UC San Diego

UC San Diego Electronic Theses and Dissertations

Title

Seismic Response of Eighteen-story Core Wall Building with Force-limiting Connections and

Low-damage Coupling Beams

Permalink

|https://escholarship.orgc/item/g}w101 wl

Author

Lee, Kyoungyeon

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/2gk8101w
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA SAN DIEGO

Seismic Response of Eighteen-story Core Wall Building with Force-limiting Connections
and Low-damage Coupling Beams

A thesis submitted in partial satisfaction of the
requirement for the degree Master of Science

Structural Engineering

by

Kyoungyeon Lee

Committee in charge:
Professor Georgios Tsampras, Chair

Professor Joel P. Conte
Professor Jose I. Restrepo

2022



Copyright
Kyoungyeon Lee, 2022

All rights reserved



The thesis of Kyoungyeon Lee is approved, and it is acceptable in quality and form for
publication on microfilm and electronically.

University of California San Diego

2022



TABLE OF CONTENTS

THESIS APPROVAL PAGE ...ttt nne s i
TABLE OF CONTENTS . ...ttt nne e iv
LIST OF FIGURES ...ttt be e iX
LIST OF TABLES .......oooirivveiessoesesssssssssssssssssssssssssssss s ssssss s sssss s s XV
ACKNOWLEDGEMENTS ...ttt ettt ettt e e XiX
ABSTRACT OF THE THESIS ...t XX
1 INEFOTUCTION ..ottt sn e n bbb 1
1.1 LIEIatUIE FEVIEW ...oviiieeeiiiteeeie sttt 1

1.1.1 SEructural WallS ........c.ooeiiiiiiiee s 1

1.1.2 Interacting cantilever WallS.............ccocoviiiiiiiiii 2

1.1.3 Coupled walls and core Walls ............ccoovriiiiiiiiiieeee s 2

1.1.4 Coupling beam damage...........cccieiiiiiieiie e 8

1.1.5 Alternative designs for diagonally reinforced concrete coupling beams....... 10

1.1.6 Higher-mode effeCtS.........cccoiieiiiiiiiiee e 15

1.1.7 Past research toward high-performance earthquake-resistant buildings........ 17

1.1.8 Force-limiting CONNECLIONS ........oceiviriiiiiiieieiee e 18

1.2 MOTIVAEION ... bbbttt 20

1.2.1 Force-limiting connections on core wall System ..........ccccccevvieviieiiienie i, 20

1.2.2 Low-damage coupling beam ..........cccvevuiiiieiieie e 22

1.3 GOoal and ODJECLIVES .......civeeiecie et 23



Lo TS S e eeeeiee e e e e et e e ———— e e e e e e aar——— 24

1.5 Organization Of dOCUMENT........cccueiiiiii e 24
2  Eighteen-story building Model ...........ooe oo 26
2.1 OVEIVIBW ..ttt bbbttt bbbttt e bbb bt 26
2.2 Building model gEOMELIY ..o 26
2.3 Description of the building model...........cccoooveiiiiiiei e, 29
2.4 COre Wall PIEIS ...t 31
240 EIBIMENTS.....cuiiiiiiiiciiteit e 31
242 CONCIELE ...ttt b bt b bbb nne e 33
24,3 SEEBL...eee e 44
2.5 LeAN-0N COMUMNS ...ttt 54
2.5.1 Lean-on COIUMN SIZES .......cccoiiiiiiiiiiiciei e 54
2.5.2 Lean-on column ElemMENTS........ccooiiiiiiieieici e 55
2.6 Reinforced coupling DEaMS...........coviiiiiiiicc e 57
2.7 SEISITHC IMASS ...ttt eteesee ettt bbbt b e bbbt b ettt et e e e et st sbenbe b 63
2.8 DIAPNIAGIM ...t 64
2.9 MOGAl ANAIYSIS ... 66
P00 (O B 7- 4o o1 Vo [PPSO 70
2.10.1  Critical damPiNg......cccveiueiieieeiesie e et sre e 71
2.10.2 Two circular frequencies, w1 and W2........ccccveveieeivereiieieee e 71



2.10.3 Damping COEffiCIents, 0o @nNd B ......cccuvieieiiiiie i 71

P I A B T T4 o1 [0 LA o TSP 72

2.11  Force-limiting CONNECLIONS ........ccviieiieieeie e 73

2.11.1  Calculation Of FLX .....c.ccoiiiiiiiiiieieeiee e 73

2.11.2 Force-limiting CONNECTION TYPES ....covveuieiiieierierie e 76

2.12  Low-damage coupling Deam ... 81

2.12.1 Design limiting moment of rotational friction connections...............cc.c...... 81

2.12.2 Design of the steel coupling beam .........cccccovvviieiiiiiii e, 87

2.12.3 Summary of low-damage coupling beam design...........cccceeveveiieiieriesnnnn, 91

2.12.4 Low-damage coupling beam element ...........cccccvvieiieie s 91

X 1 {010 o I 44 To] {0101 PRSP PR PP PRTRORPN 93
Bl OVEBIVIEBW ..ttt bbbttt bbbttt e ettt nbe et 93

3.2 Considered ground MOLIONS ..........ccoieriiiiiiieieiesie e 93

3.3 ROtD50 response SPECIIUM........uuieiiiieiiieeiiee e stee e se e sre e sire e e nra e s e e 95

3.4 Scaling of the ground MOLIONS ..........cceiiieiieie i 98

4 Earthquake numerical SImulation reSUILS.........cccooi it 102
4.1 ANGIYSIS CASES ..ouvvervrerieiieeieetiestee e eseesiee e eseesteesteasee e esteaseessaeseeneesreeseeneesneenees 102

4.2  Effects of the Modified FD force-limiting CONNECLIONS ..........cccveveerierereninine 103

4.2.1 Analysis cases to assess the effects of the Modified FD force-limiting

CONNECLIONS ...eeeeeeee ettt 103

Vi



4.2.2  Structural 1eVel FESPONSES .....cc.ecveiiieieiiesie e 104
4.2.3 Force-limiting connection deformation ...........cccccceevvceieece s 109
4.2.4 Strain at the wall Dase ... 110
4.3 Effect of low-damage coupling Beams. .........cceveieriniiinininiecee e 113
4.3.1 Analysis cases to assess the effects of the low-damage coupling beams .... 113

4.3.2

4.3.3

434

435

5 Conclusions

Difference between the low-damage coupling beam and the reinforced

concrete coupling beam in the modeling approach...........cccccocevviiieiinenen. 114
Structural 1eVEl FESPONSES ......ccviiieiiiiie e 118
Force-limiting connection deformation ............ccceecvvveiecie e 122
Strain at the Wall DASE .........cccovviiiecc e 123
........................................................................................................................ 126

5.1 Effect of using the Modified FD force-limiting connections...............c.cc.ceeee. 126
5.2  Effect of using the low-damage coupling beams ...........ccccevveiiieiieiieeniesinens 127
6 [Appendix] SeiSMIC reSPONSE PIOLS .....veeiviiiiiciie e 129
6.1 Force-limiting connections with RDC = 1.5 and KRB = 22.5kip/in.............. 129
6.2  Force-limiting connections With RDC = 1.0 ....c.cccooeiiiiiiiiiieceee e 131
6.3  Force-limiting connections With RDC = 1.5 .......ccccceiiiiiiiinieeeeee e 134
6.4  Force-limiting connections With RDC = 2.0 .....ccoevveieiieie e 137
6.5 Force-limiting connections With RDC = 2.5........cccccveiiiieieeie e 140
6.6 Low-damage coupling DEAM ........cccoiiiiiiii i 143

vii



7 [Appendix] Statistics of the earthquake numerical simulation results .............cccccooveveennene 145

7.1  Comparison between the force-limiting cONNeCtions.............cccevevvevevivereenens 145

7.1.1  Structural [eVel rESPONSES .......ccveiiieieiie e 145

7.1.2 Force-limiting connection deformation .............ccocvovvininiiienenese e 160

7.2 Comparison between the low-damage coupling beams............cccooevininiiennnn 163

7.2.1  Structural 1evel reSPONSES .......eoivieiieiieecie e 163

7.2.2 Force-limiting connection deformation ............cccoccveviieiiieiie e s 178
REFERENGCES ... oottt e b e e s nne e reennne e 181

viii



LIST OF FIGURES

Figure 1-1: Lateral force resisting mechanisms of (a) interacting cantilever walls and (b) coupled

walls (image reference: [1] [4] [7]) «ooooeeereriiieieieiee s 3
Figure 1-2: Examples of floor plans with core walls (image reference: [1]).....cccccoovverieneniinnnnnne 4

Figure 1-3: (a) Free body diagram of the coupled walls and (b) free body diagram of the trailing

wall and coupling beam at floor X .........cccooviiiiii i 6
Figure 1-4: Relationship between the degree of coupling and the point of inflection.................... 8
Figure 1-5: Examples of coupling beam damage [11].......ccooveiriiiiienineseeee e 8

Figure 1-6: Damaged coupling beams with full section confinement in accordance with ACI 318-
08 subjected to (a) 6% and (b) 10% rotation [12] .......ccccoevvieriveieniierr e 9

Figure 1-7: Damaged coupling beams with diagonal confinement in accordance with ACI 318-08
subjected to (a) 6% and (b) 10% rotation [12] ......cccccceeieeiiiieiie i 9

Figure 1-8: Configuration of the RFD proposed by Dingbin Li and Yun Zhou (2022) [33] ....... 15
Figure 1-9: Concrete cracking at the base and other Stories [37] ......cccocvvvviiiirininieiee e 16
Figure 1-10: Sketch of separated GLRS and SFRS [38] ......cccovviiiiiiiiiic e 17

Figure 1-11: Schematic example of a building with planar walls and force-limiting connections
(AdOPted TromM: [S53]) .eveeeriieiieieiei et 20

Figure 1-12: In contrast with the planar wall system, the relative movement between the floors
and the core wall system is constrained by the rubber bearings. The planar wall

system is shown in (a), and the core wall system is shown in (b). ........ccccocoveiiiinis 22

Figure 2-1: (a) Typical floor plan and (b) section A of the eighteen-story building (all dimensions

Are N MITTMETEIS) ...ttt 27

Figure 2-2: (a) 3D Schematic and (b) Opensees model of the eighteen-story core wall building 29



Figure 2-3: Opensees model of the eighteen-story building and the elements of a typical floor . 31

