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Notice

Any opinions, findings, conclusions, or recommendations expressed in this publication do not necessarily
reflect the views of the Applied Technology Council (ATC), the Department of Homeland Security
(DHS), or the Federal Emergency Management Agency (FEMA). Additionally, neither ATC, DHS,
FEMA, nor any of their employees, makes any warranty, expressed or implied, nor assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any information, product, or
process included in this publication. Users of information from this publication assume all liability
arising from such use.

Cover images: Partial collapse of a commercial building with a vertical irregularity in the 1995 Kobe earthquake, courtesy of
Charlie Kircher (top left); severe damage to first story of Olive View Hospital in the 1971 San Fernando earthquake (NISEE,
1971a; bottom left); hillside home with tall cripple walls that have failed, courtesy of Los Angeles Department of Building and
Safety (bottom right); example of soft-story multi-family wood residential building collapse in the 1989 Loma Prieta earthquake
(FEMA; top right).



The National Earthquake Hazards Reduction Program (NEHRP) at Federal
Emergency Management Agency (FEMA) has a responsibility to help
translate and implement new knowledge and research results to increase
seismic hazard resilience nationwide. One of the effective ways to fulfill this
responsibility is through FEMA NEHRP sponsored problem-focused studies
to use new research results and tools for developing practical solutions and
needed information suitable for implementation in national standards and
codes. This FEMA document summaries a problem-focused study on
seismic performance of buildings with configuration irregularities. It is one
of many FEMA technical resource documents to help improve seismic
design practices, it is also to support public education and awareness for
critical issues related to seismic safety of buildings.

Most buildings in the United States have some irregularities, which are
known to influence building seismic performances. Under ASCE/SEI 7-16,
Minimum Design Loads and Associated Criteria for Buildings and Other
Structures, restrictions are imposed on configuration irregularities in high
seismic regions. In order to update and simplify the relevant design
requirements and restrictions, it is necessary to conduct a comprehensive
assessment of seismic performance of buildings with configuration
irregularities. This study provides the needed assessment of ASCE/SEI 7-16
requirements and triggers for restrictions on irregularities. Consequently, the
findings and recommendations will lead to improvements to specific code
requirements for irregularities and better knowledge on the subject matter.

FEMA is greatly appreciative of the Applied Technology Council (ATC), the
Project Technical Committee, and the Project Review Panel for the
development of this invaluable technical resource document and
dissemination of the key findings. FEMA is also thankful to the project
workshop participants for their scrutiny and valuable comments to the
reported findings. The national standards and codes provide the basic
protection for buildings against natural hazard impacts. As we call for all
at-risk communities to adopt and enforce current national standards and
codes, it is important to ensure that the standards and codes are based on best
engineering knowledge, and validated new technology and information. We
are pleased to see that this report is already receiving broad attention among
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earthquake engineering professionals, and some of the recommended code
changes are under consideration by consensus committees such as the
NEHRP Provisions Update Committee and ASCE 7 Seismic Subcommittee.

National Earthquake Hazards Reduction Program (NEHRP)

Federal Emergency Management Agency
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Preface

In 2014, the Applied Technology Council (ATC), with funding from the
Federal Emergency Management Agency (FEMA) under Task Order
Contract HSFE60-12-D-0242, commenced a series of projects (ATC-123,
ATC-123-1, ATC-123-2, and ATC-123-3) to quantitatively evaluate current
code triggers for structural irregularities, the impact on performance from
structural irregularities, and the effectiveness of relevant code provisions.

Irregularities are a common occurrence in buildings in the United States.
Some of these irregularities are defined in existing standards, such as
ASCE/SEI 7-16, Minimum Design Loads and Associated Criteria for
Buildings and Other Structures (ASCE, 2017a), ASCE/SEI 41-17, Seismic
Evaluation and Retrofit of Existing Buildings (ASCE, 2017b), ACI 318-14,
Building Code Requirements for Structural Concrete (ACI, 2014), and
ANSI/AISC 341-16, Seismic Provisions for Structural Steel Buildings
(AISC, 2016).

Although irregularities are known to influence seismic performance, the
triggers in the current design codes for vertical and horizontal irregularities
had not been quantitatively evaluated to determine their effectiveness in
providing the collapse performance target. NIST GCR 13-917-23,
Development of NIST Measurement Science R&D Roadmap: Earthquake
Risk Reduction in Buildings (NIST, 2013), identified the need to
systematically evaluate irregularity triggers and requirements in all Seismic
Design Categories as an important priority research topic.

This multi-year project (collectively referred to as the ATC-123 Project)
calibrated quantitative triggers and related design requirements in relevant
codes and standards, primarily ASCE/SEI 7-16. The ATC-123 Project
conducted analysis work on four of the structural irregularities codified in
ASCE/SEI 7-16—torsional stiffness irregularity (H1), soft story irregularity
(V1), mass irregularity (V2), and weak story irregularity (V5)—and
investigated other configuration issues, including torsional strength
irregularity (H6), limitations of current strong-column/weak-beam
requirements (V6), increased collapse potential due to gravity-induced lateral
demand (V7), and wall discontinuity (V8).
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ATC is indebted to the leadership of Michael Valley, Project Technical
Director, and to the members of the ATC-123, ATC-123-1, ATC-123-2, and
ATC-123-3 Project Teams for their efforts in developing this report. The
Project Technical Committee (PTC) consisting of Curt Haselton, Charlie
Kircher, Laura Lowes, Rafael Sabelli, and Thomas Sabol, managed and
performed the technical development efforts. Kamal Ahmed, Dustin Cook,
Jared DeBock, Sara Essila, Katie Fitzgerald, Heavenz Kaur, Kristijan
Kolozvari, Dawn Lehman, Nasser Marafi, Diana Nishi, Josh Pugh, Ricardo
Roldan, Negin Tauberg, and Tsenguun Tsogbadrakh, as Working Group
members, conducted the design, analysis, and quality assurance work under
the leadership and supervision of the PTC. The Project Review Panel,
consisting of Greg Deierlein, Larry Fahnestock, James (Jim) Harris, Conrad
(Sandy) Hohener, John Hooper, Ryan Kersting, and Robert Leon (ATC
Board Contact), provided technical review, advice, and consultation at key
stages of the work. A workshop of invited experts, in addition to the Project
Review Panel, was convened to obtain feedback on the draft report and the
Project Technical Committee considered input from this group to finalize the
report. The names and affiliations of all who contributed to this report are
provided in the list of Project Participants.

ATC also gratefully acknowledges Mai (Mike) Tong (FEMA Project Officer)
and Farzad Naiem (FEMA Subject Matter Expert) for their input and
guidance in the preparation of this document. Veronica Cedillos and Ayse
Hortacsu managed the project and Carrie Perna provided report production

services.
Veronica Cedillos Jon A. Heintz
ATC Director of Projects ATC Executive Director

vi

Preface FEMA P-2012



Table of Contenis

Foreword iii
Preface \%
List of Figures xiii
List of Tables XXV
1.  Introduction 1-1
1.1 Background .........ccccoeeeeviierienieiiecie et 1-1
1.2 Overview of Irregularities Considered.........ccocceevvvreivecrenennnen. 1-2
1.3 Target AUIENCE ......oovvevieiieciie et 1-3
1.4 Content and Organization...........c.ecceevveerreereerverivesseeeseeesseennens 1-3
2.  Overview of Irregularities 2-1
2.1 Literature Search .........cocceverieieninienineeeseeteeeee e 2-2
2.1.1  Observed Performance of Irregular Buildings ............ 2-3
2.1.2  Treatment of Configuration Irregularities in Codes
and Standards .........ccccoeeeeninieee 2-12
2.1.3  Published Research on Irregularities..............ccoe...... 2-15
2.2 Performance Concerns for Irregularities and Corresponding
Code ReqUIr€ments .........cccuecevieieerieeneeneeseeereereesveesveeseneeens 2-19
2.3 Treatment of Irregularities in this Report..........ccccceceveneeneee. 2-25
3.  Archetype Design, Modeling, and Analysis Approach ................. 3-1
3.1  Scope of Analytical Studies ........ccceeevierievriesieiierie e, 3-1
3.2 Archetype Configurations and Designs...........cccceevverveeveennenns 3-4
3.2.1 Steel Moment Frame Archetypes.........cccevveevveevveenenns 3-5
3.2.2 Reinforced Concrete Moment Frame Archetypes....... 3-8
3.2.3 Reinforced Concrete Shear Wall Archetypes............ 3-10
3.3 Structural Modeling of Archetype Buildings ...........c............ 3-12
3.3.1 Steel Moment Frame Archetypes.........cccccevevvvennenee. 3-13
3.3.2 Reinforced Concrete Moment Frame Archetypes..... 3-17
3.3.3 Reinforced Concrete Shear Wall Archetypes............ 3-20
3.4 Archetype Analysis Methods ........ccccccvevivviiiniieniiieieiee, 3-23
3.4.1 Overview of FEMA P695 Analysis Methods............ 3-24
3.4.2 Selection of Ground Motions ..........ccccevevveeveenennenne. 3-25
3.4.3 Incremental Dynamic Analysis .........cccoovverieriennnnne. 3-26
3.4.4 Evaluation of MCEg Collapse Performance.............. 3-28
3.4.5 Collapse Evaluation Using Absolute and Relative
Measures of Collapse RisK.........ccoeevvrvieriereeniennnnns 3-29
3.4.6 Tracking of Non-Collapse Archetype Response
Parameters .......ooceveeriieiiiiiieee 3-30

