B of the envelope.

f M,, based on expected (or measured) properties.

gForce at point C of the envelope.

hAccording to ASCE 4151, My, is based on 1.25f,, and f,, is based on expected (or measured) value.
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Table 17 - Reinforcing steel properties for walls tested at The University of Kansas
(1in.=25.4 mm, 1 ksi = 6.89 MPa)

Bar Nominal Bar Yield Strength Tensile Strength Uniform  Fracture
Wall Designation  Diameter fy? fe® fe/fy Elongation Elongation
No. in. ksi Kksi £y Erd
6 (19) 0.750 70 94 1.34 12.2% 15.0%f
Tle 4 (13) 0.500 76 106 1.39 11.0% 14.0% f
3(10) 0.375 60f 91f 1.52 - 16.5%f
6(19) 0.750 108 124 1.15 8.9% 13.0%f
T2e 4 (13) 0.500 108 119 1.10 5.7% 10.0%f
3(10) 0.375 109f 134f 1.23 - 113%f
6 (19) 0.750 99 122 1.23 9.4% 12.5%f
T3e 4 (13) 0.500 101 122 1.21 6.6% 12.5%f
3(10) 0.375 109f 134f 1.23 - 11.3%f
6(19) 0.750 96 131 1.36 8.6% 125%f
T4e 4(13) 0.500 107 128 1.20 6.5% 10.9%f
3(10) 0.375 109 134f 1.23 . 11.3%
6(19) 0.750 129 171 1.33 5.4% 9.9%
T5 4 (13) 0.500 127 167 1.32 5.3% 8.6%
3(10) 0.375 140 174 1.24 4.7% 7.3%
6 (19) 0.750 112 132 1.18 7.1% 10.1%
T6 4 (13) 0.500 109 134 1.24 7.3% 9.7%
3(10) 0.375 140 174 1.24 4.7% 7.3%

aMeasured from laboratory tests following ASTM A3701¢] using the 0.2% offset method. Reported
values correspond to average of two tests.

bMeasured from laboratory tests following ASTM A37016l. Reported values correspond to average of
two tests.

cCorresponds to strain at peak stress following ASTM E8[141,

dBased on 8 in. gauge length following ASTM A37016l. Reported values correspond to average of two
tests.

eFrom Hugq et al.37]

fReported on manufacturer mill certification.
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Table 19 - Stress-strain parameters for concrete (1 ksi = 6.89 MPa)

Parameter Unit Wall
T1la T2a T3a T4 a T5 T6
Unconfined concrete
fi'v ksi 7.3 7.8 7.3 7.9 7.5 8.2
& © 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025
Zye 4 117 120 110 120 120 121
fre ksi 0.64 0.66 0.64 0.67 0.65 0.68
E.f ksi 4870 5030 4870 5070 4940 5160
Confined concrete
K..8 1.20 1.29 1.31 1.29 1.39 1.35
K€, 0.0030 0.0032 0.0033 0.0032 0.0035 0.0035
e h ksi 8.8 10.1 9.6 10.2 10.4 11.1
Ecc 'l 0.0050 0.0061 0.0064 0.0061 0.0073 0.0071
Zeel 21 14 13 14 11 12
fre ksi 0.64 0.66 0.64 0.67 0.65 0.68
E.f ksi 4870 5030 4870 5070 4940 5160

aData from Hugq et al.37]

b Peak stress of unconfined concrete based on f,, (Table 16).

¢ Strain corresponding to maximum stress for unconfined concrete.
d Strain softening parameter for the unconfined concrete.

e Modulus of rupture of concrete, f,, = 7.5,/1000f." /1000, ksi.

f Modulus of elasticity of concrete, E, = 57,/1000f.", ksi.

g Ratio of the confined to unconfined concrete compressive strength.
h Peak stress for confined concrete, f,z = K..f.".

i Strain corresponding to maximum stress for confined concrete.

i Strain softening parameter for the confined concrete.
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Table 20 - Stress-strain parameters for reinforcing steel (1 ksi = 6.89 MPa)

Parametera  Unit Wall

T1b T2b T3b T4b T5 T6

fop € ksi 70 108 99 92 135 112

Es ksi 29000 29000 29000 29000 29000 29000

Esn 4 1.1% 1.7% 1.2% 0.3% 0.0% 0.0%
Egp d ksi 630 670 790 1380 2550 865
fee ksi 94 124 122 131 171 132

Esy © 12.2% 8.9% 9.4% 8.6% 5.4% 7.1%
fst© ksi 93 123 122 130 127 112

st | 15.3% 13.4% 12.9% 12.9% 10.3% 10.5%

aFor notation and definitions, see APPENDIX A: NOTATION.

bData from Hugq et al.[37]

¢ Stress defining the proportional limit, f,,,, = f, only for reinforcement with a yield plateau
intersected by the line defined by the 0.2% offset method.

dVariable to define the strain-hardening model, see Figure 235 and Figure 237. Values were derived
from the measured stress-strain relationship.

e Refer to data for No. 6 (19) bars in Table 17.

f Based on &5, = &5¢ + f5:/29000, where &5 corresponds to No. 6 (19) bar in Table 17.
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Table 21 - Maximum measured shear force and drift ratio for walls tested at The University of
Kansas (1 kip = 4.45 kN, 1 psi = 0.00689 MPa)

Vmax a Umax b DRmax ¢ DRcap d
Wall kips Vem (psi) % %
-~ + - + -~ +
Tle 282 303 3.3 3.5 6007 373 3.7
T2¢ 237 282 2.7 3.2 1.80 2.05 1.8
T3e 242 275 2.8 3.2 2.95 3.95 3.0
T4e 253 293 2.8 3.3 3.87 4.05 3.9
TS 303 395 3.4 4.6 2.30 2.80 2.3
T6 240 290 2.6 3.2 3.10 3.90 3.1

aMaximum measured shear force for each loading direction during the loading protocol (Table
4).

bShear stress calculated using V;,,4,./ (Y t,) expressed as a fraction of \/ f,,, (psi), where t,, =
10 in., #,, = 100 in,, and f,, is the lift average compressive strength taken from Table 16.

cMaximum drift ratio attained for each loading direction during the loading protocol (Table 4)
while maintaining a shear force not less than 80% of V;,, ;-

dDrift ratio capacity obtained from the minimum DR, .

eData from Huq et al.37]

f After reaching the target drift ratio of 4% in each loading direction, T1 was subjected to a final
push up to the limitations of the testing apparatus, which was a displacement of nearly 20 in.
(508 mm) at the horizontal plane of action of the actuators.
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Table 24 - Deformation capacity determined using Model A1 based only on flexural deformations

(concrete compressive strain limited to 0.015) (1 in. = 25.4 mm, 1 ft = 305 mm, 1 kip = 4.45kN)

Terma Unit Wall

T1 T2 T3 T4 T5 T6

R, in. 300 300 300 300 300 300
¢ 103/in.|  0.004 0.004 0.004 0.004 0.004 0.004
¢y 103/in.|  0.046 0.065 0.060 0.057 0.079 0.067
¢4 103/in.| 0.623 0.664 0.667 0.646 0.551 0.643
M., ft-kips 3351 3464 3351 3486 3397 3552
M, ft-kips 6647 6158 5659 5380 7372 6414
M, ft-kips 8012 7088 6792 7210 9238 7647
A 0.42 0.49 0.49 0.49 0.37 0.46
Ay 0.83 0.87 0.83 0.75 0.80 0.83
Ase % 5.66 5.33 6.15 7.91 6.66 6.05

DRfcarc® % 1.9 1.8 2.0 2.6 2.2 2.0

For notation and definitions, see APPENDIX A: NOTATION.

Cracking curvature.

Yield curvature corresponding to a yield tensile strain at a distance 0.8¢,, from the extreme

compression fiber.

Ultimate curvature associated to a maximum compressive strain of 0.015 in the confined
concrete.

Calculated based on Eq. 25 and Ay = 6¢h,,.