Figure 2-4: (a) Four core wall pier elements at a typical floor, and (b) one core wall pier element

with fiber sections at 5 integration POINTS.........c.cceiiiiierenesire e 32
Figure 2-5: Wall fiber section on all floor [eVelS.............ccooveiiiiiieice e 33
Figure 2-6: Unconfined concrete material constitutive model and governing parameters........... 34
Figure 2-7: Confined concrete material constitutive model and governing parameters............... 36
Figure 2-8: Effectively confined core for rectangular hoop reinforcement [60] ..............cceenee. 38

Figure 2-9: (a) RC beam-column modeled with strain-softening section response and, (b)
moment and curvature profiles for elastic-perfectly plastic cantilever modeled with

single force-based element [59] ... 41

Figure 2-10: Concrete stress-strain relationship and compression fracture energy by Kent-Park

(L971) [59] ..o veeveeeeere e eeeeeseeeeseee s s eee e s e s e s e s e ee s es e es e res e 41
Figure 2-11: Stress-strain curve with constant fracture €nergy ........cocovveveeiieevie e esee e 42
Figure 2-12: Steel material constitutive model and governing parameters [64]...........c.ccoccvenene. 45
Figure 2-13: Geometry of TUA and TUB [65]........ccooiiiiiiiiiiiiieiee e 46
Figure 2-14: Geometry and Section detail of TUA and TUB [65]........ccccooveviiveiiieiiec e 47

Figure 2-15: (a) Displacement-controlled loading history, and the imposed displacement on (b)
TUA and (c) TUB for the text and the model [65] ........c.ccoovreiiriiiiiiieece 48

Figure 2-16: Confined strength determination from lateral confining stresses for rectangular

SECLIONS [B0] ...ttt bbbttt bbb 51
Figure 2-17: Hysteretic response of TUA in (a) EW direction and (b) NS direction................... 54
Figure 2-18: Hysteretic response of TUB in (a) EW direction and (b) NS direction................... 54



Figure 2-19: Typical modeling approach for coupling beams............cccccccvvevieiieiiicie e 57

Figure 2-20: (a) Coupling beam modeling approach validation done by the reference report [54],
and (b) Force-deformation response of the Pinching4 used on the first floor of the

eighteen-story core wall building model. ..o 58
Figure 2-21: Calculation OF FY .....ooiiiice e 60
Figure 2-22: Force-limiting connections connecting the SFRS and GLRS diaphragms.............. 65
Figure 2-23: Difference between a GLRS diaphragm and SFRS diaphragm..........cccccoccevvnennnne. 66
Figure 2-24: Mode shapes of the eighteen-story core wall building model .............cc.cccoeveinennens 67
Figure 2-25: Damping ratio MOel .........covi i 73

Figure 2-26: (a) Acceleration coefficient CLx; (b) force-limiting connection design forces FLx;
and (c) SFRS free-body diagram subjected to connection design force FLx. (image
FETRIENCE: [D3]) 1oivveiiii it e 74

Figure 2-27: Limiting force at a given floor, FLx, with five different RDC values..................... 76

Figure 2-28: Force-displacement relationship of the four different connection types between the
GLRS and the SFRS .......coi it e e e sae e 77

Figure 2-29: Assembled and exploded view of the prototype of the Modified FD connection [70]

Figure 2-30: Opensees Modeling approach of Modified FD ... 80
Figure 2-31: Nonlinear section analysis model of (a) the trailing wall and (b) the leading wall . 83
Figure 2-32: Relationship of degree of coupling with Pu, T, Pu,L, Mu,T, Mu, L, and ML........ 86

Figure 2-33: Moment-curvature of the wall section at the base from the last iteration................ 87

Xi



Figure 2-34: Conceptual drawing of the steel coupling beam with rotational friction connection

Figure 2-35: Opensees model of the low-damage coupling beam ..o 92

Figure 3-1: Unscaled ground acceleration of the two orthogonal horizontal components of the

twenty-two earthquake ground MOIONS ..........ccoveiiiiiie i 96
Figure 3-2: Pseudo acceleration response spectrum of twenty-two earthquakes ...............c.c....... 97

Figure 3-3: (a) Scaled pseudo-acceleration response spectra, and (b) Ratio of mean scaled

RotD50 to target design reSponse SPECLIUM .......cvvieerieeieiierie e see e sre e 99

Figure 3-4: Scaled ground acceleration of the two orthogonal horizontal components of the

eleven earthquake ground MOTIONS ..........cccoiiiiiirieieee s 100

Figure 3-5: Pseudo acceleration response spectra of scaled ground motions and design spectrum

With @ 5% damping ratiO..........ccceeiiiiieiieie e 101
Figure 4-1: Calculation of SFRS story torsional moment ............ccccocvevieiiienie i 107
Figure 4-2: Maximum responses of the building models ... 108
Figure 4-3: Peak connection deformation of the force-limiting connections ..............cccccovvvenne. 109

Figure 4-4: Fiber section strain distribution at the wall base with EQ15 from (a) the RE analysis
case, (b) the FD analysis case (RDC = 1.5), (c) the FD+RB analysis case (RDC =
1.5, KRB = 22.5 kip/in), and (d) the Modified FD analysis case.............c.ccco.u.... 111

Figure 4-5: Maximum and minimum strain response at the wall base............c.cccccevvevviiiennenne. 112

Figure 4-6: Difference between the reinforced concrete coupling beam and the low-damage

COUPIING DBAM ... 115
Figure 4-7: Maximum responses of the building models ... 121
Figure 4-8: Peak response of connection deformation ............ccccceveiieiicieic v, 122

xii



Figure 4-9: Fiber section strain distribution at the wall base with EQ15 from (a) the RE analysis
case, (b) the Modified FD analysis case, and the Modified FD + LDCB analysis case

with (c) DoC=0.3, (d) DoC=0.4, and (e) DOC=0.5 ........ccscirirrriiirene e 124
Figure 4-10: Maximum and minimum strain response at the wall base...............cccocevviviernennn. 125
Figure 6-1: Peak axial force of the four wall PIErS ...........ccvviiiiiii i 129
Figure 6-2: Peak moment of the four wall piers about Global X-dir.........c.ccccoviiiiiiiniinenn. 130
Figure 6-3: Peak moment of the four wall piers about Global Y-dir.........c.cccccvviviiiiencninnnn. 130
Figure 6-4: Maximum responses of the building models ...........cc.cccoveiieiiiicii e, 131
Figure 6-5: Maximum and minimum strain response at the wall base............cccccoviiiiiiiins 132
Figure 6-6: Peak connection deformation of the force-limiting connections ..............cccccocvevenne. 132
Figure 6-7: Peak axial force of the four wall PIers ..........coooiiiiiiiii e 132
Figure 6-8: Peak moment of the four wall piers about Global X-dir............cccooveviiiiiiiiieinenne. 133
Figure 6-9: Peak moment of the four wall piers about Global Y-dir.........c.cccccovviviiiiiiiieinns 133
Figure 6-10: Maximum responses of the building models ... 134
Figure 6-11: Maximum and minimum strain response at the wall base.............ccccoovenininnnn. 135
Figure 6-12: Peak connection deformation of the force-limiting connections................cc........ 135
Figure 6-13: Peak axial force of the four wall PIers ... 135
Figure 6-14: Peak moment of the four wall piers about Global X-dir............cccceoiiininninnn. 136
Figure 6-15: Peak moment of the four wall piers about Global Y-dir............ccooeiiiinnnnnn. 136
Figure 6-16: Maximum responses of the building models ... 137
Figure 6-17: Maximum and minimum strain response at the wall base............c..ccccoevviviennnnn. 138

Xiii



Figure 6-18:
Figure 6-19:
Figure 6-20:
Figure 6-21:
Figure 6-22:
Figure 6-23:
Figure 6-24:
Figure 6-25:
Figure 6-26:
Figure 6-27:
Figure 6-28:
Figure 6-29:

Figure 6-30:

Peak connection deformation of the force-limiting connections...............c.cc......... 138
Peak axial force of the four wall PIErs ... 138
Peak moment of the four wall piers about Global X-dir............ccccovevviiviirernnnnne 139
Peak moment of the four wall piers about Global Y-dir............ccccoevviiieireiinnnnenn 139
Maximum responses of the building models ...........ccccooveiiiiii, 140
Maximum and minimum strain response at the wall base..............cccccevenininenn. 141
Maximum responses of the building Mmodels ... 141
Peak axial force of the four wall PIers ..........ccoocveveiieie i 141
Peak moment of the four wall piers about Global X-dir.........c.cccccovviiiiiiiiniiieenen. 142
Peak moment of the four wall piers about Global Y-dir..........cccccooviiiiniiinnnnnn 142
Peak axial force of the four wall PIErS ..o 143
Peak moment of the four wall piers about Global X-dir............ccccoeeviiiiiieiininnnnn, 143
Peak moment of the four wall piers about Global Y-dir.........ccccccevvviiiiiiieiiieenen, 144

Xiv



Table 2-1:

Table 2-2:

Table 2-3:

Table 2-4:

Table 2-5:

Table 2-6:

Table 2-7:

Table 2-8:

LIST OF TABLES

Eighteen-story core wall building design summary [55] ......ccccocevveiiiiiciiiic e 28
Unconfined concrete material Properties ..........cooeeiereneneneniseseeee e 35
Confined concrete material ProPerties ..........ocovririiieieiene e 36
Calculated confined concrete properties for the three regions...........cccccevveveeieinennn. 40
Tributary length of Gauss-Lobatto Integration POINtS..........ccccveveeiieeiiie i enie e, 43
comparison Of ecu aNd €CCU 10 €20 ........oiiiiiiiiiieieiee e 43
Calibrated steel material Parameters ..........ccooviiiiiiiiiee e 45

Yield displacements, yield drifts, maximum displacements, and maximum drifts of

TUA and TUB subjected to different directions of loading [66]...........cccccecervrennne 49
Table 2-9: Coordinates of the imposed displacement on the Opensees model............c...cccueneee. 49
Table 2-10: Material properties of unconfined CONCrete...........ccoveviieiie i 50
Table 2-11: Material properties of cOnfined CONCIEtE. ..........cuiieiiiieiirire s 50
Table 2-12: Material properties Of STEEL.........cuoiiiiiii s 52
Table 2-13: Parameters used for Calibration ..o 52
Table 2-14: Proposed Multivariate Normal distribution (Grade A706) [65]........cccccovvevieiieennen. 52
Table 2-15: Parameters for steel material Properties ... 53
Table 2-16: Lean-0n COIUMN SIZES........ccoiiiiiiiieieie et 55
Table 2-17: Pinching4 material parameters [55] .....ccvoveiieiiiieiicsece e 59
Table 2-18: Calculation Of FY .......oii s 61