FEMA P-2012 Table of Contents

vii



Buildings with Torsional Irregularities [H1, HO] ........cccecereuerennees 4-1

4.1 OVEIVIEW.ceutiiiiieiiieieettestt ettt ettt et ettt st sttt as 4-1
4.2 Objectives of Studies and Summary of Findings...................... 4-1
4.2.1 Objective 1: Evaluate ASCE/SEI 7-16 Torsion
Design ProviSions..........ccveeecveeerieeeiieesieesveeeeveesneenn 4-2
4.2.2  Objective 2: Propose Modifications to the
ASCE/SEI 7-16 Seismic Torsion Provisions............... 4-2
4.2.3  Summary of FIndings ...........cccceevieviivienieiiicieereenn, 4-2
4.3 Methodology to Assess Torsion Design Provisions.................. 4-3
4.4 Archetype Design SPace.......cccceevvieviievieevieesienienieevecreeveenens 4-5
4.4.1 Plan Configurations ...........cceeevveeveeruvereervenvesseensseennens 4-5
4.42 Baseline Archetypes ......cccccceveveeviervenierienieeieeieeenn 4-8
4.4.3 Proportioning the Lateral System for Seismic
D Ty T a o DRSSP 4-10
4.5 RESUILS coueeiiiiiieeeee e 4-11
4.5.1 Collapse Performance under Current Code
Requirements ........c.cceccvveevieeriie e 4-11
4.5.2  Observations about Torsion Design Requirements ...4-14
4.5.3 Recommended Minimum Requirements.................... 4-15
4.6 Conclusions and Recommendations............ccceceevvereeseennnnns 4-21

Concrete Wall Buildings with Vertical Irregularities [V1, V8§]....5-1

5.1 Overview and Summary of FIndings...........ccccoevvvevververneenenns 5-1
5.2 Design Procedures and Common Irregularities........................ 5-2
5.3 Overview of Archetype Designs........cccocvveuvrrivenieneeneesiiennenns 5-4
5.4 Modeling RC Wall ReSpOnse ..........ccceevverieeiienieenieeneesiesnenns 5-7
5.4.1 Methodology Validation and Comparison Studies......5-7
5.4.2 Non-Simulated Failure Modes............ccccvevververvnnnnnns 5-8
5.5 Assessment of Collapse RisK........ccccoveevrieviienienieniecieeieennn 5-11
551 OVEIVIEW ..eeiiiiieieiieieie ettt 5-11
552 RESUIS cooeieieieiee e 5-12
5.6 Conclusions and Recommendations...........ccccceveverveeceernennnen. 5-17

Moment Frame Buildings with Vertical Irregularities [V1, V2,

V5, V6, V7] 6-1
6.1 OVETVIEW...otiiiiiiiiieiteiesttetett ettt sttt 6-1
6.2  Objectives of Studies and Summary of Findings...................... 6-2
6.2.1 Objective 1: Assess the Adequacy of
ASCE/SEI 7-16 Vertical Irregularity Provisions......... 6-2
6.2.2  Objective 2: Assess the Necessity for Expanding the
ASCE/SEI 7-16 Vertical Irregularity Provisions......... 6-2
6.2.3  Summary of FIndings .........c.cceecvveivrvieninnienieneeeiens 6-3
6.3 Methodology to Assess Vertical Irregularity Design
PTOVISIONS ...ouviiieiiiiieieieeee et 6-3
6.4  Archetype Design Space by System ..........ccceevvevvereenrencvennnenn 6-4
6.5 Studies of Weight (Mass) Irregularity [V2]....ccccovvevvenveeneennen. 6-4
6.5.1  Archetype Descriptions ...........cceeeveevieevieereeseesneenens 6-5
6.5.2  RESUILS oot 6-5
6.5.3  Conclusion and Recommendations..............cccceruenenne. 6-7
6.6  Studies of Soft- and Weak-Story Irregularities [V1/V5].......... 6-8
6.6.1  Archetype Descriptions ..........cceeveevveevieereeneesneeneens 6-8
6.6.2  RESUILS .oooiiiiiiiiee e 6-10

viii

Table of Contents FEMA P-2012



6.6.3 Conclusion and Recommendations ...........ccccuuveeee...
6.7  Studies of Strong-Column/Weak-Beam Design

Provisions [VO].....coooouiioiiiieiieeieeeee et e
6.7.1  Archetype DescCriptions.........ccceevveercveeenierenveesnneeenns
6.7.2  ReESUILS .oceviiiiiieiie ettt
6.7.3 Conclusion and Recommendations ...............c..c........
6.8  Studies of Gravity-Induced Lateral Demands [V7]................
6.8.1  Previous Studies ......ccceecvveriierieerieenieere e
6.8.2  Archetype Descriptions..........cccceevevereveecreesieerieennnennns
6.8.3  ReSUILS ..ooeiieiieiecieeceeteeeee s
6.8.4 Limitations of the GILD Studies...........ccceceeveeennrens
6.9 Overview of Conclusions and Recommendations..................
6.9.1 Weight (Mass) Irregularity [V2] ...c..cccoevvvevrverieennnnnne.
6.9.2  Soft/Weak Story Irregularity [V1/V5]......ccoveevvennnnne.
6.9.3  Strong-Column/Weak-Beam [V6] ........ccccvvevrennnnne.
6.9.4  Gravity-Induced Lateral Demand [V7] ........ccccn.......

Discussion of Other Irregularities [H2, H3, H4, HS, V3, V4,

V8|
7.1 Reentrant Corner [H2] Irregularity.........cccceeeveevveencieeennneennee.
7.2 Diaphragm Discontinuity [H3] Irregularity.............cccccvennennee.
7.3 Out-of-Plane Offset [H4] and In-Plane Discontinuity [V4]
TITE@UIATIEIES ..vievviiiieiie ettt s
7.3.1 Impact of Out-Of-Plane and In-Plane
Discontinuities in RC Wall Buildings.......................
7.4 Nonparallel System [H5] Irregularity.........cccocoveevvervenerennnnnne.
7.5 Vertical Geometric [V3] Irregularity..........ccoeeveervenieniennnnne.
7.6 Wall Discontinuity [V8] Irregularity..........ccccoveeveerrienrrennnenne.
7.6.1 Discontinuities Associated with Initiation or
Termination of Stacked Openings in Walls...............

7.6.2 Discontinuities Associated with Increased Wall
Area to Capture Forces Introduced by New

Structural Elements ...........ccocoeveeienieienicieeeeeee
Recommended Improvements
8.1 Codes and Standards ...........cceceerienienieniieeeeeeeee e
8.1.1 NEHRP Recommended Provisions and
ASCE/SEI 7-16 .ot
8.1.2  ASCE/SEI41-17 oot
8.2  Future Studies and Development.............ccceeeeveeeieeenveeneneeens
8.2.1  Explicit Collapse Assessment Improvements ...........
8.2.2  Design Sensitivity Studi€s......c.ccccvvrervrercrererreenineeenns
8.2.3  Strong-Column/Weak-Beam Requirements..............
8.2.4 More Detailed Considerations...........ccccceeeereeeuennen.
Appendix A: Torsion Studies
A.1 Development and Validation of Simplified 3D Models.........
A.1.1 Nonlinear Backbones for Modeling the Seismic-
Force-Resisting System..........cccceveeveieeeviienieeeneeeee.
A.1.2 Scaling of Nonlinear Backbones..............ccccceuveenenn.
A.1.3 3D Modeling Approach.........ccccceeevvreriiencrieerieennennn
A.1.4 Validation of Single-Story 3D Models......................
A.2  Torsional Strength Irregularity........ccccccoeevvvevereeneenieeneeeinns

A-1
A4

A-5
A-7

FEMA P-2012 Table of Contents

ix



A3

Importance of Checking Drift and Stability Requirements
at the Building’s Edge for Torsionally Irregular Buildings..... A-8