Calculated drift capacity based only on flexural deformation, DRy cq;c = Af/hyy.
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Table 25 - Deformation capacity using Model B1 based only on flexural deformations (concrete

compressive strain limited to 0.015) (1 in. = 25.4 mm)

Terma Unit Wall

T1 T2 T3 T4 TS T6

h,, in. 300 300 300 300 300 300
Ly in. 100 100 100 100 100 100

tw in. 10 10 10 10 10 10

£, in. 50 50 50 50 50 50
¢yc  103/in.|  0.046 0.065 0.060 0.057 0.079 0.067
¢.4  103/in.| 0.623 0.664 0.667 0.646 0.551 0.643
Afy e in. 1.37 1.94 1.80 1.71 2.36 2.02
A pe in. 7.94 8.24 8.35 8.10 6.49 7.91
Age % 9.31 10.18 10.15 9.81 8.85 9.93

DRfcaic® % 3.1 3.4 3.4 3.3 3.0 3.3

o

a

@

—

For notation and definitions, see APPENDIX A: NOTATION.
Length of plastic hinge estimated to be equal to 0.5%,,,.
Yield curvature corresponding to a yield tensile strain at a distance 0.8¢,, from the extreme

compression fiber.
d Ultimate curvature associated to a maximum compressive strain of 0.015 in the confined
concrete.

Calculated based on Eq. 32.
Calculated drift capacity based only on flexural deformation, DRy cq;c = Af/hyy.
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Table 26 - Deformation capacity using Model A2 based on flexure, shear, and strain penetration
(concrete compressive strain limited to 0.015) (1 in. = 25.4 mm, 1 ft = 305 mm, 1 kip = 4.45kN)

Terma Unit Wall
T1 T2 T3 T4 TS T6
Ry, in. 300 300 300 300 300 300
2, in. 100 100 100 100 100 100
ty in. 10 10 10 10 10 10
M., ft-kips 3351 3464 3351 3486 3397 3552
M, ft-Kips 6647 6158 5659 5380 7372 6414
M, ft-kips 8012 7088 6792 7210 9238 7647
¢ 103/in..  0.004 0.004 0.004 0.004 0.004 0.004
by c 103/in.|  0.046 0.065 0.060 0.057 0.079 0.067
¢y 0 103/in.|  0.623 0.664 0.667 0.646 0.551 0.643
A 0.42 0.49 0.49 0.49 0.37 0.46
Ay 0.83 0.87 0.83 0.75 0.80 0.84
ce in. 24.6 23.1 23.0 23.7 27.7 23.9
V,f kips 320 284 272 288 370 306
G, ksi 2030 2100 2030 2110 2060 2150
bk pottom & 100 100 100 100 100 100
Pk top" 10 10 10 10 10 10
Agp ! 6.1 4.7 5.0 5.0 3.5 4.4
A 8 15 13 13 20 16
d, in. 0.75 0.75 0.75 0.75 0.75 0.75
Agi % 5.66 5.33 6.15 7.91 6.66 6.05
A,k % 1.20 0.88 1.00 1.32 1.52 1.05
Asp! % 0.50 1.03 0.95 0.83 1.17 1.01
DR cqic™ % 2.5 2.4 2.7 3.4 3.1 2.7

- D g = o a o o o

R

For notation and definitions, see APPENDIX A: NOTATION.

Cracking curvature.

Yield curvature corresponding to a yield tensile strain at a distance 0.8¢,, from the extreme compression fiber.
Ultimate curvature associated to a maximum compressive strain of 0.015 in the confined concrete.

Neutral axis depth associated with ¢, measured from the extreme compression fiber.

Calculated based on V, = M*/h,,.

Ratio of cracked shear stiffness to uncracked stiffness throughout a distance (1 — 1,)h,,.

Ratio of cracked shear stiffness to uncracked stiffness throughout a distance 1,h,,.

Based on ag, = [1 + L, (1 + j—;)] using f, = 1/3, &, = f,,/E; (from Table 17), &, = ¢,,(d, — ¢) with ¢, and c

following footnotes d and e, and d, = 80 in.

Calculated based on Eq. 25 and Af = 6¢h,,,.

Calculated based on Eq. 26 through Eq. 28.

Based on Table 13 in this manuscript and Table 12 in reference 38.

Calculated drift capacity considering flexure, shear and strain penetration, DR, ;4;c = (Af +A, + Asp)/hw.
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Table 27 - Deformation capacity using Model B2 based on flexure, shear, and strain penetration

(concrete compressive strain limited to 0.015) (1 in. = 25.4 mm, 1 kip = 4.45 kN)

Terma Unit Wall
T1 T2 T3 T4 T5 T6
h,, in. 300 300 300 300 300 300
2, in. 100 100 100 100 100 100
ty in. 10 10 10 10 10 10
£, in. 30 30 30 30 30 30
By © 103/in.|  0.046 0.065 0.060 0.057 0.079 0.067
¢, 9 10-3/in.|  0.623 0.664 0.667 0.646 0.551 0.643
ce in. 24.6 23.1 23.0 23.7 27.7 23.9
Ay in. 1.37 1.94 1.80 1.71 2.36 2.02
Apy f in. 4.94 5.12 5.19 5.04 4.04 4.92
V, ¢ kips 320 284 272 287 370 306
Ay in.2 1000 1000 1000 1000 1000 1000
G, ksi 2030 2100 2030 2110 2060 2150
b bottom " 100 100 100 100 100 100
P top 10 10 10 10 10 10
Agp) 6.1 47 5.0 5.0 3.5 4.4
y) 8 15 14 13 19 15
dy in. 0.75 0.75 0.75 0.75 0.75 0.75
Asf % 6.30 7.07 6.99 6.75 6.40 6.94
A, k % 0.90 0.77 0.76 0.77 1.02 0.81
Ay % 0.50 1.03 0.95 0.83 1.17 1.01
DR cap™ % 2.6 3.0 2.9 2.8 2.9 2.9

a For notation and definitions, see APPENDIX A: NOTATION.

b Length of plastic hinge estimated to be equal to 0.34,,.

¢ Yield curvature corresponding to a yield tensile strain at a distance 0.8¢,, from the extreme compression
fiber.

d Ultimate curvature associated to a maximum compressive strain of 0.015 in the confined concrete.

e Neutral axis depth associated with ¢,, measured from the extreme compression fiber.

f Calculated based on Eq. 30.

¢ Calculated based onV, = M*/h,,.

h Ratio of cracked shear stiffness to uncracked stiffness throughout the assumed plastic hinge length, £,,.

I Ratio of cracked shear stiffness to uncracked stiffness outside the plastic hinge length, h,, — £,,.

I Based on ag), = [1 + <1 + z_s)] using B, = 1/3, &, = f,,/E (from Table 17), &5 = ¢, (d, — ¢) with ¢, and
y

¢ following footnotes d and e, and d; = 80 in.
k Calculated based on Eq. 25 through Eq. 27.
I' Calculated based on Eq. 29.
m Calculated drift capacity considering flexure, shear and strain penetration, DR ¢q;c = (Af +A,+ Asp)/hw.
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Figure 1 - Percentage of cost per building typel15]

(@) Crushing of (b) Buckling of

boundary element reinforcement (c) Shear failure

Figure 2 - Failures in reinforced concrete structural walls after the Maule (Chile) 2010
earthquakel3l

(a) Out-of-plane wall instability (b) Bar fracture

Figure 3 - Failures in reinforced concrete structural walls after the Christchurch (New Zealand)
2011 earthquakel29]
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Figure 4 - Reinforcement layout for wall T5 and T6 (1 in. = 25.4 mm)
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Figure 5 - Confined boundary element in stem of T5 and T6 (1 in. = 25.4 mm)
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Figure 6 - Confined boundary element in flange of T5 and T6 (1 in. = 25.4 mm)
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T5 AND T6

¢ (i, As, X)

. . . . . (11, 3.44, 98.50)
|
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REINFORCEMENT DATA: Lo ( 9. 0.40, 75.00)
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As =TOTAL STEEL AREA PER LAYER, in.2 ‘
X =LAYER COORDINATE, in. ‘