XV



Table 2-19: Four points of the Pinching4 material model used in the eighteen-story building

400 =] LTSRS 62
Table 2-20: Dead load and live load applied to the building model..............ccoooviiiiiniiniin. 63
Table 2-21: Modal analysis results — Eigenvalue analysis ...........cccevvvieiiiereiiese e 69

Table 2-22: Modal analysis results — Modal participation mass ratios (%) and cumulative modal

participation Mass Fatios (Y0) ......ccververerrereririeie et 70
Table 2-23: Design limiting force at a given Floor X, FLX ....c..ccooeieiiiiiiiinieeeeeee s 75
Table 2-24: Calculation of the limiting moment with DoC = 0.3.........cccociiiiiviiiineeee 84
Table 2-25: Calculation of the limiting moment with DoC = 0.4...........cccoovviiiiiniiee 85
Table 2-26: Calculation of the limiting moment with DoC = 0.5..........ccocvviiiiiiiiiiiee 85
Table 3-1: Twenty-two far-filed ground motions from FEMA P-695 [69].........cccccovnininnnnnnn. 94
Table 3-2: Earthquake ground motion scale faCtOrs ..........cccvevviieiiiie s 99
Table 4-1: Statistics of maximum and minimum strain response at the wall base...................... 113

Table 4-2: Capacity of reinforced concrete coupling beam and low-damage coupling beam.... 116

Table 4-3: Comparison of DoC with different types of coupling beams..........cccccooviviiiininnne 117
Table 4-4: Statistics of maximum and minimum strain response at the wall base.................... 125
Table 7-1: Peak floor total acceleration, Mean [g].......ccoovrvreriiieieiese e 145
Table 7-2: Peak floor total acceleration, STD [G]....ccccvverrrrieriieieiieir e 146
Table 7-3: Peak floor total acceleration, C.0.V [%0] ......covviieiiiiiii e 147
Table 7-4: Peak GLRS story drift ratio, Mean [%0] ........ccovriiiiiiieieieseseee e 148
Table 7-5: Peak GLRS story drift ratio, STD [%0] ....coovereiiieiierie e 149

XVi



Table 7-6: Peak GLRS story drift ratio, C.0.V [%0] ......cceoiiiiiieiecic e 150

Table 7-7: Peak SFRS story drift ratio, Mean [%0] ......ccoovririieieiieiiee e 151
Table 7-8: Peak SFRS story drift ratio, STD [90] ....c.eovieiiiiiieieerese e 152
Table 7-9: Peak SFRS story drift ratio, C.0.V [%0]....ccccvveviiieieee e 153
Table 7-10: Peak SFRS story shear, mean [KNJ .......cccooviiiiiiii i 154
Table 7-11: Peak SFRS story shear, STD [KN] ...coooiiiiiiiiieeee e 155
Table 7-12: Peak SFRS Story Shear, C.0.V [90].....coviiiiiiiiiiiieeeee e 156
Table 7-13: Peak SFRS story torsional moment, mean [KN-m] ........c.ccccooviiiiiiiieniiineiieeceenns 157
Table 7-14: Peak SFRS story torsional moment, STD [KN-M] ......ccccoviiiiiiiiiiiiice e 158
Table 7-15: Peak SFRS story torsional moment, C.0.V [%0] .....c.coerereiiniiiniiecee e 159
Table 7-16: Connection deformation, mean [MM] ..o 160
Table 7-17: Connection deformation, STD [MM]......cccoiiiiiiiiiiiiiccr e 161
Table 7-18: Connection deformation, C.0.V [%0] .....cooveiiiiiiiiic e 162
Table 7-19: Peak Floor total acceleration, mean [g].......ccocvivririeiereieieeeeeeee e 163
Table 7-20: Peak Floor total acceleration, STD [g]......cccoovereririimiiieiese e 164
Table 7-21: Peak Floor total acceleration, C.0.V [%0] .....cocoovveiieiiiieiree e 165
Table 7-22: Peak GLRS story drift ratio, mean [%0] .........ccoeviiiiieiie e 166
Table 7-23: Peak GLRS story drift ratio, STD [%0] ......cooeririiieieieiesie e 167
Table 7-24: Peak GLRS story drift ratio, C.0.V [20] ......cocoiiiiiiiieieiese e 168
Table 7-25: Peak SFRS story drift ratio, Mean [0] ........cceverieerieiieiiein e se e 169

XVii



Table 7-26:

Table 7-27:

Table 7-28:

Table 7-29:

Table 7-30:

Table 7-31:

Table 7-32:

Table 7-33:

Table 7-34:

Table 7-35:

Table 7-36:

Peak SFRS story drift ratio, STD [0] ...c.ccoeeviiieiicie e 170
Peak SFRS story drift ratio, C.0.V [%0] ...ceoeiiiiieiieie e 171
Peak SFRS story shear, mean [KN] ... 172
Peak SFRS story shear, STD [KN] ...coooieiiiiiicctcccec e 173
Peak SFRS story shear, C.0.V [%0]....coiioieiieiec et 174
Peak SFRS story torsional moment, mean [KN-m].........ccccooiiiiiiniiiinicienens 175
Peak SFRS story torsional moment, STD [KN-M] .....cccocoiiiiiininiiieieneecins 176
Peak SFRS story torsional moment, C.0.V [%0] ....cccooviieiieie e 177
Connection deformation, mean [MM] .......ccccoiiiiiiiiie i 178
Connection deformation, STD [MM]......cccciiiiiiiiie e 179
Connection deformation, C.0.V [MM] ..o 180

xviii



ACKNOWLEDGEMENTS

I would like to express my deepest appreciation to my advisor Professor Georgios
Tsampras for his kind support and guidance throughout my master’s program, which made this
thesis possible.

My sincere gratitude extends to my committee members, Professor Jose I. Restrepo and
Professor Joel P. Conte, for their insightful comments and suggestions.

| could not have undertaken this journey without my colleagues, Kaixin Chen and C.
Franco Mayorga. | truly appreciate all their help, and | always enjoy our lively discussions.

My appreciation also goes out to my husband, Sungmoon Wea, and my family and

friends for their continuous encouragement and support.

XiX



ABSTRACT OF THE THESIS

Seismic Response of Eighteen-story Core Wall Building with Force-limiting Connections
and Low-damage Coupling Beams

by

Kyoungyeon Lee
Master of Science in Structural Engineering
University of California San Diego, 2022

Professor Georgios Tsampras, Chair

This thesis studies the seismic response of an eighteen-story core wall building with
force-limiting connections and low-damage coupling beams. Force-limiting connections allow
the movement of the gravity load resisting system (GLRS) relative to the seismic force-resisting
system (SFRS) and control the seismic-induced horizontal forces transferred between the two

systems. Past research developed force-limiting connections that consist of a friction device or a

XX



buckling-restrained brace along with low-damping rubber bearings for buildings with planar
SFRS with flexural inelastic base mechanism or rocking base mechanism. This thesis considers a
force-limiting connection modified to accommodate the three-dimensional kinematic
requirements between the GLRS and the SFRS in a reinforced concrete core wall building. The
discrete variable limiting force is a novel characteristic in the force-displacement response of the
modified force-limiting connection. Low-damage coupling beams, which consist of steel
coupling beams with rotational friction connection ends, provide controlled moments with
nonlinear responses concentrated on the rotational friction connections. Three-dimensional
earthquake numerical simulations of an eighteen-story core wall building with modified force-
limiting connections and low-damage coupling beams are performed. The use of modified force-
limiting connections reduces the magnitude and the variability of the seismic-induced shear force,
torsional moment, and acceleration responses of the building compared to the conventional core
wall building with monolithic connections between the GLRS and the SFRS of the building
while maintaining a reasonable connection deformation. The use of low-damage coupling beams
instead of reinforced coupling beams could potentially reduce the coupling beam damage to

accelerate the post-earthquake functional recovery of the building.
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1 Introduction

1.1 Literature review
1.1.1 Structural walls

Building structures consist of a gravity load resisting system (GLRS) and a lateral load
resisting system. The gravity load resisting system supports the self-weight of the structure itself
(i.e., dead load) and unfixed sources of weight that are mounted on the structure (i.e., live load).
The lateral load resisting system resists wind loads and earthquake ground motions. In the
context of earthquake engineering, the lateral force-resisting system is also called the seismic
force-resisting system (SFRS). The term SFRS will be used in the thesis. During an earthquake,
most of the seismic-induced inertial forces are developed in the GLRS, where most of the mass
of the building is located. The seismic-induced horizontal inertial forces are resisted by the SFRS.
Examples of the SFRS are moment-resisting frames, braced frames, and structural walls.

Structural walls are invariably stiffer than moment-resisting frames, reducing the
possibility of having significant deformations under small earthquakes [1]. With properly
detailed wall reinforcement, structural damage can be avoided under moderate earthquakes [1].
And with special wall details, the walls can achieve ductile response under major earthquakes [1].
The two typical structural wall systems are the interacting cantilever walls connected by slabs

and the coupled walls connected by coupling beams [1].



1.1.2 Interacting cantilever walls

Interacting cantilever walls are cantilever walls that are connected by slabs, as illustrated
in Figure 1-1. The floor slabs stabilize the wall against lateral buckling in the out-of-plane
direction, allowing the walls to have relatively thin sections. The slabs are commonly assumed to
be rigid in the axial motion and the in-plane motion, and they are assumed to be flexible in the
out-of-plane motion. In this case, the walls move with the same displacement at each floor level
due to the diaphragm action of the slab. The stiffness of a planar wall about its weak axis is
generally ignored because it is small compared to the stiffness of the planar wall about its strong
axis. Cantilever structural walls dissipate energy at the base as the reinforcing steel yields and

behave inelastically. [1]

1.1.3 Coupled walls and core walls

Coupled walls are structural walls that are connected by beams distributed along the
height of the structure, as shown in Figure 1-1(b). Coupled walls are created by one or more
consecutive openings in vertical rows separating the structural wall. The walls separated by the
openings are connected by beams with large depths compared to their clear span. The walls
connected by the beams are called wall piers, and the beams are called coupling beams. [2, 3]
Coupled walls are designed in a way that the nonlinear inelastic mechanism takes place at the
coupling beams and at the base of the walls, with the rest of the structure designed to remain
linear elastic [4]. The coupled wall system is beneficial compared to uncoupled cantilever walls
because of its additional energy dissipation capacity from the coupling beams [5, 6] and its large
lateral stiffness due to the coupling action [4, 5], which also results in the reduction of lateral

story drift [6].
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Figure 1-1: Lateral force resisting mechanisms of (a) interacting cantilever walls and (b) coupled
walls (image reference: [1] [4] [7])

Core wall systems consist of walls that typically are oriented in two orthogonal directions
in the floor plan of a building, as shown in Figure 1-2. The walls are coupled using coupling
beams either in one direction or in both directions. Core walls typically enclose elevators and
stairways with wall components connected by coupling beams over doorways. Like coupled
walls, core walls have larger energy dissipation capacity and smaller inter-story drift compared
to cantilever walls. Core walls are also laterally stable in both horizontal translation directions
without external supporting mechanisms. As a result, the core wall SFRS is a popular system for
mid-rise and tall buildings. The centroid of the core wall is commonly located at the center of a
building plan. This helps with the architectural layout of the building floor plan. Aligning the

center of stiffness aligns with the center of mass also reduces the effect of torsion [7].