A.4 Rationale for Triggering Type 1a Torsional Irregularity
When >75% of Strength is on One Side of the CM................. A-9
A.5 Application of 5% Mass Offsets to Simulate Accidental
Torsion with Modal Response Spectrum Analysis................ A-11
A.6  Explanation of Why Some Trends in the Results Plots
Double Back on Themselves ..........cccceeeererieienerieeeeeee A-13
Appendix B: Concrete Wall Studies B-1
B.1 Past Investigations of Concrete Walls with Irregularities........ B-1
B.1.1 Damage of Concrete Walls with Irregularities in
Past Earthquakes...........cccocvvevierieeieeiecreceeieeeeeen, B-1
B.1.2 Quantification of Vertical Discontinuities in
Concrete Walls Using Field Data ..........c..cccoeevveneennen. B-6
B.1.3 Laboratory Test Results for Concrete Walls with
Vertical Irregularities........ccceeveeieevieeneeneeseeere e B-8
B.2 Investigation of Vertical Irregularity Using Nonlinear
Continuum ANALYSIS .....coveevrierieiieeie e ereerieeree e ere e ereens B-10
B.3 RC Wall Building Design Process........c.cccoeevevververcieenieeinnns B-12
B.3.1 Building Prototype.......ccccceevievrievrievienieniecieereeiens B-12
B.3.2  Wall DeSigN....ccovieiiiiiiiciieciiereeieeieeiee e B-14
B.3.3 Design of Wall Panel Zone...........cceevevveereereennnn. B-16
B.3.4 Design of Coupling Beams...........ccceeverveeieereennenn, B-17
B.3.5 RC Wall Building Design Summaries...................... B-17
B.4 Modeling Wall ReSpOnSe..........cccveeveeciieniieneenieniesiesieeiens B-21
B4l ATENA ..o B-22
Bi4.2  OpPenSees ......ccceevueeriiiiiiieiieeeteeete et B-24
B.5 Preliminary Analyses to Investigate Modeling Assumptions
and Identify a Preferred Modeling Approach..............c......... B-27
B.5.1 Modeling Assumptions Employed for OpenSees
and ATENA Analyses ......ccceevveevievrienienienieeveeneens B-28
B.5.2 Pushover Analyses to Compare OpenSees and
ATENA ModelS.....cooiieieiiiieiee e B-29

B.5.3 Dynamic Analyses to Compare OpenSees

Displacement-Based and Force-Based Beam-

Column Element Models .........ccccoeeeiininienenienee. B-31
B.5.4 Dynamic Analyses to Compare Models Comprising

OpenSees Displacement-Based Beam-Column

Elements and SFI-MVLEM..........ccooiiiiiniininee. B-32
B.5.5 Identification of a Preferred Modeling Approach

for Assessing the Impact of Vertical Irregularities

on the Collapse Risk Posed by RC Wall

BUildings.......cccoveeviieiiieiiecieciecieereeee e B-36
B.6  Analysis Results........ccceviiriinieniiiiieiecceeeee e B-37
Appendix C: Steel Moment Frame Studies C-1
C.1 Steel Moment Frame Baseline Designs..........ccccccveevverivenennnnen. C-1

C.1.1  Low Seismicity Zone (SDC Bmax) — Steel Ordinary
Moment Frame Design .........cccoeeveeiveriienveneeneenneeen, C3

C.1.2 High Seismicity Zone (SDC Dmax) — Steel Special

Moment Frame Design ..........ccoevevveviencienciienieeninnns C-12
C.2 Summary of Steel Moment Frame Results...............ccccevvenee. C-25

Table of Contents FEMA P-2012



Appendix D: Concrete Moment Frame Studies ........c.ccceecerereuercrcercsences D-1

D.1 Concrete Moment Frame Baseline Designs ..........ccccceeeuveennee. D-1

D.1.1 Low Seismicity Zone (SDC Bmax) — RC Ordinary
Moment Frame Design.........cccceeveeeveenciieenieecieeeeen. D-2

D.1.2 High Seismicity Zone (SDC Dmax) — RC Special

Moment Frame Design.........ccceeveevveeecieeenieeeiieeeen. D-7
D.2 Summary of Reinforced Concrete Moment Frame Results... D-18
Appendix E: Results of Quality Control Review E-1
E.1 Overview of Quality Control Review...........ccceevvvevveviienvennnnne. E-1
E.2 Results from Quality Control Review .........ccccceveevvieviienreennnenne. E-1
E.2.1 Torsional Studies.........ccccereeueninieneninienenieeseene E-1
E.2.2 Concrete Shear Wall Studies..........ccoeevvvvvrcrrrcreniennnen. E-2
E.2.3 Steel Moment Frame Studies .........ccccoveveverevercreniennnen. E-3
E.2.4 Concrete Moment Frame Studies...........cccocvrevvriennnen. E-4

Appendix F: Global Behavior of Buildings with Mass Irregularity

[V2] F-1
F.1 Background ..........ccceovieiieoiieiiiceecteeeeeeee e F-1
F.2 Expanded Design Space and Assessment Method.................... F-2
F.2.1 Expanded Design Space........ccccccvevvervenvenvencreniennnens F-2
F.2.2  Assessment Method for Global Behavior.................... F-6
F.3  FINAINGS ..oiioiiiiiiiiiciecie ettt F-7
F.4 Recommendations ..........ccccceeeeieriieienienieieie e F-8
Appendix G: Story Stiffness and Strength Calculation..........cceeeeenreee G-1
G.1  Background ........c.cccoeeevieiiinieeieeieeseeeeee e G-2
G.2 Calculation of Story Stiffness........ccevveeriercieriirireieeeieeenn G-3
G.2.1 Simple Hand Calculations and Their Limitations ...... G-3
G.2.2 SEAOC Story Drift Ratio Method ..........cccceceneneenee. G-6
G.2.3  Apparent Story Stiffness Method........cccccoceevinrnnenne. G-7
G.3 Calculation of Story Strength........c.cccceevvevviinciiecrieieeeeeen, G-8
G.4 Recommendations ...........cccceveeverienienienienieneeiene e G-9
G.4.1 Calculation of Story Stiffness.........ccccevvevreevverrenenenne. G-9
G.4.2 Calculation of Story Strength.........c.cccceevvievierirennnnnn. G-9
Appendix H: Steel Systems Not Specifically Detailed for Seismic
Resistance H-1
H.T Background ........cccocevviveciieciieieienieceeeeeieee e H-1
H.2  Configuration..........cccueeeveeeeiieeeiie e esiee e e H-2
H.3  Proportioning..........cccceeeveeeeieeeieesiieesreeereeesveesveesseneesveeenns H-2
H.3.1 Strong-Column/Weak-Beam Requirement ................ H-2
H.3.2 Panel Zone Proportioning...........ccccceeevveerveeecneeenneenns H-2
H.3.3 Connection Design Philosophy ..........c.cccceevverirennnnnne. H-3
H.4 Member Local Buckling and Lateral Bracing
ReqUITEMENLS.......ooiviiiieiierieeie e H-3
H.5 Less Stringent Material Specifications and Inspection
ReqUITEMENTS.......oiiieiieiierieeieeie et H-4
Symbols I-1
Glossary J-1

FEMA P-2012 Table of Contents

xi



RETETIEIICES ..ceeeeeeeeeeeeeeereeeeereeeeeeeeeeeeeeeeeseeseeseseessesesesssssssssssessssssssssssssssssssssases K-1

Project PartiCiPants.........ceeeecceresceeensencsssnescnsisssssesssssssassesnssssassosesssssnsssse L-1

xii Table of Contents FEMA P-2012



List of Figures

Figure 2-1 Examples of URM building collapse in the 1983

Coalinga earthquake, the 1987 Whittier earthquake, and

the 1989 Loma Prieta earthquake ............ccoocvvvveneeneennenns 2-4
Figure 2-2 Example of non-ductile concrete frame building collapse

at the Veterans Administration (VA) complex in the

1971 San Fernando earthquake; including total collapse

0f 4 0f 26 bUIldings.......ccoevveeviiieiiieeiie e 2-5
Figure 2-3 Examples of soft-story multi-family wood residential

building collapse in the 1989 Loma Prieta earthquake

and in the 1994 Northridge earthquake..........c.cccoceveeennnen. 2-5
Figure 2-4 Photographs of severe damage and collapse of buildings

of the Olive View Hospital due to the 1971 San

Fernando earthquake..........cccoevvevienieniiniiciiciece e 2-7
Figure 2-5 Photograph showing severe leaning and incipient

collapse of a 2-story mixed-use building in Kobe City ..... 2-8
Figure 2-6 Partial collapse of a 6-story commercial building with a

torsional Irregularity .........ccoceevierierieeieee e 2-9
Figure 2-7 Partial collapse of a 12-story commercial building with

plan and vertical irregularities ...........c.ccooceveevererceneenens 2-10
Figure 2-8 Coupled walls in upper stories do not continue to lower

] 101 oy USSR 2-11
Figure 2-9 A change in the wall section from the upper to lower

story results in a loss of wall area and localization of

flexural yielding........cccovvveviiriiniieieeie e 2-12
Figure 2-10 Horizontal irregularities...........ccecvvereenieneeneenieeieeiee, 2-20
Figure 2-11 Vertical irregularities .........covevvveereereerieniesee e e 2-21
Figure 3-1 Building elevations for steel moment frames .................... 3-6
Figure 3-2 Seismic Design Category D steel building floor plans ...... 3-6
Figure 3-3 Seismic Design Category B steel building floor plans ...... 3-6
Figure 3-4 Plan and elevation of the RC moment frame