GROSS SECTION PROPERTIES: . ‘ ( 8,0.40, 60.00)
=1900 in.2 ‘
Ac, =1000in.? \
l, =1.80E6in.* |
Xy =71.3n, |
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Figure 7 - Reinforcement data and wall section properties (1 in. = 25.4 mm)
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Cycle A Cycle B

1 Step

Figure 9 - Illustration of loading protocol described in Table 9
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Figure 10 - Measured stress versus strain for No. 6 (19) bars (1 ksi = 6.89 MPa)
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Figure 11 - Measured stress versus strain for No. 4 (13) bars (1 ksi = 6.89 MPa)
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(a) Base block steel cage (b) Lift 1 steel cage

(c) Lift1 (d) Lift 2 steel cage
Figure 12 - Construction stages
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(e) Lift 2 (f) Finished specimen

Figure 12 - Construction stages (cont.)
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Actuators (2)

External bracing

Internal bracing (2)

Optical markers
(104)

Threaded
bars (14)

Figure 13 - Test setup
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Spreader beam

Threaded
bars (14)

Figure 14 - Steel spreader beams below laboratory strong floor for base block hold-downs[37]
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Figure 15 - Wall instrumentation (elevation view of wall stem) (1 in. = 25.4 mm)
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Figure 16 - Wall instrumentation (elevation view of wall flange) (1 in. = 25.4 mm)
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Figure 17 - Locations of optical markers on wall stem (1 in. = 25.4 mm)
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Figure 18 - Locations of optical markers on wall flange (1 in. = 25.4 mm)
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Figure 20 - Strain gauge locations in T5 (1 in. = 25.4 mm)
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Figure 21 - Strain gauge locations in T6 (1 in. = 25.4 mm)

135

UNCONFINED

CONFINED

STEM

STEM




400

300

200

Shear, kips
o B

4L
o
ot

N
(]
o

-300

-400

Figure 22 - Shear versus drift ratio for T5 (1 in. = 25.4 mm, 1 kip = 4.45 kN)
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Figure 23 - Shear versus drift ratio for T6 (1 in. = 25.4 mm, 1 kip = 4.45 kN)
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Figure 24 - Shear versus drift ratio for T5 indicating fracture of longitudinal bars (1 in. = 25.4 mm,
1 kip = 4.45 kN)

Top displacement, in.

-15 -10 5 0 5 10 15
400 T T T T T T T 400
Buckling of 3
300 F L T 0. 6 (19) bars| 300
r in stem
200 r © 1200
| Fractureof 11 |
5 100 No. 6 (19) bars 100
—\‘\ in stem\
5O °
o)
ﬁ 100 F O _‘/" | 1-100
b 4, 7 h
0
-200 f ‘/t/ } ¢ 1-200
Fracture of 2 /ll/
. | No. 6 (19) bars  Fracture of 1 1.
300 in stem No. 6 (19) bar . 300
in stem
-400 ; ! ; : : -400
-6 -4 -2 0 2 4 6

Drift ratio, %

Figure 25 - Shear versus drift ratio for T6 indicating fracture of longitudinal bars (1 in. = 25.4 mm,
1 kip = 4.45 kN)
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Figure 26 - Map of buckled bars
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Figure 27 - Map of fractured bars
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(a) Stem in compression (b) Stem in tension

Figure 28 - Wall T5 at 1% drift ratio (second cycle)

(a) Stem in compression (b) Stem in tension

Figure 29 - Wall T6 at 1% drift ratio (second cycle)
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(a) Stem in compression (b) Stem in tension

Figure 30 - Wall T5 at 2% drift ratio (second cycle)

(a) Stem in compression (b) Stem in tension

Figure 31 - Wall T6 at 2% drift ratio (second cycle)
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(a) Stem in compression (b) Stem in tension

Figure 32 - Wall T5 at 3% drift ratio (first cycle)

(a) Stem in compression (b) Stem in tension

Figure 33 - Wall T6 at 3% drift ratio (second cycle)
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The wall did not reach this The wall did not reach this
drift ratio drift ratio

(a) Stem in compression (b) Stem in tension

Figure 34 - Wall T5 at 4% drift ratio (first cycle)

(a) Stem in compression (b) Stem in tension

Figure 35 - Wall T6 at 4% drift ratio (first cycle)
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West South
flange stem

Figure 36 - Wall T5 without buckled bars in confined and unconfined stem during second cycle to
2% drift ratio (stem in compression)

South East
stem flange

Figure 37 - Wall T5 with fractured bars in confined and unconfined stem during first cycle to 3%
drift ratio (stem in tension)
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Tip of
{ stem

Figure 38 - Wall T6 with buckled bars in confined stem during second cycle to 3% drift ratio
(stem in compression)

Figure 39 - Wall T6 with fractured bars in confined stem during second cycle to 3% drift ratio
(stem in tension)
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Buckled

bars \

Figure 40 - Wall T6 with buckled bars in unconfined flange during second cycle to 3% drift
ratio (stem in tension)

West South
flange stem

Fractured
bars

Figure 41 - Wall T6 with fractured bars in unconfined stem during first cycle to 4% drift ratio
(stem in tension)
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Tip of
| { stem

The wall did not reach this The wall did not reach this
drift ratio drift ratio

Bar buckling not observed

(a) First cycle to 3% drift (b) Second cycle to 3% drift (c) First cycle to 4% drift

Figure 42 - Condition of confined stem in compression leading to bar fracture in T5

& A d

Tip of
| { stem

Bar buckling not observed

(a) First cycle to 3% drift (b) Second cycle to 3% drift (c) First cycle to 4% drift

Figure 43 - Condition of confined stem in compression leading to bar buckling before bar
fracture in T6
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South
stem

(a) Stem in compression

South
stem

(b) Stem in tension

Figure 44 - Condition of stem in T5 at peak of second cycle to 2% drift ratio
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South
stem

(a) Stem in compression

South
stem

(b) Stem in tension

Figure 45 - Condition of stem in T6 at peak of second cycle to 2% drift ratio
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East West
flange flange

(a) Stem in compression

East West
flange flange

(b) Stem in tension

Figure 46 - Condition of flange in T5 at peak of second cycle to 2% drift ratio
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East West
flange flange

(a) Stem in compression

West South
flange stem

(b) Stem in tension

Figure 47 - Condition of flange in T6 at peak of second cycle to 2% drift ratio

150



6 g

Elongation, %
&H\ \

_2 1 1 1 1 1 1 1
-4 -3 -2 -1 0 1 2 3 4

Drift ratio, %

Figure 48 - Measured strain in longitudinal bar at confined stem 18 in. (457 mm) below

base of T5
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Figure 49 - Measured strain in longitudinal bar at confined stem 18 in. (457 mm) below
base of T6
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Figure 50 - Measured strain in longitudinal bar at confined stem 18 in. (457 mm) below

base of T5
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Figure 51 - Measured strain in longitudinal bar at confined stem 18 in. (457 mm) below
base of T6
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Figure 52 - Measured strain in longitudinal bar at confined stem 9 in. (229 mm) below

base of T5
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Figure 53 - Measured strain in longitudinal bar at confined stem 9 in. (229 mm) below
base of T6
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Figure 54 - Measured strain in longitudinal bar at confined stem 9 in. (229 mm) below
base of T5
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Figure 55 - Measured strain in longitudinal bar at confined stem 9 in. (229 mm) below
base of T6
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Figure 56 - Measured strain in longitudinal bar at confined stem 0.5 in. (13 mm) above

base of T5
8 T T T T T T T 4/
P37z
6 L 4 6:7i

Elongation, %
&g_u [

_2 1 1 1 1 1 1 1
-4 -3 -2 -1 0 1 2 3 4

Drift ratio, %

Figure 57 - Measured strain in longitudinal bar at confined stem 0.5 in. (13 mm) above
base of T6
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Figure 58 - Measured strain in longitudinal bar at confined stem 0.5 in. (13 mm) above

base of T5
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Figure 59 - Measured strain in longitudinal bar at confined stem 0.5 in. (13 mm) above
base of T6
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Figure 60 - Measured strain in longitudinal bar at confined stem 0.5 in. (13 mm) above

base of T5
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Figure 61 - Measured strain in longitudinal bar at confined stem 0.5 in. (13 mm) above
base of T6
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Figure 62 - Measured strain in longitudinal bar at confined stem 25 in. (635 mm) above

base of T5
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Figure 63 - Measured strain in longitudinal bar at confined stem 25 in. (635 mm) above
base of T6
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Figure 64 - Measured strain in longitudinal bar at confined stem 25 in. (635 mm) above
base of T5
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Figure 65 - Measured strain in longitudinal bar at confined stem 25 in. (635 mm) above
base of T6