Figure 1-2: Examples of floor plans with core walls (image reference: [1])

Coupling beams. The wall piers impose rotation on coupling beams because the walls
deform predominantly as cantilevers. And the coupling beams, which are designed to deform
plastically, can dissipate energy over the height of the building while providing stiffness to the
coupled walls [1] [3]. The span-to-depth ratio [z /h indicates if the coupling beams are expected
to behave in a flexural dominant response or shear dominant response, where [z is the length of
the coupling beam and h is the height of the coupling beam as defined in the American Concrete
Institute Building Code Requirements for Structural Concrete (i.e., ACI 318) [2]. Coupling
beams with an aspect ratio of l.5/h > 4 are flexural controlled, and they are allowed to be
detailed similarly to columns. Coupling beams with an aspect ratio of [.z/h < 4 are shear
controlled, and they are allowed to be detailed using diagonal reinforcements. Diagonal
reinforcement provides adequate resistance in deep coupling beams, and it is only effective when
the diagonal bars are placed with a large inclination [3]. The inelastic deformation at the ends of

coupling beams, in addition to the inelastic deformation at the wall base, results in more energy



dissipated compared to the cantilever walls, where the nonlinear response only takes place at the
wall base [6].

Coupling action. Coupling action between the wall piers and the coupling beams results
in resisting moments in addition to the resisting moment at the base of each wall pier. Figure 1-1
compares how the uncoupled cantilever walls and coupled walls resist the total structural
overturning moment generated by external lateral forces. The cantilever wall system resists the
structural overturning moment (Myry,) with the two moments at the wall bases (M, ; + My, ).
On the other hand, the coupled wall system resists the structural overturning moment (Myry,)
with the sum of the bending moment (M,,;, + M,, ) from the flexural deformation of the walls
and the couple moment created by the axial forces (P, and P, ;) in the wall piers originating
from the coupling beam shear forces. As a result, coupled walls have larger lateral stiffness
compared to uncoupled cantilever walls [4, 7].

Figure 1-3(a) shows the free body diagram of the coupled walls, and Figure 1-3(b) shows
the free body diagram of the trailing wall and coupling beam at floor x. The calculation of the
total structural overturning moment of coupled walls is shown in Equations 1-1, 1-2, and 1-3.
The summation of moments is computed about point A in Figure 1-3(a). Figure 1-3(b) shows the
free body diagram of the trailing wall and the free body diagram of the coupling beam at floor x.
The lateral force applied to the core wall system could be the lateral seismic force at floor x (E,)
from the floor diaphragm for conventional core wall buildings with a monolithic connection
between GLRS and SFRS, or it can also be the design limiting force at floor x (F.,) transmitted
through the force-limiting connections from GLRS to SFRS. The design limiting force at floor x
(FLx) will be defined in section 2.11.1. P, ; and P, 1 are the base axial forces of the leading and

trailing walls, respectively. M,, ; and M,, r are the base moments in the leading and trailing walls,



respectively. W, is the seismic weight for one wall at each floor x. h, is the height at floor x.
Vg x 1s the magnitude of the coupling beam shear force at floor x. [, ; and [,, r are the length of
the leading and trailing walls, respectively. I is the length of the coupling beam. n is the

number of stories. [7]
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Figure 1-3: (a) Free body diagram of the coupled walls and (b) free body diagram of the trailing
wall and coupling beam at floor x
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Degree of coupling (DoC) is the ratio of the overturning moment due to axial force
couple at the wall base (M) over the total overturning moment at the wall base (M) as shown
in Equation 1-4 [1, 6, 7].

Overturning moment due to axial force couple at wall base

D f ling (DoC) =
egree of coupling (DoC) Total overturning moment at wall base

Mc M
Morm My, + My + M¢

_ P, (lw,L + lCB) - Pu,T(lw,T + lCB)
Pu,L(lw,L + lCB) - Pu,T(lw,T + lCB) + Z(Mu,L + Mu,T)

DoC =

1-4

The axial force in each wall is the sum of the self-weight of each wall and the shear
forces of all the coupling beams connected to the wall. Therefore, the magnitude of the axial
force depends on the stiffness and strength of the coupling beams. It means that coupled walls
with stiffer coupling beams will have a larger DoC, and this also results in lowering the point of
inflection, as shown in Figure 1-4. Having the point of inflection at a lower position of the
building leads to a reduction of lateral deflection and inter-story drift, especially in the upper
levels of tall buildings. DoC is zero for cantilever walls without coupling beams because there
are no axial forces in the wall piers created from the coupling beam shear forces, and the point of
inflection is located at the very top. DoC is one when the lateral force is solely resisted by the
wall axial forces, but there is no such case except when there is an engineering pin connection at
the wall base to create zero moments. Buildings with coupled walls are typically designed

assuming a DoC within the range of 0.25 to 0.75. [1, 6, 7]
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Figure 1-4: Relationship between the degree of coupling and the point of inflection

1.1.4 Coupling beam damage

As mentioned in section 1.1.3, coupling beams in conventional core wall buildings play
an essential role by creating coupling action and dissipating energy. However, repairing the
damaged coupling beams after earthquakes may be expensive and time-consuming [8-10].
Figure 1-5 shows an example of significant coupling beam damage from the 2011 Christchurch
earthquake of a nine-story reinforced concrete coupled wall structure designed and built in the
1960s. The coupling beams had diagonal and horizontal deformed reinforcement but did not

have vertical confinements, which led to substantial concrete spalling after shear failure [11].

Figure 1-5: Examples of coupling beam damage [11]



Figure 1-6(a) and Figure 1-6(b) show damaged coupling beams with full section
confinement in accordance with ACI 318-08 subjected to 6% and 10% rotation, respectively [12].
Figure 1-7(a) and Figure 1-7(b) show damaged coupling beams with diagonal confinement in
accordance with ACI 318-05 subjected to 6% and 10 % rotation [12].

In addition, the construction of coupling beams is difficult due to reinforcement
congestion, especially for the diagonally reinforced coupling beams [9]. Several past studies
have suggested alternative designs for diagonally reinforced concrete coupling beams, which are

presented in the next section.

Rotation = 0.06

Figure 1-6: Damaged coupling beams with full section confinement in accordance with ACI 318-
08 subjected to (a) 6% and (b) 10% rotation [12]

(a)

Figure 1-7: Damaged coupling beams with diagonal confinement in accordance with ACI 318-08
subjected to (a) 6% and (b) 10% rotation [12]



1.1.5 Alternative designs for diagonally reinforced concrete coupling beams
Fiber-reinforced concrete

Canbolat et al. (2005) [13] presented high-performance fiber-reinforced cementitious
composites in coupling beams with simplified reinforcement detailing. The high-performance
fiber-reinforced cementitious composites showed higher damage tolerance compared with
regular concrete. Coupling beams with high-performance fiber-reinforced cementitious
composites and no transverse reinforcement around the diagonal bars showed higher shear
strength and stiffness retention compared to coupling beams with regular concrete and transverse

reinforcement around the diagonal bars.

Steel coupling beams

Harries et al. (1997) [14] proposed a steel coupling beam where it is embedded into the
wall piers at each end. Shear critical steel beams were proposed as an alternative to diagonally
reinforced concrete coupling beams, and flexural critical steel beams were proposed as an
alternative to diagonally reinforced concrete coupling beams. The results showed that the shear
critical steel beams exhibited greater energy dissipation capacity and ductility than their
diagonally reinforced concrete counterpart. The flexure critical steel beams have greater energy

dissipation capacity than diagonally reinforced concrete coupling beams.

Replaceable steel coupling beams

One alternative design for coupling beams is a replaceable steel coupling beam that can

be replaced after it is damaged. The damage can be localized on the part of the coupling beam
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providing the nonlinearity that the conventional coupling beam used to provide. The damaged
part can easily be detached and replaced.

Fortney et al. (2007) [15] first proposed a fuse steel coupling beam, a steel coupling beam
embedded into the wall piers on each side, with a replaceable fuse located in the middle of the
coupling beam. The test results showed that most of the damage was concentrated in the fuse,
with little damage at the coupling beam-wall pier interfaces. Ji et al. (2017) [16] presented and
tested four types of replaceable steel coupling beams, and Ji et al. (2017) [17] introduced and
tested four types of reinforced concrete slabs with replaceable steel coupling beams to minimize
slab damage from the deformation of the replaceable steel coupling beams.

Farsi et al. (2016) [18] presented a replaceable steel coupling beam with an end-plate
connection. Embedded plates are cast with the wall piers, and coupling beams can be replaced
after damage. From an experimental study, the replaceable steel coupling beam exhibited
excellent energy-dissipation capacity but showed concrete crushing and spalling in the coupling
beam-to-wall-pier connection region. Lu et al. (2016) [8] proposed a replaceable coupling beam,
which has the middle part of the coupling beam replaced by a steel beam, with the rest of the
coupling beam as reinforced concrete connected to the wall piers. The steel beam is bolted to the
coupling beam by embedded plates that are embedded into coupling beams and the wall piers.
During strong earthquakes, damages are concentrated in the replaceable steel beam part, whiles
the other parts of the structure remain intact. Ji and Hutt (2020) [9] RC wall piers connected with
replaceable steel coupling beams. The steel coupling beams have a central fuse shear link
connected to steel beam segments at both ends. The fuse shear links yield and dissipate energy,

and they can be replaced after being damaged.
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Li et al. (2018) [5] proposed a two-level yielding steel coupling beam composed of a
shear-yielding beam and a bend-yielding beam. The shear-yielding beam is designed to yield
first under minor earthquakes, and the bend-yielding beam is designed to yield under major
earthquakes. The bend-yield beam can therefore guarantee the stiffness of coupling beams under
minor earthquakes after the yielding of the shear-yielding beams. Li et al. (2019) [10] proposed a
coupling beam with a replaceable combined damper installed in the middle of the coupling beam.
The replaceable combined damper is composed of one metallic damper made of steel and two
viscoelastic dampers in parallel. During minor earthquakes, the viscoelastic damper dissipates
energy, and the metallic damper remains elastic, providing stiffness and strength. The metallic

damper yields and dissipates a large portion of energy during moderate or major earthquakes.