ATCHELYPES 1.vveeiieiieieeeeeerte e 3-10
FEMA P-2012 List of Figures xiii



Figure 3-5

Figure 3-6

Figure 3-7

Figure 3-8

Figure 3-9

Figure 3-10

Figure 3-11

Figure 3-12

Figure 3-13

Figure 3-14

Figure 3-15

Figure 3-16

Figure 3-17

Figure 3-18

Figure 3-19

Figure 3-20

Figure 3-21

Figure 4-1

Figure 4-2

Building prototype plans for 8-story buildings and
12-story buildings designed for Dmax and Bmax spectra.....3-11

Schematic of a lumped plasticity nonlinear frame

107014 <1 B U PTURTRP 3-14
Modified Ibarra Krawinkler Deterioration Model............ 3-15
Example cyclic behavior of a W30x108 RBS beam

with composite slab action ..........ccccceeeeveevirercieeecieenieens 3-15
Example cyclic behavior of a W14x193 column.............. 3-16

Idealized panel zone shear force deformation
1elatioNShIP ...eeviiiiicie e 3-17

Backbone properties of the Ibarra et al (2005) material
Example hysteretic properties of a 30 in. by 26 in. RC
column with low axial load ratio.......c..cccceeeneeieninennnn 3-18

Example hysteretic properties of a RC OMF joint with
axial load ratio of 0.11, 4000 psi concrete, joint area of
378 in.2, and effective beam depth of approximately 13

TNCHES . . 3-19
Schematic of OpenSees RC wall building model ............ 3-21
OpenSees model configurations for walls with and

WIthOUL OPENINGS ....ecvvieiieiieieie e ettt eene e 3-21
Nonlinear 1D cyclic material models............ccoecverurennen. 3-23

Regularization of concrete material response using

mesh dependent length..........ccoccoeeveoiiiienienieees 3-23
Far-field record set response spectra normalized by

peak ground VEIOCILY ......ccvvveviieiieeiieiieieeieeieesiee e 3-26
Incremental dynamic analysis response plot of spectral
acceleration versus maximum story drift ratio................. 3-28
Collapse IDA, Baseline 12-story RC SMF ...................... 3-31
Interstory Drift Ratio (IDR), Baseline 12-story RC

SMEF ettt 3-31
Torsional Irregularity Ratio........cccoevvevvereeneeneeniennenenenns 4-4

Plan view of the baseline archetype configuration, and a
generic CONfigUIration ........c..cccveeerveerieeicieeeeiieerreeeiee e 4-5

List of Figures

FEMA P-2012



Figure 4-3 [lustration of archetype configurations.............cccceevueennee. 4-6
Figure 4-4 lustration of “Mixed” archetype configurations.............. 4-7
Figure 4-5 lustration of “three-sided” archetype configurations....... 4-8
Figure 4-6 Collapse resistance relative to the baseline for short

code-conforming archetypes.........ccccvevververieervervenneeen. 4-12
Figure 4-7 Collapse resistance relative to the baseline for mid-rise

code-conforming archetypes.........ccoceevvvevreerieereerverevennn. 4-12
Figure 4-8 Trends in collapse resistance for mid-rise archetypes

with torsional effects neglected in the design process..... 4-14
Figure 4-9 Collapse resistance relative to the baseline for short

archetypes designed with the proposed minimum

StANAATAS ..c..eovveiiiieiee e 4-17
Figure 4-10 Collapse resistance relative to the baseline for mid-rise

archetypes, designed with the proposed minimum

StANAATAS .....eevveiiiieiere e 4-18
Figure 4-11 Collapse resistance relative to the baseline for mixed

system archetypes, designed with the proposed

minimum standards..........occeeererienenineneneeeeeeeeen 4-18
Figure 5-1 Vertical wall-system configurations .............cceccvevvervennnens 5-2
Figure 5-2 Common wall cross-sectional configurations.................... 5-3
Figure 5-3 Core wall versus distributed planar and flanged walls ...... 5-3
Figure 5-4 Idealized building elevations ...........c.ccceevvrervreecreeeeneeennnn. 5-5
Figure 5-5 Typical response of slab-column connections.................... 5-9
Figure 5-6 Drift of slab-column connections............ccceevveeereeennennee. 5-10
Figure 5-7 Base shear versus roof drift for 8-story walls designed

for Dmax spectrum using the ASCE/SEI 7-16 ELF

PIOCEAUIE ....c.vvieeeiiieiiieeiee et ettt e eree e e e sveeeaeeeeae e 5-13
Figure 5-8 Earthquake intensity at design period, S,, versus

maximum interstory drift for 8-story walls designed for

Dmax spectrum using the ASCE/SEI-16 ELF

PIOCEAUIE ...ovvveerieerieieeieere ettt eere b e eebeesreesre s 5-14
Figure 5-9 Impact of vertical irregularity and building height on

ACMR for walls designed for Dmax demands using

ASCE/SEI 7-16 ELF procedure..........cccevververvenrenenennn. 5-16

FEMA P-2012 List of Figures Xv



Figure 5-10

Figure 5-11

Figure 6-1
Figure 6-2

Figure 6-3

Figure 6-4

Figure 6-5
Figure 6-6
Figure 6-7
Figure 6-8
Figure 6-9
Figure 6-10
Figure 6-11
Figure 6-12
Figure 6-13
Figure 6-14

Figure 6-15

Figure 6-16

Figure 6-17

Figure 7-1

Impact of vertical irregularity and building height on
ACMR for walls designed for Dmax demands using
ASCE/SEI 7-16 MRSA procedure.........ccccvevververvennnenne. 5-17

Impact of vertical irregularity and building height on
ACMR for walls designed for Bmax demands using

ASCE/SEI 7-16 ELF procedure.........c.cccceveveveiveereecreennens 5-17
Mass irregularity per ASCE/SEL 7-16......ccccccveiiiivenennnens 6-5
V2 mass irregUIATItY ......ccovveviieriierieriesiesre e eee e eae e 6-6

Interstory drift profile at increments of MCE for the
3-story MRSA designed steel building with a MR = 3.0
At e 3™ FLOOT c.u.vvveveeeeecieiciee st 6-6

Comparison of ELF and MRSA design forces for a
20-story RC frame building with a mass irregularity at

the third STOTY ....eovcvieiieiieeeeeeeee e 6-7
Soft story irregularity per ASCE/SEI 7-16...........ccvveuen. 6-9
Weak story irregularity per ASCE/SEI 7-16.........ccccvenee. 6-9
V1/V5 s0ft/Weak StOry ....c.eeveveieeiieiieiieieeseesee e 6-10
V1 WeAK STOTY ..veevieiieiieriieniiesresreereereereereesseeseeesenenens 6-11
V1 weak story overstrenth............ccecceevienieneenieniieenenne, 6-12
Weak-column/strong-beam ............ccceeveervereenvesnennnennn 6-13
V6 strong-column/weak-beam ..........ccccceeveereerieniennnnne, 6-15
V6 stepped SCWB ratio, 12-story RC SMF .................... 6-16
V6 strong-column/weak-beam ...........cccceeveereereeneennnnne, 6-16
Gravity-induced lateral demand............cccceeevvevveeeneeennnnn. 6-18

V7 gravity-induced lateral loading with design for
GILD e 6-19

V7 gravity-induced lateral loading without design for
GILD .ottt 6-20

Mean interstory drift at MCE of the poorest performing
GILD designed and un-designed irregular buildings ....... 6-20

Example of reentrant COMmer...........oocvevvervenveneesrenneanens 7-2

xvi

List of Figures FEMA P-2012



Figure 7-2

Figure 7-3

Figure 7-4

Figure 7-5

Figure 7-6

Figure A-1

Figure A-2

Figure A-3

Figure A-4

Figure A-5

Figure A-6

Figure A-7

Figure A-8

Figure A-9

Comparison of reentrant corner examples as
proportioned in ATC-3-06 Commentary and drawn to
SCALE ..o 7-2

Impact considering dimensions of plan offsets about both
axes in identifying reentrant corner irregularity ................ 7-4

Diaphragm discontinuity comprising 50% of the gross
floor area drawn to scale.........ccoeveeveenieniiniiiireieeeeee 7-5

Walled buildings classified as irregular due to out-of-
plane and in-plane offset of the wall system...................... 7-8

Vertical wall discontinuities potentially constituting an
IITEEUIATILY ..vvevvieeiieiieiieieeee et ere et 7-12

Backbone properties of the baseline archetypes
representing short, mid-rise, and RC wall type
DUILAINGS. ...eeeveeveeieeieecieere e A-2

Backbone properties for lines of lateral resistance
representing the “wall” and “frame” that make up the
MIXEd SYSIEM ...veeviieiieiieriieere e e e ere e e e sreeseeeseeesenesnnes A-3

Cyeclic properties of the short baseline backbone.............. A-4

Effects of scaling strength and stiffness of the nonlinear
backbones, illustrated with the short archetype................. A-4

Plan view of a single story model including placement
of leaning columns, mass offset, and SFRS...................... A-5