159



Elongation, %

-4 -3 -2 -1 0 1 2 3 4
Drift ratio, %

Figure 66 - Measured strain in longitudinal bar at confined stem 50 in. (1270 mm) above

base of T5
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Figure 67 - Measured strain in longitudinal bar at confined stem 50 in. (1270 mm) above
base of T6
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Figure 68 - Measured strain in longitudinal bar at confined stem 50 in. (1270 mm) above
base of T5
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Figure 69 - Measured strain in longitudinal bar at confined stem 50 in. (1270 mm) above
base of T6
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Figure 70 - Measured strain in longitudinal bar at confined stem 100 in. (2540 mm) above
base of T5
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Figure 71 - Measured strain in longitudinal bar at confined stem 100 in. (2540 mm) above
base of T6
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Figure 72 - Measured strain in longitudinal bar at confined stem 100 in. (2540 mm) above

base of T5
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Figure 73 - Measured strain in longitudinal bar at confined stem 100 in. (2540 mm) above
base of T6
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Figure 74 - Measured strain in longitudinal bar at confined stem 144 in. (3660 mm) above
base of T5
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Figure 75 - Measured strain in longitudinal bar at confined stem 144 in. (3660 mm) above
base of T6
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Figure 76 - Measured strain in longitudinal bar at unconfined stem 2 in. (51 mm) above

base of T5
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Figure 77 - Measured strain in longitudinal bar at unconfined stem 2 in. (51 mm) above
base of T6
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Figure 78 - Measured strain in longitudinal bar at unconfined stem 25 in. (635 mm) above

base of T5
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Figure 79 - Measured strain in longitudinal bar at unconfined stem 25 in. (635 mm) above
base of T6
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Figure 80 - Measured strain in longitudinal bar at unconfined stem 50 in. (1270 mm) above base of

T5
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Figure 81 - Measured strain in longitudinal bar at unconfined stem 50 in. (1270 mm) above base of
T6
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Figure 82 - Measured strain in longitudinal bar at unconfined stem 100 in. (2540 mm) above base

of T5
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Figure 83 - Measured strain in longitudinal bar at unconfined stem 100 in. (2540 mm) above base
of T6
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Figure 84 - Measured strain in longitudinal bar at confined flange 2 in. (51 mm) above
base of T5
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Figure 85 - Measured strain in longitudinal bar at confined flange 2 in. (51 mm) above
base of T6
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Figure 86 - Measured strain in longitudinal bar at confined flange 2 in. (51 mm) above
base of T5
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Figure 87 - Measured strain in longitudinal bar at confined flange 2 in. (51 mm) above
base of T6
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Figure 88 - Measured strain in longitudinal bar at confined flange 50 in. (1270 mm) above

base of T5
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Figure 89 - Measured strain in longitudinal bar at confined flange 50 in. (1270 mm) above
base of T6
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Figure 90 - Measured strain in longitudinal bar at confined flange 50 in. (1270 mm) above
base of T5
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Figure 91 - Measured strain in longitudinal bar at confined flange 50 in. (1270 mm) above
base of T6
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Figure 92 - Measured strain in longitudinal bar at confined flange 100 in. (2540 mm) above base of
T5
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Figure 93 - Measured strain in longitudinal bar at confined flange 100 in. (2540 mm) above base of
T6
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Figure 94 - Measured strain in longitudinal bar at confined flange 100 in. (2540 mm) above base of

T5
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Figure 95 - Measured strain in longitudinal bar at confined flange 100 in. (2540 mm) above base of
T6
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Figure 96 - Measured strain in longitudinal bar at unconfined flange 2 in. (51 mm) above

base of T5
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Figure 97 - Measured strain in longitudinal bar at unconfined flange 2 in. (51 mm) above
base of T6
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Figure 98 - Measured strain in longitudinal bar at unconfined flange 25 in. (635 mm) above base of

T5
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Figure 99 - Measured strain in longitudinal bar at unconfined flange 25 in. (635 mm) above base of
T6
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Figure 100 - Measured strain in longitudinal bar at unconfined flange 25 in. (635 mm) above base

of T5
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Figure 101 - Measured strain in longitudinal bar at unconfined flange 25 in. (635 mm) above base
of T6
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Figure 102 - Measured strain in longitudinal bar at unconfined flange 50 in. (1270 mm) above base
of T5
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Figure 103 - Measured strain in longitudinal bar at unconfined flange 50 in. (1270 mm) above base
of T6
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Figure 104 - Measured strain in longitudinal bar at unconfined flange 100 in. (2540 mm) above

base of T5
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Figure 105 - Measured strain in longitudinal bar at unconfined flange 100 in. (2540 mm) above
base of T6
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Figure 106 - Measured strain in hoop at confined stem 1.5 in. (38 mm) above

base of T5
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Figure 107 - Measured strain in hoop at confined stem 1.5 in. (38 mm) above
base of T6
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Figure 108 - Measured strain in hoop at confined stem 1.5 in. (38 mm) above

base of T5
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Figure 109 - Measured strain in hoop at confined stem 1.5 in. (38 mm) above
base of T6
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Figure 110 - Measured strain in hoop at confined stem 1.5 in. (38 mm) above

base of T5
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Figure 111 - Measured strain in hoop at confined stem 1.5 in. (38 mm) above
base of T6
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Figure 112 - Measured strain in hoop at confined stem 4.5 in. (114 mm) above

base of T5
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Figure 113 - Measured strain in hoop at confined stem 4.5 in. (114 mm) above
base of T6
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Figure 114 - Measured strain in hoop at confined stem 4.5 in. (114 mm) above
base of T5
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Figure 115 - Measured strain in hoop at confined stem 4.5 in. (114 mm) above
base of T6
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Figure 116 - Measured strain in hoop at confined stem 4.5 in. (114 mm) above

base of T5
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Figure 117 - Measured strain in hoop at confined stem 4.5 in. (114 mm) above
base of T6
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Figure 118 - Measured strain in horizontal bar at unconfined stem 22.5 in. (572 mm) above base of
T5
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Figure 119 - Measured strain in horizontal bar at unconfined stem 22.5 in. (572 mm) above base of
T6
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Figure 120 - Measured strain in horizontal bar at unconfined stem 52.5 in. (1330 mm) above base
of T5
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Figure 121 - Measured strain in horizontal bar at unconfined stem 52.5 in. (1330 mm) above base
of T6
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Figure 122 - Envelopes of measured strain in longitudinal bars at confined stem for 1.5% drift
ratio
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Figure 123 - Envelopes of measured strain in longitudinal bars at confined stem for 2% drift ratio
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Figure 124 - Envelopes of measured strain in longitudinal bars at confined flange for 1.5% drift
ratio
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Figure 125 - Envelopes of measured strain in longitudinal bars at confined flange for 2% drift ratio
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Figure 126 - Envelopes of measured strain in longitudinal bars at unconfined flange for 1.5% drift
ratio
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Figure 127 - Envelopes of measured strain in longitudinal bars at unconfined flange for 2% drift
ratio
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Figure 128 - Calculated average concrete strain along Column 1 for stem of T5 (1 in. = 25.4 mm)
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Figure 129 - Calculated average concrete strain along Column 2 for stem of T5 (1 in. = 25.4 mm)
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Figure 130 - Calculated average concrete strain along Column 3 for stem of T5 (1 in. = 25.4 mm)
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Figure 131 - Calculated average concrete strain along Column 4 for stem of T5 (1 in. = 25.4 mm)
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Figure 132 - Calculated average concrete strain along Column 5 for stem of T5 (1 in. = 25.4 mm)
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Figure 133 - Calculated average concrete strain along Column 6 for stem of T5 (1 in. = 25.4 mm)
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Figure 134 - Calculated average concrete strain along Column 7 for stem of T5 (1 in. = 25.4 mm)
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(b) Stem in tension