Steel coupling beams with dampers

Christopoulos and Montgomery (2013) [19] proposed and tested viscoelastic coupling
dampers to enhance the wind and seismic performance of high-rise buildings. The result shows
that the viscoelastic material dissipates energy and reduces the lateral accelerations and torsional
velocities. Also, a replaceable fuse element in the viscoelastic coupling damper is activated if
predesigned force limits are reached to limit the force transferred to the structural system and to
prevent tearing of the viscoelastic material. Chung et al. (2009) [20] proposed a coupling beam
with friction dampers using the flexural behavior of shear walls. Qu et al. (2020) [21] studied
specimens of steel coupling beams with mid-span friction dampers and investigated the
performance of the friction damper. Also, specimens, including a cast-in-site reinforced concrete
slab, were tested to investigate the influence of the slab on the coupling beams. Cui et al. (2022)

[22] [23] proposed frictional steel truss coupling beams, which concentrate inelastic deformation
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in friction dampers while keeping the rest of the members elastic. Separate designs, shear-critical
and bending-critical frictional steel truss coupling beams, are proposed to accommodate different

span-to-height ratios.

Rotational friction dampers

Mualla and Belev (2002) [24] developed a friction damper device that was evaluated
experimentally and numerically. The numerical analysis of the single-story steel frame model
with the friction damper device showed that the response displacement and base shear were
reduced. Several research extended the studies with this rotational friction damper. Kim et al.
(2011) [25] presents a combined system of rotational friction dampers connected to high-strength
tendons to enhance both seismic behaviors of existing structures. Mirzabagheri et al. (2015) [26]
experimentally evaluated the performance of rotational friction dampers with two and three units,
and it was compared to the original one-unit damper. Jarrahi et al. (2020) [27] proposed an
optimal design of the rotational friction dampers to enhance the seismic performance of an
inelastic single-story steel moment-resisting frame. Naeem and Kim (2020) [28] presented the
seismic performance of a rotational friction damper with restoring force using torsional springs.
Veismoradi et al. (2021) [29] developed a self-centering rotational friction damper. The self-
centering rotational friction damper was analytically and numerically developed and
experimentally tested.

Yang et al. (2022) [30] proposed dry-connected rotational friction dissipative beam-to-
column joints (DRFDBJ). The seismic performance of a properly designed precast concrete
frame with DRFDBJ is better than that of the counterpart monolithic reinforced concrete frame.

For study cases with 3, 6, and 9 stories, the maximum inter-story drift ratios of the optimal PC
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frame with DRFDBJs study cases are 9.5%, 17.1%, and 24.5% lower than those of the
counterpart monolithic reinforced concrete frame, respectively.

Lee et al. (2022) [31] developed a rotational friction damper for electrical facilities
vulnerable to overturning. A cyclic loading experimental test was performed to investigate the
hysteresis responses. Numerical dynamic analyses were performed based on the experimental
test results. The numerical analysis results showed that using the rotational friction dampers

reduced the displacement response and overturning moment.

Coupling beams with rotational friction dampers

Choi and Kim (2014) [32] performed a numerical nonlinear dynamic analysis of a 30-
story core wall building with frictional hysteretic energy dissipating devices at both ends of the
coupling beams. Due to the increased seismic energy dissipation capacity of the frictional
hysteretic energy dissipating devices, the core wall system with frictional hysteretic energy
dissipating devices has better seismic performance than the core wall systems with diagonally
reinforced concrete coupling beams.

Dingbin Li and Yun Zhou (2022) [33] proposed a force-resisting rotary friction damper
(RFD) which can be applied where there is a large rotational deformation such as beam-column
connections, coupling beams, panel zones, column bases, and braces. A prototype of the
proposed RFD was manufactured and tested. The configuration of the RFD is shown in Figure
1-8. The test results showed that the moment-angle hysteretic curve of the proposed RFD was an

ideal rectangle, indicating a reasonable mechanism.
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Figure 1-8: Configuration of the RFD proposed by Dingbin Li and Yun Zhou (2022) [33]

1.1.6 Higher-mode effects

The total dynamic linear-elastic response of a building is a result of the superposition of
the individual modal responses of the building. The dynamic response of each mode depends on
the modal participation of each mode and also the frequency and amplitude characteristics of the
ground motion spectrum to which the building is subjected. In general, the modal participation of
the first mode is large for short and stiff buildings compared to tall and slender buildings, and as
the building becomes taller and slenderer, the modal participation of the higher mode increases.
The contribution of the second and higher mode dynamic responses to the total dynamic
response of the building is termed higher-mode effects.

The current reinforced concrete core wall structure design assumes the inelastic
deformation is restricted at the wall base and coupling beams while the rest of the structure
remains elastic. This inelastic response at the wall base dissipates energy and reduces the
acceleration and the force response due to the flexural dominant first mode response. However,
the inelastic response at the wall base does not reduce the shear dominant second or higher mode
response [34]. As a result, this remaining large participation of higher mode response in the total

dynamic response can lead to seismic amplification of story shear forces and floor accelerations.
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As shown in Figure 1-9, damage spread over multiple stories above the intended ductile region at
the base [35]. The actual seismic demands in these systems were larger than expected even after
the formation of the base hinge mechanism, and the dynamic response of higher modes that are
not controlled by the base plastic hinging mechanism amplified story shear forces and floor
accelerations [35].

The increase of seismic demand is especially true after the flexural yielding at the wall
base that elongates the fundamental mode period and further increases the contribution of higher
vibration modes [35]. Also, although the yielding of coupling beams changes the dynamic
behavior of coupled walls compared to cantilever walls, coupled wall structures are still prone to
higher mode effects once the plastic hinging mechanisms at their base are activated, often
exceeding the expected designed values calculated based on the intended ductility of the coupled
wall structures [36]. Figure 1-9 shows an example case of structural damage due to the higher
mode effect, where the damage is observed not only at the base of the walls but also at locations

on other stories.

Figure 1-9: Concrete cracking at the base and other stories [37]
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1.1.7 Past research toward high-performance earthquake-resistant buildings

Skinner et al. (1974) [38] introduced the concept of separating the GLRS and the SFRS
and connecting them with hysteretic dampers, allowing relative movement between the GLRS

and the SFRS and restricting the inelastic deformation to the dampers.

Figure 1-10: Sketch of separated GLRS and SFRS [38]

Key (1984) [39] conducted numerical earthquake simulations of a 10-story building with
an energy-dissipative hysteretic damper between the stiff shear wall core part of the building and
the flexible column/beam/slab part of the building. The results showed significant reductions in
structural response. Luco and De Barros (1998) [40] performed a numerical analysis of tall
buildings having a structural system of a stiff and lightly damped structure and a flexible and
moderately damped structure connected by stiff or flexible links. Mar and Tipping (2000) [41]
presented a system consisting of the gravity frame, which is laterally isolated from the base, and
the reaction frames, which resist the lateral load. The gravity frame and the reaction frames are
connected by springs and dampers at each level. As a result, the base shear and roof acceleration
demands are reduced. Johnston et al. (2014) [42] presented a system for a concrete frame
building. The system includes dissipative connections between beams and columns and between
the floor and the beams. The use of these connections reduced the acceleration responses in the

floors. Crane (2004) [43] performed a shake-table test of small-scale 6-story buildings with and
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without triangular-plate energy dissipative connections between the GLRS and the SFRS. The
results showed that the use of the energy dissipative connections reduced the overturning
moment demand on the lateral resistance system, the lateral displacements and drifts demand at

all floor levels, and floor acceleration demand at all floor levels.

1.1.8 Force-limiting connections

Zhang et al. (2014) [44] and Fleischman et al. (2015) [45] introduced the use of force-
limiting connections to limit the seismic-induced demand for earthquake-resistant buildings.
Force-limiting connections allow the movement of the gravity load resisting system (GLRS)
relative to the seismic force-resisting system (SFRS) and control the seismic-induced horizontal
forces transferred between the two systems.

The development of force-limiting connections is presented in Tsampras et al. (2016)
[46]. Parametric numerical studies have been performed with a 12-story building model with
force-limiting connections to define a feasible design space and configuration. The force-limiting
connection developed for planar SFRS consists of a friction device or a buckling-restrained brace
and low-damping rubber bearings. A friction device or a bucking restrained brace has limited-
strength hysteretic properties. Low-damping rubber bearings provide post-elastic stiffness to the
force-limiting connections to prevent excessive connection deformation, which is equivalent to
the relative displacement between the GLRS and the SFRS. Low-damping rubber bearings also
stabilize the out-of-plane motion of planar walls.

Tsampras and Sause (2014a, 2014b) [47, 47] and Tsampras et al. (2017, 2018) [48, 49]
conducted experimental studies of full-scale force-limiting connections at the Natural Hazards

Engineering Research Infrastructure (NHERI) experimental facility at Lehigh University [50].
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Fleischman et al. (2014) [47] and Zhang et al. (2018) [51] presented the shake table test of a half-
scale 4-story reinforced concrete flat-plate shear wall building with force-limiting connections
simulated with 22 ground motions at the NHERI experimental facility at the University of
California, San Diego [52].

Tsampras et al. (2016) [46] presented numerical earthquake simulations of a 12-story
reinforced concrete shear wall building model with and without force-limiting connections. The
12-story planar wall building with the force-limiting connections is shown in Figure 1-11. The
element model for the force-limiting connection was calibrated with experimental results. The
use of force-limiting connections reduces the magnitude and the variability of the seismic-
induced force and acceleration responses of the building compared to the seismic-induced force
and acceleration responses of the conventional core wall building with monolithic connections
between the GLRS and the SFRS. Force-limiting connections mitigate the higher mode effect
due to the nonlinearity provided by the force-limiting connections, which modify the stiffness of
the structure, elongating higher mode periods during an earthquake.