Trends in collapse resistance of 2:1 aspect ratio single
asymmetric archetypes with increasing eccentricity, but
no re-proportioning of the SFRS for torsion demands...... A-6

Trends in collapse resistance of 2:1 aspect ratio

symmetric archetypes with increasing torsional

irregularity, but no re-proportioning of the SFRS for

torsion demands .........cccceeveerieiieeiieeeeeee e A-6

Relative collapse resistance of symmetric short
archetypes having strength irregularities due to lower
DCR on one side of the center of mass.........cocceceevverenneee A-8

Relative collapse resistance of symmetric mid-rise
archetypes having strength irregularities due to lower
DCR on one side of the center of mass........cc.cceeeeeeenene A-8

FEMA P-2012

List of Figures

xvii



Figure A-10

Figure A-11

Figure A-12

Figure A-13

Figure A-14

Figure A-15

Figure B-1

Figure B-2

Figure B-3

Figure B-4

Figure B-5

Figure B-6

Figure B-7

Trends in collapse resistance for mid-rise archetypes
proportioned according to ASCE/SEI 7-16 to resist

seismic forces, but with a redundancy of 1.0 and
drift/stability checks performed at the CM, rather than

the edge of the building..........cccoeeevvieviiiniieiieeie e, A-9

Trends in collapse resistance for short 3-sided variants
designed with all of the recommended torsion

provisions from Chapter 4, except that torsional

irregularity is determined only by TIR ..........ccceveeuennenn. A-10

Trends in collapse resistance for mid-rise 3-sided

variants designed with all of the recommended torsion
provisions from Chapter 4, except that torsional

irregularity is determined only by TIR ..........cccccvevernnn. A-10

Trends in collapse resistance for mixed system

variants designed with all of the recommended torsion
provisions from Chapter 4, except that torsional

irregularity is determined only by TIR .........cccccccvveenenne. A-11

Collapse performance of symmetric archetypes
designed with modal analysis and accidental torsion
applied directly by offsetting the mass + 5% of the
perpendicular building dimension in the structural

Ilustration of how the torsional irregularity ratio
computed in ASCE/SEI 7-16 Table 12.3-1 varies with
plan aspect ratio and eccentriCity ..........cceevereereereeennnnns A-13

Coupled walls in upper stories do not continue to lower

A change in the wall section from the upper to lower
story results in a loss of wall area and localization of
flexural yielding .........ccovevverierierienie e B-3

Vertical discontinuity(ies) in coupled walls...................... B-3

Damage to building sustained during the 1989 Loma
Prieta earthquake.........ccoeeveiieniiniiiieeeee e, B-4

Damage to “column” at wall discontinuity in a 20-story
high-rise building .........ccccovieieniniiiinereeeeeeee, B-5

Discontinuities observed in walls in Chilean buildings
and corresponding damage..........cccoeeveevrienrieneenienienneenn. B-7

Wall configurations and designs used for ATENA
analyses to investigate the impact of opening location... B-11

xviii

List of Figures FEMA P-2012



Figure B-8 Normalized base shear stress versus drift at the

effective height ........ooovvviviiiiiiic e, B-11
Figure B-9 Story stiffness calculation..........cccecveeveecivecieecieenieerieeiens B-12
Figure B-10  Building prototypes.......ccocvevieeeciireniienieeeieeeeeeeevee e B-13
Figure B-11  Typical wall section and assumed strain distribution ......B-15
Figure B-12  Forces in the panel zone...........cccceevvieeciiiecieeniee e, B-17
Figure B-13 ~ Wall response histories as measured and as simulated

using OpenSees and ATENA specimen RW1 — bar

fracture failure.........ccoooeiiiiiniie, B-23
Figure B-14  OpenSees model configurations for walls with and

WithOUL OPENINGS....cvviiriiieiiieiieiieieeeeeeee e B-25
Figure B-15  OpenSees model configuration for RC wall building......B-25
Figure B-16 ~ Nonlinear 1D cyclic material models .............ccoceevernnene B-27
Figure B-17  Regularization of concrete material response using

mesh dependent length...........ccccoevieriinininniienieeee, B-27
Figure B-18  Base shear versus drift at effective height for 8-story

walls as simulated using ATENA, OpenSees DBE, and

SFI-MVLEM models .......cccoceririeniiniinieneneeeereeceee B-30
Figure B-19  Earthquake spectral acceleration at the design period

of the structure, S,, versus maximum interstory drift

for the 8-story continuous wall building designed for

Dinax spectrum using the ASCE/SEI 7-16 ELF

PIOCEAUIE ....c.vveeeiiieiiieeieeeieeeite e e ereeeaeesveeeveeeeae e B-31
Figure B-20  Earthquake intensity at design period, S,, versus

maximum interstory drift for 8-story RC wall building

with opening at 1% story resulting in 50% stiffness loss

and designed for Dmax spectrum using the ASCE/SEI

7-16 ELF procedure.........cccccoveevieniieieeieeieeieeeeeeeeeen B-32
Figure B-21 Simulated response quantities for models comprising

SFI-MVLEM and displacement-based beam-column

element responses for collapse-level of shaking.............. B-33
Figure B-22 ~ Comparison of SFI-MVLEM and displacement-based

beam column element IDA results for selected ground

100101500 B RO SR B-35
Figure B-23 ~ Comparison of SFI-MVLEM and displacement-based

IDA analysis results for 8-story RC wall building

WiIthOUL OPENINGS....cccvviiiiiieiieeieeciee et e eree e B-35

FEMA P-2012 List of Figures xix



Figure B-24

Figure B-25

Figure B-26

Figure B-27

Figure B-28

Figure B-29

Figure B-30

Figure B-31

Figure B-32

Figure B-33

Figure B-34

Comparison of SFI-MVLEM and displacement-based
IDA analysis results for 8-story archetype with opening
at the first flooT........cevieiriii e B-36

Base shear versus roof drift for 8-story walls designed
for Dyqx spectrum using the ASCE/SEI7-16 ELF
PTOCEAUTIE....c.viieiereieeiieieeie et ee et et esre e e eereenneenseenseens B-40

Base shear versus roof drift for 8-story walls designed
for Dyax spectrum using the ASCE/SEI 7-16 MRSA
PTOCEAUTIE....cviieieeeiieiieieeie ettt et e sre e eereenneenseeneeens B-41

Base shear versus roof drift for 12-story walls designed
for Dyax spectrum using the ASCE/SEI 7-16 ELF
PTOCEAUTIE ....c.vvieieeieeiieeieeie ettt sre e seresneenaeenseens B-42

Base shear versus roof drift for 12-story walls designed
for Dyuax spectrum using the ASCE/SEI 7-16 MRSA
PTOCEAUIE....cvvieieeeiieiieieeie et e et e see e e eereenreenseeneeens B-43

Earthquake intensity at design period, S, versus

maximum inter-story drift for 8-story walls designed

for Dyax spectrum using the ASCE/SEI 7-16 ELF
PLrOCEAUIE.....cuvieeiieeiiieeieeeieeeireeebeeeteeesereeseveeebeeeseneenes B-44

Earthquake intensity at design period, S,, versus

maximum interstory drift for 8-story walls designed for

Dypax spectrum using the ASCE/SEI 7-16 ELF

PIOCEAUIE ....c.vvieiieiieiiicieere e ete et et e sreseresebeebeesseesneens B-45

Earthquake intensity at design period, S,, versus

maximum inter-story drift for 12-story walls designed

for Dyqx spectrum using the ASCE/SEI 7-16 ELF
PTOCEAUTIE....c.vvieieeieeieeie ettt e et sre e e seresnreerseenneens B-46

Earthquake intensity at design period, S,, versus

maximum inter-story drift for 12-story walls designed

for Diax spectrum using the ASCE/SEI 7-16 ELF
PLOCEAUIE.....c.uvieeiieeiiieeieeeieeesireeebeeeteeesereesereeebeeesenaenes B-47

Earthquake intensity at design period, S,, versus

maximum interstory drift for 8-story walls designed for

B spectrum using the ASCE/SEI 7-16 ELF
PIOCEAUIE....c.vviiieeeiieeiiereete e ete et e ste e reseresereeebeesseesseens B-48

Earthquake intensity at design period, S,, versus

maximum interstory drift for 12-story walls designed

for Buax spectrum using the ASCE/SEI 7-16 ELF

PTOCEAUIE ....oviiiieiieeieee ettt ettt ettt ens B-49

List of Figures FEMA P-2012



Figure B-35  Impact of vertical irregularity and building height on

ACMR for walls designed for D, demands using

ASCE/SEI 7-16 ELF procedure...........cccovververrenrennnennn. B-50
Figure B-36  Impact of vertical irregularity and building height on

ACMR for walls designed for D, demands using

ASCE/SEI 7-16 MRSA procedure.........c.ecveeveeeveerreennens B-50
Figure B-37  Impact of vertical irregularity and building height on