Figure 135 - Calculated average concrete strain along Column 8 for stem of T5 (1 in. = 25.4 mm)
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(b) Stem in tension

Figure 136 - Calculated average concrete strain along Column 1 for stem of T6 (1 in. = 25.4 mm)
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Figure 137 - Calculated average concrete strain along Column 2 for stem of T6 (1 in. = 25.4 mm)
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Figure 138 - Calculated average concrete strain along Column 3 for stem of T6 (1 in. = 25.4 mm)
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Figure 139 - Calculated average concrete strain along Column 4 for stem of T6 (1 in. = 25.4 mm)
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Figure 140 - Calculated average concrete strain along Column 5 for stem of T6 (1 in. = 25.4 mm)
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Figure 141 - Calculated average concrete strain along Column 6 for stem of T6 (1 in. = 25.4 mm)
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(d) Stem in tension

Figure 142 - Calculated average concrete strain along Column 7 for stem of T6 (1 in. = 25.4 mm)
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Figure 143 - Calculated average concrete strain along Column 8 for stem of T6 (1 in. = 25.4 mm)
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Figure 144 - Calculated average concrete strain in Layer 1 for flange of T5 (1 in. = 25.4 mm)
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Figure 145 - Calculated average concrete strain in Layer 2 for flange of T5 (1 in. = 25.4 mm)
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(b) Stem in tension

Figure 146 - Calculated average concrete strain in Layer 3 for flange of T5 (1 in. = 25.4 mm)
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(b) Stem in tension

Figure 147 - Calculated average concrete strain in Layer 4 for flange of T5 (1 in. = 25.4 mm)
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(b) Stem in tension

Figure 148 - Calculated average concrete strain in Layer 5 for flange of T5 (1 in. = 25.4 mm)
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(b) Stem in tension

Figure 149 - Calculated average concrete strain in Layer 6 for flange of T5 (1 in. = 25.4 mm)
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(b) Stem in tension

Figure 150 - Calculated average concrete strain in Layer 1 for flange of T6 (1 in. = 25.4 mm)
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(b) Stem in tension

Figure 151 - Calculated average concrete strain in Layer 2 for flange of T6 (1 in. = 25.4 mm)
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(b) Stem in tension

Figure 152 - Calculated average concrete strain in Layer 3 for flange of T6 (1 in. = 25.4 mm)
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(b) Stem in tension

Figure 153 - Calculated average concrete strain in Layer 4 for flange of T6 (1 in. = 25.4 mm)
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(b) Stem in tension

Figure 154 - Calculated average concrete strain in Layer 5 for flange of T6 (1 in. = 25.4 mm)

220



0.05 . . .
Drift ratio
0.04 O 1%
—8-—1.5%
— A& -2%
0.03 —0—3%
=
© 002 1
42
wn
0.01 1
0 -
_0.01 1 1 1 1
50 40 30 20 10 0
Nickanm~n fram cbams ~rambar in
wisStaiiCe 1roim Seim Cenwer, in
(a) Stem in compression
0.05 . . .
Drift ratio
0.04 0 1%
—8-—1.5%
— & 2%
0.03 —0—3%
=
© 002 1
42
wn
0.01r 1
Data for DR = 3% based on first cycle
_0.01 1 1 1 1
50 40 30 20 10 0

Distance from stem center, in.

(b) Stem in tension

Figure 155 - Calculated average concrete strain in Layer 6 for flange of T6 (1 in. = 25.4 mm)
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Figure 156 - Envelopes of concrete strain for confined stem at 1.5% drift ratio (data from optical
markers along Columns 1 and 2)
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Figure 157 - Envelopes of concrete strain for confined stem at 2% drift ratio (data from optical
markers along Columns 1 and 2)
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Figure 158 - Envelopes of concrete strain for confined flange at 1.5% drift ratio (data from optical
markers along Column 11)
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Figure 159 - Envelopes of concrete strain for confined flange at 2% drift ratio (data from optical
markers along Column 11)
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Figure 160 - Envelopes of concrete strain for unconfined flange at 1.5% drift ratio (data from
optical markers along Columns 8, 9, and 10)
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Figure 161 - Envelopes of concrete strain for unconfined flange at 2% drift ratio (data from optical
markers along Columns 8, 9, and 10)
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Figure 165 - Calculated shear distortion for T5, data from optical markers, Columns 1 through 8 (1
in. = 25.4 mm)
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Figure 166 - Calculated shear distortion for T6, data from optical markers, Columns 1 through 8 (1
in. = 25.4 mm)
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Figure 169 - Calculated flexural rotation for T5, data from optical markers, Columns 1 through
8 (1in.=25.4 mm)
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Figure 170 - Calculated flexural rotation for T6, data from optical markers, Columns 1 through
8 (1in.=25.4 mm)
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Figure 174 - Contribution of deformation components from bottom 87 in. (2210 mm) for T5
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Figure 175 - Contribution of deformation components from bottom 87 in. (2210 mm) for T6
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Figure 178 - Measured crack width at peak drift versus drift ratio, stem in compression (1 in. =
25.4 mm)
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Figure 179 - Measured crack width at zero shear versus maximum drift ratio attained, stem in
compression (1 in. = 25.4 mm)
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Figure 180 - Measured crack width at peak drift versus drift ratio, stem in tension (1 in. = 25.4 mm)
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Figure 181 - Measured crack width at zero shear versus maximum drift ratio attained, stem in
tension (1 in. = 25.4 mm)
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Figure 182 - Crack width ratio versus drift ratio for positive loading direction, stem in
compression (1 in. = 25.4 mm)
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Figure 183 - Crack width ratio versus drift ratio for negative loading direction, stem in tension (1
in. = 25.4 mm)
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Figure 185 - Calculated elongation at zero shear for T6, data from optical markers, Columns 1
through 8 (1 in. = 25.4 mm)
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Figure 190 - Effective initial stiffness K. normalized by flexural stiffness based on gross section
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Figure 191 - Cracked moment of inertia normalized by gross moment of inertia
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Figure 192 - Unloading stiffness versus drift ratio (1 in. = 25.4 mm, 1 kip = 4.45 kN)

025 T T T
Wall
* T5
0.2 B v T6 4
2015 * ]
< *
M"\
E %Y %
01r _
* v *
* V v V
v v
005 B v 4
O | 1 1
4 2 0 2 4

Drift ratio, %

Figure 193 - Normalized unloading stiffness versus drift ratio
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Figure 195 - Comparison of measured response with Takeda hysteresis model for T5 (1 in. =
25.4 mm, 1 kip = 4.45 kN)
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Figure 196 - Comparison of measured response with Takeda hysteresis model for T6 (1 in. =
25.4 mm, 1 Kkip = 4.45 kN)
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(b) Stem in tension

Figure 201 - Hysteretic energy dissipation index[37]
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Figure 202 - Hysteretic energy dissipation index versus drift ratio
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Figure 203 - Measured shear versus drift ratio compared with modeling parameters from Table 15
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Figure 217 - Envelopes of concrete strain for confined stem at 1.5% drift ratio (data from optical
markers along Columns 1 and 2)
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Figure 218 - Envelopes of concrete strain for confined stem at 2% drift ratio (data from optical
markers along Columns 1 and 2)
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Figure 219 - Envelopes of concrete strain for confined flange at 1.5% drift ratio (data from optical
markers along Column 11)
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Figure 220 - Envelopes of concrete strain for confined flange at 2% drift ratio (data from optical
markers along Column 11)
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Figure 221 - Envelopes of concrete strain for unconfined flange at 1.5% drift ratio (data from
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Figure 232 - Normalized unloading stiffness versus drift ratio
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Figure 234 - Hysteretic energy dissipation index versus drift ratio
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Figure 235 - Idealized stress-strain relationships
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Figure 236 - Stress-strain relationship for confined and unconfined concrete in compression using
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Figure 238 - Moment-curvature relationships for T1 (1 in. = 25.4 mm, 1 ft-kips = 1.36 m-kN)
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Figure 239 - Moment-curvature relationships for T2 (1 in. = 25.4 mm, 1 ft-kips = 1.36 m-kN)
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Figure 240 - Moment-curvature relationships for T3 (1 in. = 25.4 mm, 1 ft-kips = 1.36 m-kN)

291



10000 : : . .