Tsampras and Sause (2022) [53] present a force-based design method to determine the
limiting force of the force-limiting connections along the height of the structure. Numerical
simulations were performed with 12-, 8-, and 4-story reinforced concrete planar wall building

models with force-limiting connections.

19



| ‘ Az | Rubber bearing
Gravity Column

Shear wall

Floor opening

Friction device

Floor - Diaphragm

7 | ‘ 7 Cross section in X-Z plane

Figure 1-11: Schematic example of a building with planar walls and force-limiting connections
(Adopted from: [53])

1.2 Motivation
1.2.1 Force-limiting connections on core wall system

The literature review shows that higher mode effects may be significant in buildings with
a core wall. The use of force-limiting connections on buildings with planar walls can mitigate the
higher mode effects and reduce the seismic-induced force and acceleration responses. Therefore,
to improve the seismic performance of core wall buildings, this thesis will study the effect of
force-limiting connections on the seismic response of a core wall system.

However, the force-limiting connections developed for planar buildings need to be
modified to be used on core wall buildings because the three-dimensional kinematic
requirements in force-limiting connections between the floors and the core wall differ from those
in force-limiting connections between floors and planar walls. The high stiffness of the rubber

bearings under compression constrains the relative movement between the floors and the core
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wall, making the force-limiting connection ineffective, as shown in Figure 1-12. Therefore, the
rubber bearings should be removed from the force-limiting connections on core wall buildings.
As mentioned, the rubber bearings in the force-limiting connection for a planar wall system serve
two purposes: to stabilize the out-of-plane motion of the planar walls and to provide the post-
elastic stiffness to the force-limiting connections. Core walls are laterally stable, which
eliminates the need for low-damping rubber bearings in the force-limiting connections. However,
the post-elastic stiffness of the force-limiting connections is essential to prevent excessive
deformation of the force-limiting connection. Thus, the force-limiting connection for the core
wall system should be modified to eliminate the use of low-damping rubber bearings while
having sufficient post-elastic stiffness to prevent excessive post-elastic displacement demand in
the floors relative to the core wall.

In this study, a friction-based force-limiting connection is considered with a novel force-
displacement response that results in an effective post-elastic stiffness through a discrete variable
friction force instead of a constant friction force. The term Modified Friction Device connection
(Modified FD connection) is used in this document to refer to the above-mentioned force-
limiting connection. The numerical model of the Modified FD connection will be presented in
section 2.11, and the earthquake numerical simulation results of the eighteen-story core wall
building model with the Modified FD connection will be discussed in section 4. The
development of the physical embodiment of the Modified FD connection is presented in Chen et

al. (2022) [54].

21



— Deformed — Undeformed
Displacement f“ “.“' force-limiting Displacement ;; . force-limiting
[ connection —_— { | connection
p— { /
Undeformed bU}ldmg “ /3 / u " . F /f - -
: / /
Deformed building iﬁl / / :
H i
; N\ — i
H N (=] —q ,_A ]
1 \ ] a 5] (5] W
N Relative movement between ——— < | \_L
N floor and core wall is
m ] ] m constrained = % g e =
e |
] | m = m | | -]
(a) Planar wall system (b) Core wall system

Figure 1-12: In contrast with the planar wall system, the relative movement between the floors
and the core wall system is constrained by the rubber bearings. The planar wall system is shown
in (a), and the core wall system is shown in (b).

1.2.2 Low-damage coupling beam

The literature review showed alternative design methods to reduce the damage expected
in the coupling beams. This thesis will study the use of an alternative coupling beam design used
together with force-limiting connections. The alternative coupling beam design is termed as the
low-damage coupling beam that could potentially minimize coupling beam damage. This thesis
will assess if the use of low-damage coupling beams will result in a similar seismic response of
the buildings as the reinforced concrete coupling beams. If so, the low-damage coupling beam
will be a good alternative for reinforced concrete coupling beams while serving its purpose of
minimizing the coupling beam damage.

A low-damage coupling beam consists of a steel coupling beam and rotational friction
connections at each end. The rotational friction connections connect the steel coupling beam to

the wall piers on each side. The nonlinear response provided by the rotational friction connection
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limits the amount of force and moment transferred from one wall pier to another through
coupling beams.

The amount of force and moment to be limited is a design value termed the design
limiting moment (M;). The design limiting moment is the target moment value when the
rotational friction connection response transitions from linear-elastic to post-elastic. The design
limiting moment (M;) of the low-damage coupling beam will determine the degree of coupling
(DoC) of the core wall system. Limiting the moment transferred to the steel coupling beam
results in limited shear force in the steel coupling beam, which contributes to the limited axial
force developed in the wall piers. This means the controlled nonlinear response of the low-
damage coupling beam leads to the controlled nonlinear response at the core wall base.

The design processes of the low-damage coupling beam are presented in section 2.12.
With a specified degree of coupling (DoC), a design limiting moment (M, ) can be calculated. In
this thesis, three limiting moments of the low-damage coupling beams are calculated from three
different values of degrees of coupling. After the calculation of the design limiting moment (M),
the design limiting moment (M,) is used to capacity design the steel coupling beams to remain

elastic (i.e., damage free).

1.3 Goal and objectives

This thesis aims to improve the seismic performance of core wall buildings. The
objectives of the thesis are, firstly, to examine the seismic performance of an eighteen-story core
wall building with force-limiting connections, and secondly, to examine the seismic performance
of an eighteen-story core wall building with force-limiting connections and low-damage

coupling beams via earthquake numerical simulations.
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1.4 Tasks

Develop a three-dimensional building model of an example eighteen-story core wall building.
The building model will explicitly simulate the core wall piers, the gravity columns, the
coupling beams, and the force-limiting connections between the GLRS and the core wall
piers. The building model must accurately simulate the expected inelastic seismic response of
the building. Thus, the inelastic response of the core wall piers and the coupling beams will
be simulated using experimentally validated models.

Select and scale the recorded ground motion acceleration time histories. Eleven ground
motions will be scaled so that the mean of the scaled response spectra best matches the target
design response spectrum within the selected range of period.

Conduct numerical earthquake simulations of the building model. There will be five types of
analysis cases, each analysis case having different types of force-limiting connection force-
displacement responses and different types of coupling beam model approaches.

Assess the effect of Modified FD connections and low-damage coupling beams in the
seismic response of the building model by comparing the numerical analysis results from

appropriate analysis cases.

1.5 Organization of document

Chapter 2 explains a numerical model of an eighteen-story building used for this study in

detail. The modeling of the Modified FD connection, which is a feasible design for a core wall

system, is presented. Also, the design process and the modeling approach of the low-damage

coupling beam are discussed.
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Chapter 3 explains the selection and scaling of the ground motion used in the time-history
analysis.

Chapter 4 presents the results from the earthquake numerical simulation results and
discusses the seismic response of the eighteen-story building model with the force-limiting
connections and the low-damage coupling beam connections.

Chapter 5 presents the conclusion of this study with a summary of the effects of using the

force-limiting connections and the low-damage coupling beam.
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2 Eighteen-story building model

2.1 Overview

To perform a numerical simulation of the core wall building with force-limiting
connections, a three-dimensional eighteen-story core-wall building is adopted from a reference
report by Tauberg et al. [55], and a numerical model of this building is generated in Opensees.
The Opensees model consists of elements that simulate the core wall piers, the gravity columns,
the coupling beams, and the connections between the core wall piers and the floors. The inelastic
response of core wall piers, coupling beams, and force-limiting connections is simulated using
nonlinear finite elements. The gravity columns are assumed to remain linear elastic, and linear

elastic finite elements are used.

2.2 Building model geometry

An example eighteen-story core wall building designed by Tauberg et al. [55] is adopted
in this study. The building model is used to perform earthquake numerical simulations. Figure
2-1 shows the typical floor plan, an elevation, and a schematic of the eighteen-story building.
The building includes a core wall in the center of the floor plan and lean-on columns located
around the edge of the slab. The core wall consists of four L-shaped wall piers connected by
diagonally reinforced coupling beams. Twelve lean-on columns are placed 30 feet apart from
each other. The typical story height is 3048mm (10ft), and the wall length ({,,) is 2743mm (9ft).
The aspect ratio of the coupling beams (L,,/h) is 3.0 with a length (I,,) of 2286mm (7.5ft) and
height (k) of 762mm (30in). The slabs are post-tensioned slabs with a thickness of 203mm (8in)

with an 1829mm (6ft) cantilever slab overhang.
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Figure 2-1: (a) Typical floor plan and (b) section A of the eighteen-story building (all dimensions
are in millimeters)

This building falls into the definition of a tall building. A building is defined as ‘tall’ if
the height exceeds 160 feet [56]. Tall buildings have characteristics of having the fundamental
translational period of vibration significantly exceeding 1 second [57], high mass participation
and lateral response in higher modes of vibration [57], and a seismic-force resisting system with
a slender aspect ratio such that substantial portions of the lateral drift result from axial
deformation of the walls and/or columns as compared to shearing deformation of the frames or
walls [57].

The eighteen-story core wall building is a “ductile coupled wall” system with design
parameters of R = 8, C,; = 8, and Q, = 2.5, where each represents the response modification

coefficient (R), overstrength factor (£2,), and deflection amplification factor (C,;). The building is
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designed according to ASCE 7-16, ACI 318-14, and the design parameters for the “ductile
coupled wall” system in ACI 318-19. The archetype is designed for Seismic Design Category
(SDC) Dyyax, Which uses Spg = 1.0g and Sp; = 0.6g as defined in FEMA P695. Sps and Sp,
represents the design, 5% damped, spectral response acceleration parameter at short periods and
at a period of 1 second, respectively. T,, which is a period defined by ratio Sy, /Sps, is calculated
as 0.6 sec. The long-period transition period, T}, was not defined in the report and assumed to be
8 sec of Los Angeles. Also, the importance factor, I, of 1.0 was used. Table 2-1 shows the
designed thickness of the wall, the longitudinal reinforcements of the wall, and the diagonal

reinforcement of the coupling beams of the eighteen-story core wall building.