ACMR for walls designed for B,u..x demands using

ASCE/SEI 7-16 ELF procedure...........cccoeevvreviecrennieennenns B-50
Figure C-1 Baseline steel moment frame building elevations.............. C-2
Figure C-2 Baseline SDC Dmax steel moment frame building plans ....C-2
Figure C-3 Baseline SDC Bax steel moment frame building plans.....C-2
Figure C-4 Baseline SDC Bmax steel moment frame building typical

3-StOTY €leVALION ...cveieieiieieieeie ettt C-5
Figure C-5 Baseline SDC Bmax steel moment frame building typical

3-StOTY PlaAN ..o C-5
Figure C-6 Baseline SDC Bax steel moment frame building typical

O-StOry €1eVation .......cccueeviieiiiieiie et C-8
Figure C-7 Baseline SDC Bmax steel moment frame building typical

O-StOTY PIAN ..oeeeviieiiieciee et C-8
Figure C-8 Baseline SDC Bmax steel moment frame building

typical 20-story elevation...........cceeeereereerienienieeieeiens C-10
Figure C-9 Baseline SDC Bmax steel moment frame building

typical 20-Story plan .........ccecevevereieeciveniieeeneereesee e C-10
Figure C-10  Reduced beam section profiles ..........cccceveeveereerernnnne, C-13
Figure C-11  Baseline SDC Dpax steel moment frame building

typical 3-story elevation...........ccecveeiverieerieeneeneesee e C-15
Figure C-12  Baseline SDC Dpax steel moment frame building

typical 3-Story plan ........cccoeeveveiiviieciieieee e C-15
Figure C-13  Baseline SDC Dy steel moment frame building

typical 9-story elevation...........c.ceveeveeviienieeneeneesnesenenens C-17
Figure C-14  Baseline SDC D steel moment frame building

typical 9-Story plan .........cccceeevvieeciiiiiiieceeeee e C-17
Figure C-15  Baseline SDC Dy steel moment frame building

typical 20-story elevation...........ccecceeveerienienienieeieeiens C-20

FEMA P-2012 List of Figures xxi



Figure C-16

Figure D-1

Figure D-2

Figure D-3

Figure D-4

Figure D-5

Figure D-6

Figure D-7

Figure D-8

Figure D-9

Figure D-10

Figure F-1

Figure F-2

Figure F-3

Figure F-4

Figure F-5
Figure F-6

Figure F-7

Baseline SDC Dpax steel moment frame building
typical 20-story plan........ccceeevvierciieeciiieie e C-20

Baseline RC moment frame building typical 4-story
ClEVALION ..ottt D-2

Baseline RC moment frame building typical 4-story

Baseline RC moment frame building typical 12-story
ClEVALION ..eoutiiiiiiiiiiecte e D-4

Baseline RC moment frame building typical 4-story
ClEVALION ..ottt D-7

Baseline RC moment frame building typical 4-story
Baseline RC moment frame building typical 8-story
ClEVALION ..eoutiiiiiiiiiiecte e D-9

Baseline RC moment frame building typical 8-story

Baseline RC moment frame building typical 12-story
ClEVALION ..covviniiiieiiricceccre et D-11

Expanded design space for assessment of global
behavior of buildings with mass irregularity...................... F-2

Member sizes for the 20-story steel SMF baseline

ATCRELYPC oveiiiiiicie et F-4
Member sizes for the 10-story steel SMF baseline

ATCHELYPEC .vvieeiieeieecee ettt e F-5
Member sizes for the 3-story steel SMF baseline

ATCRELYPE oot F-5
Cantilever-type response of RC SW archetypes ................ F-6
Shear-type response of steel SMF archetypes.................... F-6

xxii

List of Figures FEMA P-2012



Figure F-8

3-story RC SW, irregular mass at Level 2, story

MOMENTE TATIOS .eovvenriieeiiiiieiietenierieete et F-10
Figure F-9 20-story RC SW, irregular mass at Level 2, story

MNOMENE TATIOS ..veeuveenvieriesiierieeieeeeeieeeeeeeereeesseesseesneennes F-10
Figure F-10  20-story SMF, irregular mass at Level 2, story moment

TALIOS .niriieiiete ettt ettt F-11
Figure F-11 20-story RC SW, irregular mass at Level 8, story shear

TALIOS weeveeereniieieeneente ettt sttt F-11
Figure F-12 20-story RC SW, irregular mass at Level 8, story

MOMENE TATIOS .eovvinriieeniiiirietenieeeee ettt F-12
Figure F-13 20-story SMF, irregular mass at Level 8, story shear

16212 (01U F-12
Figure F-14  20-story SMF, irregular mass at Level 14, story shear

TAIOS .viiiiete ettt F-13
Figure F-15 20-story SMF, irregular mass at Level 14, story

MOMENE TATIOS .e.neinvieeieietieiieteseeeeeee et eeee e eeeeee e eneenes F-13
Figure F-16 20-story SMF, irregular mass at Level 14, mass

TATI0 = 3.ttt F-14
Figure F-17 20-story SMF, irregular mass at Level 14, mass

TATIO = 5ttt e F-14
Figure F-18 20-story SMF, irregular mass at Level 14, mass

TALI0 = 10 it F-15
Figure F-19 20-story RC SW, irregular mass at Level 14, story

SHEAT TALIOS ..ttt F-15
Figure F-20 20-story RC SW, irregular mass at Level 14, story

MNOMENE TATIOS +e.eeintieieieiienieie st eeeee et et eeee e seeeeeenes F-16
Figure F-21 10-story RC SW, irregular mass at Level 5, story shear

TATIOS weenveeitiienteetente ettt ettt ettt st F-16
Figure F-22 10-story RC SW, irregular mass at Level 5, story

TMOMENE TATIOS ..veevveenvieiieriieeieeieeieeieeeeeeeeseeesseesseesneennns F-17
Figure F-23 20-story RC SW, irregular mass at Level 14, mass

TATI0 = 3.ttt F-17
Figure F-24 20-story RC SW, irregular mass at Level 14, mass

FATIO = 5t F-18
Figure F-25 20-story RC SW, irregular mass at Level 14, mass

TAtI0 = 10 it F-18

FEMA P-2012 List of Figures xxiii



Figure F-26

Figure F-27

Figure F-28

Figure G-1

Figure G-2

Figure G-3

10-story RC SW, irregular mass at Level 5, mass

TALIO = 3 e F-19
10-story RC SW, irregular mass at Level 5, mass
TALIO =5 oot ettt e F-19
10-story RC SW, irregular mass at Level 5, mass
TALO = 10 uiiiiiieeie ettt F-20
Design space for story stiffness calculations..................... G-2

Stiffness comparisons and correlations for steel moment

Stiffness comparisons and correlations for concrete
shear wallS ..o G-6

xxiv

List of Figures FEMA P-2012



List of Tables

Table 2-1 Structural Irregularities in U.S. Codes and their

Treatment in this Report .........ccceevevveeviieeciieeiieeiee e 2-1
Table 2-2 Code Requirements for Horizontal Structural

Irregularities, by Seismic Design Category ..................... 2-24
Table 2-3 Code Requirements for Vertical Structural

Irregularities, by Seismic Design Category ...........c......... 2-25
Table 3-1 Systems Used to Study Structural Irregularities................. 3-2
Table 3-2 Parameters Varied in Designs and Detailed Analytical

STUAIES. ...ttt 33
Table 3-3 Metrics Monitored in Detailed Analytical Studies ............ 3-4
Table 3-4 Overview of Baseline Steel Moment Frame Building

DIESIENS....evieerieiieiieitie et ete e e re e teestr e re b e b e ebeebeeaeas 3-7
Table 3-5 Common Design Values Used for Steel Moment Frame

DIESIENS....evieeiieiieiieitie ettt str e e b e b e sseeraeaeas 3-7
Table 3-6 Example Baseline Design Summary........cc.ccoceeceevenennenne. 3-7
Table 3-7 Overview of Baseline RC Moment Frame Building

DIESINS....evieeiieiieiieciie e ere ettt s re e b e e re e e e 3-8
Table 3-8 Common Design Values Used for RC Moment Frame

DIESINS..cuviieiieiieiieciie ettt seaeenas 3-8
Table 3-9 Example Baseline Design Summary.........c.cccoeevereeneenen. 39
Table 3-10 Overview of Baseline RC Wall Building Designs........... 3-11
Table 3-11 Common Design Values Used for RC Wall Designs ...... 3-12
Table 3-12 Mean Stripe Results at Selected Intensities, Baseline 12

Story RC SMF ...t 3-31
Table 4-1 Design Properties of Baseline Archetypes...........cccceeue.. 4-10
Table 4-2 Recommended Modifications for ASCE/SEI 7-16 to

Achieve Minimum Torsion Design Requirements

Resulting in Adequate Collapse Resistance for a Broad

Range of Building Configurations.............cceeveveveerveennenns 4-16
Table 5-1 Design Space for RC Wall Buildings .........cccceeceeveenennee. 5-4
FEMA P-2012 List of Tables XXV