T
8000 [ i
C
frd
8 6000 | A
¥~ Event
=
Q (@] Myl
CZE) 4000 H o M, )
Steel Model o My (gc,core = 0-010)
eel Mode
2000 S Hard m My (ecore = 0.015) |
train Hardenin,
l l g v Mu (ss,NoA@dt = 65%)
Elastoplastic
P ' A My (ss,No.6@dt = 8-6%)
0 L L . A )
0 0.0004 0.0008 0.0012 0.0016 0.002 0.0024
Curvature, 1/in.
(a) Stem in compression
10000 r ' : . :
C
8000 [ i
dT_’ T
8 6000 | |
£
o
c
[}
€ 4000 H i
o
= Event
Steel Model o My,
2000 M i
Strain Hardening o My
Elastoplastic A My, (&5n0.6@d, = 8.6%)
0 L 1 1 L |
0 0.0004 0.0008 0.0012 0.0016 0.002 0.0024

Curvature, 1/in.
(b) Stem in tension

Figure 241 - Moment-curvature relationships for T4 (1 in. = 25.4 mm, 1 ft-kips = 1.36 m-kN)
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Figure 242 - Moment-curvature relationships for T5 (1 in. = 25.4 mm, 1 ft-kips = 1.36 m-kN)

293



10000 T T T T T

T
8000 1
C
b~ Y
(%)
& 6000 - 1
=
= Event
c
0] ® My,
£ 4000 H o ]
S M
0 M, (& core = 0.010)
Steel Model . Mu( eeore 0.015)
& = U.
2000 Strain Hardening o aeore
. vV M, (Ss,No.‘l-@dt = 7.3%)
Elastoplastic
A Mu (es,No.G@d[ = 7'1%)
0 1 1 1 1 1
0 0.0004  0.0008 0.0012  0.0016 0.002 0.0024
Curvature, 1/in.
(a) Stem in compression
10000 T T T T T
C
8000 f 1
T
&
d 6000 1
£
S
c
£
5 4000 H 1
= Event
Steel Model o My,
2000 . . 1
Strain Hardening o M,
Elastoplastic A M, (&sno6@d, = 7-1%)
0 L 1 1 1 L
0 0.0004 0.0008 0.0012 0.0016 0.002 0.0024

Curvature, 1/in.

(b) Stem in tension

Figure 243 - Moment-curvature relationships for T6 (1 in. = 25.4 mm, 1 ft-kips = 1.36 m-kN)
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Figure 244 - Moment-curvature relationships for all walls (1 in. = 25.4 mm, 1 ft-kips = 1.36 m-kN)
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Figure 246 - Normalized maximum measured moment to calculated moment (1 in. = 25.4 mm)
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Figure 247 - Computed curvature for relevant events (1 in. = 25.4 mm)
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Figure 250 - Events used to defined the idealized moment-curvature relationship for T1 (1 in. =
25.4 mm, 1 ft-kips = 1.36 m-kN)
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Figure 251 - Events used to defined the idealized moment-curvature relationship for T2 (1 in. =
25.4 mm, 1 ft-kips = 1.36 m-kN)
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Figure 252 - Events used to defined the idealized moment-curvature relationship for T3 (1 in. =
25.4 mm, 1 ft-kips = 1.36 m-kN)

302



10000 T T T

T T
T
8000 f .
C
&
& 6000 | .
S
o
f
‘GE) 4000 Event
cz) o My (&c,core = 0.010)
Steel Model ® My (¢,core = 0.015)
°
2000 Strain Hardening Mya T
O My,
Elastoplastic
O M,
0 1 1 1 1 1
0 0.0004 0.0008 0.0012 0.0016 0.002 0.0024
Curvature, 1/in.
(a) Stem in compression
10000 T T T T T
C
8000 .
& T
8 6000 | .
£
o
c
()
£ 4000 H .
o Event
=
A Mu (Ss@dt = 86%)
2000 Steel Model ° M, |
Strain Hardening © My,
Elastoplastic O My,
0 1 1 1 L 1
0 0.0004 0.0008 0.0012 0.0016 0.002 0.0024

Curvature, 1/in.

(b) Stem in tension

Figure 253 - Events used to defined the idealized moment-curvature relationship for T4 (1 in. =
25.4 mm, 1 ft-kips = 1.36 m-kN)
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Figure 254 - Events used to defined the idealized moment-curvature relationship for T5 (1 in. =
25.4 mm, 1 ft-kips = 1.36 m-kN)
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Figure 255 - Events used to defined the idealized moment-curvature relationship for T6 (1 in. =
25.4 mm, 1 ft-kips = 1.36 m-kN)
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Figure 256 - Inverse of ¢, versus drift ratio for bottom 50 in. (1270 mm)
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Figure 257 - Inverse of ¢ versus drift ratio for bottom 50 in. (1270 mm) of wall (data
from Figure 256)

307



syusuodwod uonewojaq (p)

g [9POA 10J SUOIINQLIISIP 3INJBAIND PUE JUSWIOW PIZI[edp] — 8GZ 3.In31,]

aainyeain) (2)

.:Qv \nﬂ

Juowioly (q)

1NIOd
ALVYINILTN

Anawoasd repm (e)

N7

TIvM—"

“

308



o
o

» o
o o

Deformation capacity, %
s
|

B Measured
BModel B2 (I, = 0.34,,)
OModel B1 (I, = 0.54,,)
O Model A2

2.0 v v
" f f f
f ‘ f f
1.0 f f ' f
0.0
T1 T2 T3 T4 T5 T6
Wall
(a) Stem in compression
8.0
m Measured
7.0 BModel B2 (1, = 0.3¢,,)
° ] OModel B1 (1, = 0.5¢,,)
©" 6.0 — |V
< OModel A2
o) _
© 5.0 2
Q. miE v
8 g 1
8 4 0 g - -l — -
= : o = ]
f v v
e 3.0 —
_
% 20 f e "
(a) f f
1 0 f P f
0.0
T1 T2 T3 T4 T5 T6
Wall

(b) Stem in tension

Figure 259 - Comparison of measured and calculated deformation capacity
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Figure 260 - Measured and calculated maximum tensile strain of the reinforcement using Model A
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Figure 261 - Measured and calculated maximum tensile strain of concrete surface on a gauge
length of 14 in. (356 mm) using Model A
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Figure 262 - Measured and calculated maximum compressive strain of concrete surface on a gauge
length of 14 in. (356 mm) using Model A
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Figure 264 - Measured and calculated maximum tensile strain of concrete surface on a gauge
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Figure 265 - Measured and calculated maximum compressive strain of concrete surface on a gauge
length of 14 in. (356 mm) using Model B

313



2.5

of
@f+v+sp
20 .

15 | — .