Table 2-1: Eighteen-story core wall building design summary [55]

Floor Wall Thickness [in] Wall Longitudinal Bars Cqupling Beam
[in] [mm] [in] [mm] Diagonal Bars
18 16 406 2#5 @ 127 2#5 @ 305 648
17 16 406 2#5 @ 127 2#5 @ 305 6#8
16 16 406 2#5 @ 9” 2#5 @ 229 6#9
15 16 406 2#5 @ 9” 2#5 @ 229 6#9
14 16 406 2#6 @ 6” 2#6 @ 152 6#10
13 16 406 2#6 @ 6” 2#6 @ 152 6#10
12 16 406 2#6 @ 6” 2#6 @ 152 6#10
11 16 406 2#7 @ 6” 2#7 @ 152 6#10
10 16 406 247 @ 6”7 2#7 @ 152 6#10
9 16 406 247 @ 6”7 2#7 @ 152 6#10
8 20 508 3T @ 6” 3#7 @ 152 6#11
7 20 508 3T @ 6” 3#7 @ 152 6#11
6 20 508 3T @ 6” 3#7 @ 152 6#11
5 24 610 39 @ 6” 3#9 @ 152 8#10
4 24 610 M9 @ 6 349 @ 152 8#10
3 24 610 M9 @ 6 3#9 @ 152 8#10
2 24 610 3#10 @ 6” 3#10 @ 152 8#10
1 24 610 3#10 @ 6” 3#10 @ 152 8#10
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2.3 Description of the building model

A numerical model of the eighteen-story core wall building is developed in Opensees.
Figure 2-2(a) shows the 3D schematic of the eighteen-story building, and Figure 2-2(b) shows
the numerical model of the building developed in Opensees. This section explains the elements
used in the numerical model to simulate the eighteen-story building. The foundation is not
modeled, and the wall pier elements and the lean-on column elements are assumed to have fixed
base boundary conditions. A rigid diaphragm is assumed at each floor level. P-Delta geometric

nonlinearity is assumed for all elements.

ﬂl}f“& ‘7; *L_ ____E: FZ:IL:QLQ
—?T?:‘T‘Ji——{liﬂ_{ ‘7 7;[#77:[ kf]‘“’"::%
-G—‘::J*ﬂ” I:;_ [ | T}_——E‘LLL;_H;:
“:i(ZJ:}E: : :7“E;—Q —g\ ﬂ:_;%é
QJ . }Iém quf

S v e gy

S ) ey

g L el |

— :_::;_ﬂ J _2 L :—E‘iHL L
o T rom

Figure 2-2: (a) 3D Schematic and (b) Opensees model of the eighteen-story core wall building



Figure 2-3 shows the Opensees model of the eighteen-story building and the elements of
a typical floor. One core wall pier finite element represents one actual L-shaped core wall pier on
one story, having four core wall pier finite elements on each floor level. The shear deformation
of the core wall piers is ignored, assuming their seismic response is governed by flexure
dominant behavior. Bond slip and bar buckling of the wall piers are not modeled. One lean-on
column finite element represents three actual gravity columns. The wall pier finite elements are
connected by either a series of finite elements that simulate the inelastic response of reinforced
concrete coupling beams or finite elements that simulates the low-damage coupling beams. The
reinforced concrete coupling beam element is assumed to be located at the top of the coupling
beam at the same as the top nodes of the core wall pier element and the lean-on column elements.

The slab inside the core is simulated using the SFRS diaphragm, and the slab outside the
core is simulated using the GLRS diaphragm. The floor diaphragm inside the core is connected
to the floor diaphragm outside the core with corotational truss elements that simulate either
monolithic connections or force-limiting connections. Rigid links connect the geometric
centroids of the elements enforcing the two nodes at their ends to move as a rigid body. The rigid
link is simulated using an elastic beam-column element with a very large value for the area, the
moment of inertial, and the torsion constant compared to the section properties of the elements of
the model that are deformable.

Section 2.4 to section 2.8 provide modeling details of the core wall piers, the lean-on
columns, the reinforced coupling beams, the seismic mass, and the diaphragms, respectively.
Section 2.9 shows modal analysis results of the eighteen-story core wall building model with
monolithic connections between the SFRS and the GLRS and with reinforced coupling beams.

Section 2.10 explains the modeling of damping using the modal analysis results. Section 2.11
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and section 2.12 describes the modeling of the force-limiting connections and the low-damage

coupling beams, respectively.
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Figure 2-3: Opensees model of the eighteen-story building and the elements of a typical floor

2.4 Core wall piers
2.4.1 Elements

The core wall piers are modeled using force-based nonlinear elements with fiber sections.
Figure 2-4(a) shows the four core wall pier elements in a typical story. One L-shaped wall
section represents one-quarter of the whole core wall, and the four L-shaped walls have the same
reinforcement details. The element is located at the geometric center, which is marked as the
local y-axis and the local z-axis origin, with the local x-axis directing out-of-the-page, parallel to
the element length. Figure 2-4(b) shows one core wall pier element with fiber sections at five

integration points. The wall fiber sections consist of fibers that simulate the stress-strain response
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of concrete and steel materials. Concrete is distinguished to unconfined concrete and confined
concrete based on the structural details. Material properties of confined concrete depend on the

reinforcement of each confined region.

® Reinforcing steel
[ Unconfined concrete
B Confined concrete

Figure 2-4: (a) Four core wall pier elements at a typical floor, and (b) one core wall pier element
with fiber sections at 5 integration points

Figure 2-5 shows the fiber section of the L-shaped wall pier with unconfined concrete
fibers, confined concrete fibers, and steel fibers on all floor levels. It indicates the location of
three different confinement regions: Region 1 (R1), region 2 (R2), and region 3 (R3). Regions 2

and 3 have the same confined concrete properties due to symmetry. The lower floors (from the
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1% floor to the 8" floor) have larger confined areas compared to the upper floors (from the 9™

floor to the 18™ floor).
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Figure 2-5: Wall fiber section on all floor levels

2.4.2 Concrete

The stress-strain response of concrete in the core wall is simulated using the Concrete02
material model in Opensees. The concrete model parameters are quantified based on the selected
nominal material properties and references. Material parameters for the material model of the

unconfined and confined concrete are presented in section 2.4.2.1 and section 2.4.2.2,
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respectively. Localization phenomenon related to reinforced concrete nonlinear force-base

element was considered for the core wall pier elements and is presented in section 2.4.2.3.

2421 Unconfined concrete

In this section, the material model used to simulate the stress-strain relationship of the
unconfined concrete is presented. Figure 2-6 shows the stress-strain relationship of the material
model used for the unconfined concrete, along with the parameters that define the stress-strain

relationship of the model.
Stress,o

Ecu EcO | Eis
I —

2 Strain,e
f
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Figure 2-6: Unconfined concrete material constitutive model and governing parameters

The material parameters of the unconfined concrete model are shown in Table 2-2.
Numerical convergence issues may occur if a non-zero value is used for the tensile strength ft in
Concrete02. A sensitivity study was conducted to assess the effect of the value f; in the
numerical simulation results. The effect of the f; value in the numerical simulation results is
small. Therefore, the value of fi was set to zero to prevent numerical convergence issues during

the earthquake simulations of the seismic response of the eighteen-story building model. As a

comparison, the concrete tensile strength used in the reference report [55] is f; = 3.7+/ fz.o (PS0),
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the concrete tensile strength formula from the split cylinder test is f; = 7.5./f.(psi) (i.e.,

modulus of rupture, £, in ACI318-19 [3]), and the concrete tensile strength formula from

concrete panel subjected to in-plane normal and shear stresses is f; = 3.75./f..,(psi) [58].

Table 2-2: Unconfined concrete material properties

Parameters Notation Units Values Reference
[MPa] -55
Concrete compressive strength fro Reference report [55]
[ksi] -8.0
Concrete strain at maximum (peak) £ [] -0.002 Kent and Park (1971) [59]
compressive strength
Concrete crushing strength fou [MPa] or [ksi] 0 Reference report [55]
Concrete strain at crushing strength Ecu [-1 -0.0040 Kent and Park (1971) [59]
Concrete strain when the stress
reaches 20% of £, at the end of a &0 [-1 -0.0046 Eq. 2-6 from Coleman and
. . Spacone (2001) [60]
linear post-peak softening branch
Ratio between yqlpadlng slope at 1 [ 0.95 Assumed value
£, and initial slope
Concrete tensile strength fi [MPa] or [ksi] 0 -
Tension softening stiffness E; [MPa] or [ksi] 0.1E, Assumed value
2.4.2.2 Confined concrete

This section presents the material model used to simulate the stress-strain relationship of

the confined concrete. Figure 2-6 shows the stress-strain relationship of the material model of the

confined concrete and the parameters that define the stress-strain relationship of the models. The

material parameters of the confined concrete are shown in Table 2-3. The value of f: was set to

zero for the same reason as the unconfined concrete material model.
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Figure 2-7: Confined concrete material constitutive model and governing parameters

Table 2-3: Confined concrete material properties

R1 R2 & R3
Parameters I:ligtna Units Reference
1F~8F | 9F~18F | 1F~8F | 9F~18F
[MPa] 69.64 73.98 72.60 75.08 Eq. 2-1 from
Confined concrete , :
compressive strength feeo Mander et al
[ksi] | -1010 | -10.73 | -1051 | -10.89 (1988) [61]
Confined concrete strain at Eq. 2-4 from
maximum (peak) Ecco [-] -0.0046 | -0.0054 | -0.0051 | -0.0056 Mander et al
compressive stress (1988) [61]
Ultimate confined £l [MPa] 02 f Kent and Park
compressive strength ceu | or [ksi] " Teco (1971) [59]
Eqg. 2-5 from
Ultimate compressive strain | &g, [-] -0.0200 | -0.0248 | -0.0216 | -0.0218 | Moehle (2015)
[58]
Concrete strain when the Eqg. 2-6 from
stress reaches 20% of £, at : i i ) i Coleman and
the end of a linear post-peak | £2° ] 0.0253 | -0.0313 | -0.0272 | -0.0273 Spacone (2001)
softening branch [60]
Ratio between L_m_lqadmg A [-] 0.25 Assumed value
slope at ., and initial slope
. [MPa] )
Concrete tensile strength fi or [ksi] 0
Tension softening stiffness E, [MPa] 0.1E,. Assumed value
or [ksi]
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2.4.2.2.1 Confined concrete compressive strength, f...o

Confined compressive strength (f,.,) is calculated according to Mander et al. (1988) [61]
by adding the confinement effect (K, * K, * f;) to the unconfined concrete compressive strength
(f%), as shown in Equation 2-1. K, is the confinement coefficient, and K, is the confinement
effective coefficient. f; is the effective lateral confining pressure. f; is the lateral confining stress.

fix and f,, are the effective lateral confining stress in x and y direction. f;, and f,, are the lateral

confining stress in x and y direction.

fc’co=fc,0+Kc*fl’=fc,0+Kc*Ke*ﬁ 2-1

fil = ’fl;c*flly ! fl:\/flx*fly

The confinement coefficient (K,) used is equal to 4.1, as proposed by Richart et al. (1928)
based on a low-strength cylinder test [62]. Rechart et al. (1929) confirmed that K. = 4.1 works
well for low-strength concrete (2~4 ksi) confined with 20~36 ksi steel hoops [63]. Later, large-
scale testing by Richart et al (1934) at Lehigh University confirmed that K. = 4.1 could be used
for large columns [64]. For high-strength concrete (HSC) and ultra-high-strength concrete
(UHSC), K. = 4.1 is conservative to use, where HSC is concrete with a compressive strength
greater than 55 M Pa, according to the ACI 318 [3].