Table 5-2
Table 5-3

Table 5-4

Table 5-5

Table 6-1
Table 6-2
Table 6-3
Table 6-4
Table A-1

Table A-2

Table B-1

Table B-2

Table B-3

Table B-4

Table B-5

Table B-6

Table C-1

Table C-2

RC Wall Building Periods and Base Shear Demands......... 5-5
Design Properties for RC Walls..........ccooevvevviniiiieeieennen. 5-6

Collapse Probabilities for RC Wall Building Archetypes
Designed for the Dmax Spectra for the Case of Collapse
at Maximum Story Drifts in Excess 0f 5% ......cccccceeueeee. 5-15

Collapse Probabilities for RC Wall Building Archetypes
Designed for the Bmax Spectrum for the Case of
Collapse at Maximum Story Drifts in Excess of 5%........ 5-16

Weight (Mass) Irregularity Archetype Space..................... 6-5
Soft/Weak Irregularity Archetype Space .......ccccevvevvveennnns 6-9
SCWB Archetype SPace ........cceecvverveervenienienieereeveeneen 6-14
GILD Archetype Space.......ccevveevveevieeiieereereereeeieeeirenns 6-18
Model Information for Baseline Archetypes..................... A-3

Differences in Strength and Stiffness Required When

5% Mass Offsets are Used in Lieu of Static Accidental
Torsion Moments for Torsionally Irregular Symmetric
Archetype Buildings..........cccocveriineenieniieeienieeeeeee e, A-12

Summary of Parameters Used in the Design and
ANALYSIS c.eiiiiiiiieiieiteree st B-17

Summary of Parameters Used in the Design and
ANALYSIS ..ttt B-18

Summary of Parameters Used in the Design and
ANALYSIS.c.uvieiiieiieiieierte ettt B-19

Summary of Parameters Used in the Design and
ANALYSIS.c.uviiriiiieiieiieree et B-20

Collapse Probabilities for RC Wall Building

Archetypes Designed for the D, Spectrum for the

Case of Collapse at Maximum Story Drifts in Excess

OF T0%0 e B-38

Collapse Probabilities for RC Wall Building

Archetypes Designed for the Byu..x Spectrum for the

Case of Collapse at Maximum Story Drifts in Excess

OF 100 ceeneieeie e B-39

Typical Design Loading...........ccccoveeevieviieviieneenieseeenennn. C-3

Low Seismicity Zone Seismic and Wind Design
ValUCS ...ttt e C4

xxvi

List of Tables FEMA P-2012



Table C-3
Table C-4
Table C-5
Table C-6
Table C-7
Table C-8
Table C-9
Table C-10
Table C-11
Table C-12

Table C-13

Table C-14

Table C-15
Table C-16
Table C-17
Table C-18
Table C-19
Table C-20
Table C-21
Table C-22
Table C-23
Table C-24
Table C-25
Table C-26
Table C-27

Table D-1

V0030101 Baseline.......c..ccccveveinininenienicicieieieceenn C-6
V0030102 Baseline........ccccceeererereninienienieieieeeesesicneene C-6
V0030103 Baseline.......c..cccccveveinininenienicieieieieceennn C-6
V0030104 Baseline........c.ccceecererireninienienieieeeeeenencneens C-7
V0030105 Baseline..........ccccceeeeirinininicniciiicicieceen C-7
V0030106 Baseline........c..ccceceverirenenienienieieieeeencncneens C-7
V0090101 Baseline..........cccceeieininininieniiicicicieceene C-9
V0090102 Baseline..........ccccceeeeieinininicnicicieieieceenne C-9
V0200101 Baseline........ccccceecerererenenienieieieieeneniennenne C-11
V0200102 Baseline..........ccccceeivininiineniciciciiiececees C-12
High Seismicity Zone Seismic and Wind Design

ValUES ... C-14
Reduced Beam Section Profiles Used in SDC Diax

BUIldings ....cveevvieiiiiiie ettt C-14
V0300201 Baseline..........ccccceevvivininenieieicicieieceen C-15
V0300202 Baseline........c.ccceeererrerenrenienienieieieeeencnnenne C-16
V0300203 Baseline..........ccceceeeeieininenieieicieiceeeeeees C-16
V0300204 Baseline........c.ccccecereeerenenenienieieieenencnnenne C-16
V0900201 Baseline..........ccccceevvvieininenicnieicicieiecneen C-18
V0900202 Baseline........c.ccceereeereneniennenieieieeeeneennenne C-18
V0900203 Baseline..........ccccceevevieininienicieicieieeeceeeen C-19
V0900204 Baseline..........ccceceveeerenenrenenieeeieeeenennenne C-19
V02002011 Baseline........cccccecvvieinininiiicicicicieces C-21
V02002012 Baseline........ccccuecerererenenieneieieceeeeneennen C-22
V02002021 Baseline........ccccevverienieneenienenienieneeienieeeens C-23
V02002022 Baseline........ccccveeeeereerenenienieieieeeeeeneenes C-24
Steel Moment Frame Results..........coccoevvevieiieinincnncnnns C-25
Summary of Baseline Reinforced Concrete Frame
ATCRELYPES ..vveiieiieciie ettt D-1

FEMA P-2012

List of Tables

xxvii



Table D-2

Table D-3

Table D-4

Table D-5

Table D-6

Table D-7

Table D-8

Table D-9

Table D-10

Table D-11

Table D-12

Table D-13

Table D-14

Table D-15

Table D-16

Table F-1

Common Design Values Used for All RC MF

DESIGNS ....vvieieiiieiieeciee ettt et D-2
Design Values — 4-Story RC OMF Baseline..................... D-3
4-Story RC OMF Baseline Design Summary:

VIT0420T ottt D-4
Design Values — 12-Story RC OMF Baseline................... D-5
12-Story RC OMF Baseline Design Summary:

V12201 et D-6
Design Values — Baseline 4-Story RC SMF ..................... D-7
4-Story RC SMF Baseline Design Summary:

VIT04T0T oo D-8
Design Values — 8-Story RC SMF Baseline ..................... D-9
8-Story RC SMF Baseline Design Summary:

VITO08T0T oot D-10
Design Values — 12-Story RC SMF Baseline ................. D-12
12-Story RC SMF Baseline Design Summary:

V12107 e D-13
Design Values — 20-Story RC SMF Baseline ................. D-14
20-Story RC SMF Baseline ELF Design Summary:

VI20T0T et D-14
20-Story RC SMF Baseline MRSA Design Summary:
V120301 et D-16
Reinforced Concrete Moment Frame Results.................. D-18
System Properties for Expanded Design Space ................. F-3

xxviii

List of Tables FEMA P-2012



Chapter 1

Iniroduction

This report documents the work and findings of the ATC-123 Project,
Improving Seismic Design of Buildings with Configuration Irregularities, a
multi-year study funded by the Federal Emergency Management Agency
(FEMA) under the National Earthquake Hazards Reduction Program
(NEHRP). The primary purpose of the project was to facilitate improvement
of irregularity-related design requirements of: FEMA P-1050-1, NEHRP
Recommended Seismic Provisions for New Buildings and Other Structures
(FEMA, 2015); ASCE/SEI 7-16, Minimum Design Loads and Associated
Criteria for Buildings and Other Structures (ASCE, 2017a); and ASCE/SEI
41-17, Seismic Evaluation and Retrofit of Existing Buildings (ASCE, 2017b).

1.1 Background

It is commonly accepted that structural configuration irregularities can affect
seismic performance. For the purposes of this report, a structural irregularity
is defined as an aspect of configuration that detrimentally affects a structure’s
performance during an earthquake leading to an unacceptable reduction in
collapse safety or increase in damage. Generally, there are three remedies
for such irregularities, as follows:

e Remove the irregularity from the design;
e Address the irregularity using an analytical approach; or

e Resolve the irregularity through a design approach (e.g., by changing the
proportioning).

U.S. codes and standards, such as ASCE/SEI 7, ASCE/SEI 41, ACI 318,
Building Code Requirements for Structural Concrete, and AISC 341, Seismic
Provisions for Structural Steel Buildings contain requirements related to
structural configuration, which tie prohibitions, analysis requirements, and
design requirements to various triggers. The irregularity-related
requirements found in codes and standards generally reflect the best
judgment of practitioners and academics based primarily on anecdotal
observations and fairly simple linear static and linear dynamic analyses,
without explicit consideration of collapse probability.
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In the last decade, a methodology to validate building system performance

and response parameters for use in seismic design was developed. That
methodology, reported in FEMA P695, Quantification of Building Seismic
Performance Factors (FEMA, 2009) has been accepted as the rational basis
for establishing global seismic performance factors, including the response

modification coefficient (R factor), the system overstrength factor (£2), and

the deflection amplification factor (Cy) used for design of new seismic-force-

resisting systems in accordance with U.S. model building codes and related

standards. To date, most investigations of system performance using the

FEMA P695 methodology have focused on classes of buildings without

significant configuration irregularities.