Measured / Calculated
|

0.0
T1 T2 T3 T4 T5 T6

Wall

Figure 266 - Average of measured-to-calculated maximum tensile strain of reinforcement using
Model A
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Figure 267 - Average of measured-to-calculated maximum tensile strain of concrete surface using
Model A
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Figure 268 - Average of measured-to-calculated maximum compressive strain of concrete surface
using Model A
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Figure 269 - Average of measured-to-calculated maximum tensile strain of reinforcement using
Model B
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Figure 270 - Average of measured-to-calculated maximum tensile strain of concrete surface using
Model B
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Figure 271 - Average of measured-to-calculated maximum compressive strain of concrete surface
using Model B
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APPENDIX A: NOTATION

gross area of concrete section resisting shear (t,,#,, for a T-shaped wall),
in.2 (mm?2)

effective area of concrete section resisting shear (¢«t,,£,, for a T-shaped
wall), in.2 (mm?2)

gross area of concrete section, in.2 (mm?)

area of reinforcement, in.2 (mm?2)

neutral axis depth measured from extreme compression fiber, in. (mm)
cementitious material, includes portland cement and mineral admixtures
(fly ash, slag cement, and silica fume)

bar diameter, in. (mm)

distance from extreme compression fiber to extreme layer of longitudinal
tension reinforcement., in. (mm)

length of the primary diagonal (from top left to bottom right) of a station,
in. (mm) (Figure 163)

length of the secondary diagonal (from bottom left to top right) of a station,
in. (mm) (Figure 163)

drift (lateral displacement) divided by height (from base of wall to point of
drift measurement)

elongation of flexural reinforcement due to strain penetration, in. (mm)
modulus of elasticity of concrete, ksi (MPa)

hysteretic energy dissipation index, Eq. 21

modulus of elasticity of reinforcement, ksi (MPa)

tangent modulus at the onset of strain-hardening, ksi (MPa)

specified compressive strength of concrete, ksi (MPa)

peak compressive stress for unconfined concrete, ksi (MPa)

peak compressive stress for confined concrete, ksi (MPa)

measured average compressive strength of concrete, ksi (MPa)

critical buckling stress, ksi (MPa)
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measured average splitting tensile strength of concrete, psi (MPa)

modulus of rupture of concrete, ksi (MPa)

stress corresponding to strain &g, at onset of fracture, ksi (MPa)

peak stress or tensile strength of reinforcement, ksi (MPa)

yield strength of reinforcement, ksi (MPa)

yield strength of confinement reinforcement, ksi (MPa)

reinforcement stress defining the proportional limit, ksi (MPa)

force associated with A,,,, kips (kN)

force associated with yield point, kips (kN)

shear modulus of concrete, taken as E. /2.4, ksi (MPa)

dimension at bottom side of station, in. (mm) (Figure 163)

height of Layer i, in. (mm) (Figure 17 and Figure 18)

dimension at top side of station, in. (mm) (Figure 163)

height from base of wall (top of base block) to top horizontal
potentiometers, +286 in. (7260 mm) for specimens T5 and T6, in. (mm)
(Figure 15)

distance from centroid of Layer i to top horizontal potentiometers at elevation
+286 in. (7260 mm) for specimens T5 and T6, in. (mm) (Figure 15, Figure 17,
and Figure 18)

height from base of wall to point of load application, in. (mm)

counter or index to identify order or position

moment of inertia of cracked transformed section using reinforcement data
from Figure 7, in.# (mm?*)

effective moment of inertia, in.# (mm#*)

moment of inertia of gross concrete section about centroidal axis, neglecting
reinforcement, in.4 (mm#)

counter or index to identify order or position

counter or index to identify order or position

secant stiffness, kips/in. (kN/m)
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Kwall,calc
Kwall,meas

Ycicj

Yq

o N SS
5 §| s = ~.

=

B

yc

yd

y1

ratio of confined to unconfined concrete compressive strength

secant stiffness at V = Vg = 0.8 V14, Kips/in. (KN/m)

stiffness associated with flexural deformation, kips/in. (kN/m)

stiffness associated with flexural deformation based on [, kips/in. (kN/m)
post-yield stiffness, kips/in. (kN/m)

stiffness associated with strain penetration (below base of wall), kips/in.
(kN/m)

unloading stiffness, kips/in. (kN/m)

stiffness associated with shear deformation, kips/in. (kN/m)

calculated stiffness of wall, kips/in. (kN/m)

measured stiffness of wall, kips/in. (kN/m)

initial distance along x axis between markers at Columns i and j for a given
row (or located at the same elevation), in. (mm) (Figure 17 and Figure 18)
development length or length of embedment required to develop the yield
stress of reinforcement, in. (mm)

width of station j, in. (mm) (Figure 17 and Figure 18)

length of plastic hinge, in. (mm)

length of wall section in direction of shear force, in. (mm)

maximum moment from moment-curvature analysis, ft-kips (m-kN)
moment at onset of cracking, ft-kips (m-kN)

nominal flexural strength calculated for a maximum concrete compressive
strain of 0.003 and perfectly elastoplastic reinforcement with specified
(nominal) yield strength (following ACI 318-14(11) ft-kips (m-kN)

moment corresponding to curvature ¢,,, ft-kips (m-kN)

moment corresponding to yield of tension reinforcement at centroid of
confined boundary element, ft-kips (m-kN)

moment corresponding to yield of tension reinforcement at distance 0.8¢,,
from extreme compression fiber, ft-kips (m-kN)

moment corresponding to first yield of tension reinforcement (reinforcement
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located at d;), ft-kips (m-kN)

moment corresponding to limiting or ultimate curvature ¢,,, ft-kips (m-kN)
number of layers bounded by optical markers (Figure 17 and Figure 18)
number of stations bounded by optical markers (Figure 17 and Figure 18)
axial load at the base of wall, kips (kN)

thickness of wall stem, in. (mm)

uniform bond stress associated with ¢4, psi (MPa)

dimension at left side of a station, in. (mm) (Figure 163)

shear stress associated with V4., psi (MPa)

dimension at right side of a station, in. (mm) (Figure 163)

nominal shear stress attributed to the transverse reinforcement, psi (MPa)
shear force applied at the top of the wall, kips (kN)

shear associated with A,,;, kips (kN)

maximum measured shear force per loading direction, kips (kN)

shear associated with M,, based on a nominal shear span of 25 ft., kips (kN)
nominal shear strength, kips (kN)

shear force corresponding to ultimate curvature ¢,,, kips (kN)

shear force corresponding to yield curvature ¢,, kips (kN)

crack width measured at peak drift during second excursion to a target drift,
in. (mm)

crack width measured at zero applied shear after second excursion to a
target drift, in. (mm)

hysteretic energy dissipated during half cycle of loading, in.-kips (m-kN)
coordinate of reinforcement layer (Figure 7), in. (mm)

coordinate of centroidal axis of gross section, neglecting reinforcement
(Figure 7), in. (mm)

distance from extreme compression fiber to neutral axis depth of cracked
section transformed to concrete, in. (mm)

displacement of a marker (at Row i Column j) along y axis, in. (mm)
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5base

5top

(Figure 17 and Figure 18)

parameter to define the descending branch of the stress-strain curve

for confined concrete

parameter to define the descending branch of the stress-strain curve

for unconfined concrete

stiffness reducing exponent

strain penetration amplification factor

fraction of £4

fraction of u

fraction of f,

average shear distortion for Layer i, rad

shear distortion in Layer i at station j, rad

horizontal displacement of the base block, in. (mm)

horizontal displacement measured by top horizontal potentiometers at
elevation +286 in. (7260 mm) for specimens T5 and T6, in. (mm)
component of drift due to flexural deformation and strain penetration
measured between base block optical markers and first row of markers,
in. (mm) (Figure 17 and Figure 18)

shear component of drift (due to base shearing) measured between base block
optical markers and first row of markers, in. (mm) (Figure 17 and Figure 18)
drift (lateral displacement) due to flexion, in. (mm)

displacement due to flexure considering only plastic curvature, in. (mm)
displacement due to flexure considering only yield curvature, in. (mm)
peak displacement during a loading cycle, in. (mm)

previously attained maximum displacement in a direction of loading, in. (mm)
drift (lateral displacement) due to strain penetration, in. (mm)

drift (lateral displacement) due to shear deformation, in. (mm)

average horizontal displacement of a row of markers, in. (mm)

notional yield displacement, in. (mm)
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measured drift corresponding to zero shear (unloading from 4A,,,), in. (mm)
maximum strain corresponding to peak stress for confined concrete
maximum calculated strain in the confined concrete