The confinement effective coefficient (K,) is calculated according to Mander et al. (1988)
[61] as the ratio of the effectively confined concrete area (4,) to the confined area enclosed by
the hoops (A4..), as shown in Equation 2-2 and Figure 2-8. A, is the area of the effectively
confined concrete core, which accounts for the arched shape of the concrete body after the cover
concrete falls off. A, is the area of the core section enclosed by the center lines of the perimeter

spiral or hoop. s” is the clear vertical spacing between spiral or hoop bars, h, and h,, are the core
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dimensions to centerlines of the perimeter hoop in x and y directions, respectively. w; is the i-th

clear distance between adjacent longitudinal bars. N is the number of longitudinal bars.

K, =A./A. 2-2
te (1 208N (o-555) (- £5)
¢ ce - 6 2% h, 2% h,
Ace = hy x h,,

Effectively
confined

core —
N

[

ineffectively
confined

oore = | 555
over
concrete —1_12) -
[spalls off) | hx-s5"/2 ] |
) hx '
1
SECTION Y-Y

Figure 2-8: Effectively confined core for rectangular hoop reinforcement [61]

The lateral confining stress (f;, and f,) is calculated according to Mander et al. (1988)

[61] from the force equilibrium of the confining reinforcement and the confined concrete as the
total transverse bar force divided by the vertical area of confined concrete, as shown in Equation

2-3. A,y and A, are the total area of transverse bars running in the x and y direction,
respectively. pg, and ps,, are the ratio of the volume of transverse confining steel to the volume

of confined concrete core in the x and y direction, respectively.
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_ Asx _ __ Agy _
flx_S*hy*fyh_psx*fyh fly_S*hx*fyh _psy*fyh 2-3

_ Asx __ Agy

Psx shy psy = sy

2.4.2.2.2 Confined concrete strain at maximum compressive Stress, €..o

Confined concrete strain at maximum compressive stress (&..q) is calculated according to

Mander et al. (1988) [61], as shown in Equation 2-4.

Ecc0 = Eco (1 +5 (7;‘;‘,’0 — 1)) 2-4
c0

2.4.2.2.3 Ultimate compressive strain, €.q,

Ultimate compressive strain (e..,) IS calculated according to Moehle (2015) [58], as

shown in Equation 2-5. f, :, is the smaller of the effective confinement stresses f';, and f;,,.

f e,min

4+ foo
fe,min = min(flx:fly) * K, = min(f,lxrf,ly)

Ecen = 0.004 +

2-5

2.4.2.2.4 Calculated confined concrete properties

Calculated confined concrete properties for the three regions are shown in Table 2-4. For
simplicity of the building model, the 1% floor to 8" floor used the values from the 1 floor, and
the 9™ floor to 18™ floor used values from the 9™ floor, as shown in Table 2-3 with other

summarized material properties of confined concrete.
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Table 2-4: Calculated confined concrete properties for the three regions

f(l’CO
Ilje?/oerl SI Unit [MPa] Imperial Unit [ksi] ceeo ] fe 1
R1 R2 & R3 R1 R2 & R3 R1 R2 & R3 R1 R2 & R3

1~5 69.64 72.60 10.10 10.51 0.0046 0.0051 0.0200 0.0216

6~8 72.60 73.29 10.53 10.63 0.0052 0.0053 0.0233 0.0231
9~14 73.98 75.08 10.73 10.89 0.0054 0.0056 0.0248 0.0218
15~ 16 73.98 75.36 10.73 10.93 0.0054 0.0057 0.0248 0.0221
17~18 73.98 75.08 10.73 10.89 0.0054 0.0056 0.0248 0.0218
24.2.3 Localization phenomenon

example, Figure 2-9 (a) shows a column model with a single nonlinear force-based element
subjected to an axial load and a horizontal displacement at the top. As the applied displacement
at the top increases, the curvature at the base integration point increases. When the moment
demand is larger than the plastic moment of the base section, the curvature demand increases
with a constant moment (assuming elastic-plastic moment-curvature response). Since the
moment at the base of the element is limited to the maximum moment, the curvature or moment
on the rest of the integration points does not change as the curvature at the base increases. As a
result, the inelastic strains are localized at the base of the beam-column element and do not
propagate over the height of the expected plastic hinge. In addition, Figure 2-9 (b) shows that the

curvature demand at the base is larger when the plastic hinge length is shorter since the plastic

hinge length is a function of the number of integration points.
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Figure 2-9: (a) RC beam-column modeled with strain-softening section response and, (b)
moment and curvature profiles for elastic-perfectly plastic cantilever modeled with single force-
based element [60]

To solve this issue of localization of inelastic strains, the process of regularization is done

using the fracture energy in compression (Gf),
Gf =fadui =hfadel-

where, o is the concrete stress, and u; is the inelastic displacement, and g; is the inelastic
strain. h is the length of the softening integration point L,, for force-based frame elements. The

integral represents the area under the post-peak portion of the compressive stress-strain curve

shown in Figure 2-10.

Gn
£ G
02f
€, » FS_?[, €
Figure 2-10: Concrete stress-strain relationship and compression fracture energy by Kent-Park
(1971) [60]
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The fracture energy in compression (Gf) is constant regardless of the number of
integration points and the length of the softening integration point (L;p). So, the ultimate
compressive strain (&.,) is calibrated to maintain a constant energy release considering the length
of the softening integration point (L;p), as shown in Figure 2-11. The calibrated ultimate
compressive strain is termed &,,, which is the concrete strain when the stress reaches 20% of f,.,

at the end of a linear post-peak softening branch.

G Given: L, f,, €, G¢ b
H’IP varies

f(‘:’_

Figure 2-11: Stress-strain curve with constant fracture energy

The expression for &, is shown in Equation 2-6, where E is Young’s modulus and &, i$
the strain corresponding to maximum compressive strength. The fracture energy in compression
(Gf) is calculated using the material properties of the cylinder test of the individual experiment.
For the eighteen-story building model, h is assumed to be the general height of the cylinder test.
The properties of concrete material used for the calculation of the fracture energy in compression

(Gf) are assumed to be equal to the properties used in the eighteen-story building model.

GC 0.8f,
f c0
- _ 2-6
006l B
Gf  foo+ fou (feo — fiu
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C
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N YA
o =n(2) (5

L;p is found in Table 2-5. Table 2-5 shows the tributary length of the Gauss-Lobatto

+ Eeu — 500)

Integration points (L) with five integration points. The length of the element (L) is the
element length of one wall element in the eighteen-story building model. For the base
integration point, the integration point location (¢,) is 1.0, the integration point weight (w,) is

1/10, and the length of the softening integration point (L;p) is L/20.

Table 2-5: Tributary length of Gauss-Lobatto Integration points

intezlgarggre]rp(gnts Integration point location &, Integration point weight wy, T;I:)litazy*l?th
-1.0 1/10 L/20
-0.65 49/90 L*49/180
5 0.0 32/45 L*32/90
0.65 49/90 L*49/180
1.0 1/10 L/20

Using Equation 2-6, ,, values for unconfined and confined concrete are calculated and
listed in Table 2-6 with ¢, and &, values. It is observed that the absolute value of the ultimate

strain has increased when the localization phenomenon is considered.

Table 2-6: comparison of €., and &, 10 &5

Region Floor Level &y [Mm/mm] &30 [MmM/mm]
Unconfined Concrete N/A All -0.0040 -0.0046
) 1~8 -0.0200 -0.0253
Region 1
9~18 -0.0248 -0.0313
Confined Concrete
1~8 -0.0216 -0.0272
Regions 2 & 3
9~18 -0.0218 -0.0273
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2.4.3 Steel
2.4.3.1 Steel material parameters

The stress-strain relationship of the steel in the core wall piers is simulated using the
Steel MPF material model in Opensees. The stress-strain relationship of the Steel MPF material
model is governed by 10 parameters: yield strength (f;,), initial Young’s modulus (Ej), strain
hardening ratio (b), initial value of the curvature parameter R (R,), curvature degradation
parameters (cR, and cR,), isotropic hardening components (a,, a, , a3, and a,). These
parameters are related to elastic behavior (f,, E), Bauschinger effect (Ry, cRy, cR;), kinematic
hardening (b), and isotropic hardening (a4, a, , as, a,) of steel, as shown in Figure 2-12. b
governs the slope of the post-yield branch. a, shifts the post-yield slope in compression with
fixed a,, and a; shifts the post-yield slope in tension with fixed a,. Parameter R governs the
curvature of the transition between elastic and hardening slopes. A larger value of R creates a
sharper transition between elastic and hardening slopes. R is a function of parameters Ry, cR;,
and cR,. The relationship between R,, cR;, and cR, is shown in the equation below, where ¢ is
the plastic range of deformation normalized by the initial yield point €, = F,/E. €, is the
maximum strain recorded in the loading direction after the reversal point ¢,.. €, is the strain of
the updated yield point. [65]

CR, &
CR, + ¢

R=R0*<1— ) R(E) > 0

Ep_eo

&=

€y

The elastic parameters (f, and E) of the Steel MPF are quantified based on the selected

nominal material. However, the post-yield parameters (b, Ry, cR;, cR,, a4, a, , a3, and a,) need
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to be quantified using calibration at the element level because they are not nominal values, and

there are no empirical equations given in the literatures to estimate these values. The calibrated

steel material parameters are shown in Table 2-7, and the calibration process is presented in

section 2.4.3.2. [65]

Table 2-7: Calibrated steel material parameters

Parameter 5 E; b R, cR, cR2 a, a, as a,
. [MPa] [MPa]
Units ([kSl]) ([kSl]) ['] ['] ['] ['] ['] ['] ['] [']
414 206629
Values (60) (29969.0) 0.02921 | 20.0 0.96 0.07 | 0.05075 | 1.0 | 0.022 | 1.0
Stress,c 4 _b*Es
fy —
Ro, cR1, cR2 \as, as
|
/ Es
&y Strain,;;
ai, az
(S