maximum strain capacity assigned to confined concrete

measured fracture elongation of reinforcement

post-yield reinforcement strain where to strain hardening begins

strain at onset of reinforcement fracture

uniform elongation of reinforcement or strain corresponding to f;

strain corresponding to peak stress of unconfined concrete

rotation of the base block about an axis normal to the plane of the wall stem,
rad

base opening rotation due to flexural deformation and strain penetration
measured between base block optical markers and first row of markers
(Figure 17 and Figure 18), rad

rotation due to flexural deformation at ¢,,., rad

rotation due to flexural deformation, rad

rotation due to flexural deformation for Layer i, rad

rotation due to flexural deformation at ¢,, rad

rotation due to flexural deformation at ¢,,, rad

number of bar diameters over which the yield strain of reinforcement is
assumed to occur uniformly, A = £;/(2d})

coefficient to define the location of the cracking point along the wall height
coefficient to define the location of the yield point along the wall height
ratio of area of distributed longitudinal reinforcement to gross concrete area
normal to that reinforcement

ratio of volume of confining reinforcement to total volume of confined
concrete, measured out-to-out of hoops

ratio of area of distributed transverse reinforcement to gross concrete area

normal to that reinforcement
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calculated post-yield curvature associated with a target displacement

ratio of effective shear stiffness to uncracked stiffness

curvature at onset of cracking, 1/in. (1/mm)

curvature associated with the tensile reinforcement reaching the yield strain,
1/in. (1/mm)

ultimate curvature corresponding to a compressive strain of 0.01 for confined
concrete or &, for reinforcing bars, 1/in. (1/mm)

distortion due to expansion (Figure 164), rad
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APPENDIX B: POST-YIELD STRAIN PENETRATION

This appendix is based on the model proposed by Huq et al.371 The theoretical background
presented in Huq et al.371 is repeated here for convenience. Experimental data from walls T5 and T6

are included to adjust the model.

Theoretical Background

Reinforcing bars subjected to tension at the base of a reinforced concrete wall can undergo
large strain demands that penetrate into the support. Bar strains along the embedded length are
associated with bar elongation and reinforcement slip, which manifest as a rotation at the wall base

that contributes to the total lateral displacement at the top of the wall.

In this appendix, a model is proposed for estimating the contribution of reinforcement slip
(due to strain penetration) to lateral displacement of a reinforced concrete wall responding in the

inelastic range.

Assuming a uniform bond stress u acts on a reinforcing bar of diameter d; along the

development length £, the total bond force to develop the yield stress f;, is given by

T d}
tagmdyu = fy Eq.B.1
which simplifies to
'gd fy
—_— = Eqg. B.2
db 4u q
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Sezen and Moehlel8 proposed a model with a stepped bond stress along the embedded
length of the reinforcing bar, as shown in Figure B.1. Based on this model, for a bar to develop a post-
yield stress of (1+8,)f, requires an embedment length of (1+5,)¢. Itis assumed that a uniform bond
stress u acts over the length £; where the bar has not yielded and a reduced bond stress 8, u acts
over the length 8, £; where the bar has yielded. A relationship between f, §,, and B, is derived by

substituting the above assumptions into Eq. B.2 to obtain

p-L="2 L Eq.B.3

where the use of £;/d}, from Eq. B.2 in Eq. B.3 simplifies into Eq. B.4:

_by

- Eq. B.4
Be B

The elongation e due to strain penetration of a yielding bar, as shown in Figure B.1 (at the top
of the base block), is obtained by integrating the bar strain diagram over the length £; + 5, ¢4,

resulting in

&
e=—y€d+( > )ﬁﬂd Eq.B.5

Eq. B.5 was derived assuming zero slip at the unloaded end of the bar. To simplify Eq. B.5, £4

is expressed as a function of djusing
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where A represents the number of bar diameters over which the yield strain of reinforcement is

assumed to occur uniformly. Substituting Eq. B.6 into Eq. B.5 provides

e = Adye, [1 + By <1 + z—s>] Eq.B.7
y

The rotation at the wall base due to strain penetration is calculated using Eq. B.8 based on

the elongation divided by the distance from the bar to the neutral axis depth (d; — ¢).

¢ -2 |14p(1+5 Eq.B.8
d; —c bd, —c ¢ gy o

Osp =

from which the displacement at a distance h,, from the support is obtained using

&
Asy= A dpepy, [1 + B, (1 + S—S>] hy, Eq.B.9
y

where €,,/(d; — c) is taken as an approximate measure of the yield curvature ¢,,.. Eq. B.9 is further

simplified using

Agp= agpAd dpdpyhy, Eq.B.10
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where

&
asp = [1 + B, <1 + 8—5>] Eq.B.11

y

Eq. B.10 only applies where &; > ¢, and bar slip at the unloaded end of the bar is negligible.
For the condition of &, = ¢,, B, = 0 (given that £, is the required embedment length to develop f,,
see Figure B.1) resulting in a5, = 1 per Eq. B.11. Therefore, Eq. B.10 can be expressed as a function

of the deformation due to strain penetration at yield Ay, ,,, using

Asp= Csp Dspy Eq. B.12

where A, ,, is defined by

Agpy= A dppyh, Eq.B.13

and ag), represents the amplification factor of Ay, to obtain A, in Eq. B.12. The definition of

deformation due to strain penetration at yield in Eq. B.13 is consistent with the definition of

deformation due to strain penetration presented in Table 13.

The sensitivity of B, to parameters 8, and f,, is shown in Figure B.2. Values of §, = 0.25
(corresponding to a stress of 1.25f,) and 3, between 0.5 and 1.0 provide values of 8, between 0.5

and 0.25, respectively. In this study, 8, = 0.75 was adopted, which for ,, = 0.25 provides g, = 0.33.
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It is important to note that to develop 1.25f,, based on ACI 40812], the development length
needs to increase by approximately 1.4 for f,, = 60 ksi (414 MPa) and 1.3 for f,, = 100 ksi (690 MPa),
consistent with 8, = 0.33 for the adopted value of 5, = 0.75. The development length equations in

ACI 40821 have been shown to work for high-strength reinforcement subjected to post-yield stresses

of up to 155 ksi (1070 MPa)[491,

For an indication of the range of values to expect for ag,, Table B.1 shows calculated data for

T1 and T4 with Grade 60 (420) and Grade 100 (690) reinforcement, respectively, at strains of 0.02,

0.03, 0.04, and 0.05. Values of ,By were assumed to vary from 0.1 to 0.25 for strains between 0.02 and
0.05. A value of 8, = 0.75 was assumed constant for the values of B, considered. The data in Table

B.1 are plotted in Figure B.3 with a low-bound estimate of ag, given by

asp =2 DR Eq.B.14

where the drift ratio DR (in percent) is limited to values between 1 and 2. Figure B.3 shows that

values of ag, are in the range between 2 and 9 for drift ratios between 1 and 3%.

The measured relationship between the longitudinal strain of reinforcement and the drift
ratio for T5 and T6 are combined with the data for T1 and T4[37] to derive values of aj), as a function
of drift ratio in Table B.2. Post-yield strain data from T3 at the base of the wall were not available
whereas data from T2 were not considered due to its sub-par performance. The calculated values of
@sp in Table B.2 are plotted versus drift ratio in Figure B.4. The plotted data suggest that for walls
with Grade 60 (420) and Grade 100 (690) reinforcement, a low-bound estimate for a,, may be
defined using Eq. B.14 but for walls with Grade 120 (830) reinforcement a lower value is more

appropriate, as defined by
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asp = 1.5DR Eq. B.15

The lower value of ag), for T5 is mostly due to lower strains measured in the longitudinal

reinforcement of T5 for drift ratios between 1 and 2%. The reinforcement strain demands in T5 were
very likely affected by the roundhouse shape (without yield plateau) of the stress-strain curve for the

Grade 120 (830) reinforcement.
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Figure B.3 - Strain penetration amplification factor ag, versus drift ratio, based on Table B.1[37]
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Figure B.4 - Strain penetration factor a, versus drift ratio, based on Table B.2
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