1.2

Overview of Irregularities Considered

This report summarizes work conducted under the ATC-123 Project to

quantitatively evaluate current building code triggers, the influence of

structural irregularities on seismic building performance (in terms of collapse

probability), and the effectiveness of relevant code provisions. The objective

of the studies conducted under this project was to inform and improve U.S.

codes and standards so that structures with configuration irregularities have a

level of safety against collapse in an earthquake that is comparable to that for

regular structures. The project focuses primarily on design requirements for

new buildings, with limited consideration of the treatment of irregularities for

existing buildings.

With a focus on irregularities that have detrimentally affected structural

performance in past earthquakes or that are common in current construction

trends, the project considered 12 classes of structural configuration

irregularities identified in current U.S. codes and standards and two new

classes as follows:

Torsional stiffness
Reentrant corner
Diaphragm discontinuity
Out-of-plane offset
Nonparallel system
Torsional strength

Soft story

Weight [mass]

Vertical geometric

1-2

1: Introduction

FEMA P-2012



e In-plane discontinuity
e  Weak story
e Weak-column/strong-beam

e Two new classes of irregularity: gravity-induced lateral demand and wall
discontinuities

Treatment of these irregularities by the project ranges from explicit
quantitative collapse evaluation (using the FEMA P695 methodology) to a
general discussion of the most critical issues.

The structural systems addressed in this report include moment frames (both
steel and reinforced concrete), reinforced concrete shear walls, combinations
thereof, and simplified treatment of wood frame shear wall buildings.

1.3 Target Audience

This report is written and organized to facilitate the transfer of project
findings to: (1) the FEMA-sponsored Building Seismic Safety Council
(BSSC) NEHRP Provisions Update Committee; (2) the ASCE/SEI 7 Seismic
Subcommittee; and (3) the ASCE/SEI 41 Committee. The work and findings
of the ATC-123 Project are also of value to other engineering practitioners
and researchers interested in building design and code development.

1.4 Content and Organization

Chapter 2 provides an overview of structural configuration irregularities,
including observations of performance in past earthquakes, treatment of
irregularities in the building codes of various countries, and a summary of
key findings from earlier research. Each type of irregularity is illustrated,
and key performance concerns are discussed briefly.

Chapter 3 describes the approach used to design, model, and analyze the
building archetypes used to evaluate the impact of configuration irregularity
on collapse resistance.

Chapter 4 summarizes analytical studies of torsional stiffness and torsional
strength irregularities. Those studies are used to assess the effectiveness of
current code requirements related to torsional irregularities and to identify
corresponding recommended improvements.

Chapter 5 addresses concrete shear wall buildings with vertical irregularities.
The impact of openings in the lowest one or two stories of mid-rise buildings
on their collapse resistance is investigated using a variety of software
platforms and model types.

FEMA P-2012 1: Introduction
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Chapter 6 summarizes analytical studies of five aspects of vertical
configuration—soft story irregularity, weight (mass) irregularity, weak story
irregularity, strong-column/weak-beam provisions, and gravity-induced
lateral demand—using reinforced concrete and structural steel moment frame
buildings. Some of the studies also compare the performance of buildings
designed using the equivalent lateral force procedure with those designed
using the modal response spectrum analysis method.

Chapter 7 discusses the triggers and design consequences for several
irregularities that were not the subject of extensive analysis in the course of
the ATC-123 Project, including reentrant corners, diaphragm discontinuity,
out-of-plane offset, nonparallel systems, vertical geometric, in-plane
discontinuity, and wall discontinuity. Recommendations are made so the
treatment of these irregularities can be more consistent with observed
performance and the evolution of the related design requirements.

Chapter 8 summarizes recommended improvements for the seismic design of
buildings with configuration irregularities and identifies areas for future
study.

Appendices A through D provide more detailed information and results of
the work reported in Chapters 4 through 6. Appendix E describes quality
control review work conducted for each of the analytical studies. Appendix
F documents a series of supplemental analyses performed to test the
generality of observations made regarding the use of the equivalent lateral
force procedure for buildings with mass irregularity. Appendix G provides
recommendations for the calculation of story stiffness and story strength,
which are used to assess soft story and weak story irregularities and to
determine the redundancy factor. Appendix H provides a discussion and
some general conclusions regarding steel systems not specifically detailed for
seismic resistance.

A glossary of definitions and list of symbols used throughout this report,
along with a list of references, are provided at the end of this report.
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Chapter 2

Overview of Irregularities

Structural irregularities are a common occurrence due to the configuration of
buildings to meet architectural and functional needs. Some of these
irregularities are defined in existing standards, such as ASCE/SEI 7-16,
Minimum Design Loads and Associated Criteria for Buildings and Other
Structures (ASCE, 2017a); ASCE/SEI 41-17, Seismic Evaluation and
Retrofit of Existing Buildings (ASCE, 2017b); ACI 318-14, Building Code
Requirements for Structural Concrete (ACI, 2014); and ANSI/AISC 341-16,
Seismic Provisions for Structural Steel Buildings (AISC, 2016). Table 2-1
lists these irregularities and their treatment in current U.S. standards. (This
report uses the item numbers that appear in Table 12.3-1 and Table 12.3-2 of
ASCE/SEI 7-16 with H or V prepended to indicate class of irregularity—
horizontal or vertical.) Table 2-1 also indicates how each irregularity is
treated in this project, where “Analysis” indicates an explicit assessment of
collapse probability using the FEMA P695 method.

Table 2-1 Structural Irregularities in U.S. Codes and their Treatment in this Report
Structural Irregularities Codified in Treatment in this Report
H1. Torsional (stiffness) irregularity ASCE/SEI 7-16 Analysis
H2. Reentrant corner irregularity ASCE/SEI 7-16 Discussion
H3. Diaphragm discontinuity irregularity ASCE/SEI 7-16 Discussion
H4. Out-of-plane offset irregularity ASCE/SEI 7-16 Discussion
H5. Nonparallel system irregularity ASCE/SEI 7-16 Discussion
H6.? Torsional strength irregularity ASCE/SEI 41-17 Analysis
V1. Soft story irregularity ASCE/SEI 7-16 Analysis
V2. Weight (mass) irregularity ASCE/SEI 7-16 Analysis
V3. Vertical geometric irregularity ASCE/SEI 7-16 Discussion
V4. In-plane discontinuity ... irregularity ASCE/SEI 7-16 Discussion
V5. Weak story irregularity ASCE/SEI 7-16 Analysis
V6." Story mechanism: weak-column/strong-beam ACI 318-14, ANSI/AISC 341-16 Analysis
V7. Gravity-induced lateral demand Analysis
V8. Wall discontinuity Limited analysis

@ The designations “H6” and “V6"-“V8" are used in order to extend the ASCE/SEI 7-16 code designations to additional
irregularities addressed in this report.
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Although irregularities are known to influence seismic performance, the
triggers in the current design codes for vertical and horizontal irregularities
are based on the judgment of code writers, not clearly demonstrated
differences in structural performance, and have not yet been quantitatively
evaluated. An exception is a Building Seismic Safety Council (BSSC)
project on Simplified Seismic Design Procedures that found torsional
irregularity triggers to have little effect on the collapse risk for Seismic
Design Category (SDC) B buildings, resulting in a code change proposal to
eliminate the requirement in areas of low seismic hazard (DeBock et al.,
2014). The need to systematically evaluate other irregularity triggers and
requirements in all Seismic Design Categories has been identified as a highly
important priority for conducting further research activities in the NIST GCR
13-917-23 report, Development of NIST Measurement Science R&D
Roadmap: Earthquake Risk Reduction in Buildings (NIST, 2013).

The tools for quantitative evaluation of the influence of structural
irregularities and associated irregularity triggers on collapse performance are
available (e.g., the FEMA P695 report, Quantification of Building Seismic
Performance Factors (FEMA, 2009)). During development of FEMA P695
and numerous follow-on projects, the methodology set forth in the FEMA
P695 report was used to investigate the collapse performance of a number of
different seismic-force-resisting systems (SFRSs) against the quantitative
collapse and overall risk performance criteria of ASCE/SEI 7-10 for life
safety. In these studies, seismic-force-resisting systems were assumed to be
regular in configuration. Similar work has not yet been conducted for
systems with horizontal and vertical irregularities.

2.1 Literature Search

Phase I of the ATC-123 Project included a review of reported performance of
irregular buildings in past earthquakes—with particular focus on the 1971
San Fernando, 1989 Loma Prieta, 1994 Northridge, 1995 Kobe, 2010 Maule,
and 2011 Christchurch events. Also reviewed was the treatment of
configuration irregularities in codes and standards throughout the world,
including the codes used in Canada, Europe, New Zealand, Japan, China,
Mexico, Venezuela, Panama, Costa Rica, and Chile. The literature search
also included review of scores of prior studies of structural irregularities and
related metrics and triggers, and analytical methods to quantify or assess

such irregularities.

2-2
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2.1.1 Observed Performance of Irregular Buildings

The ATC-123 Project included a review of reported performance of irregular
buildings in past earthquakes. Findings concerning earthquake-related
fatalities and causes of structural collapse are summarized below.

2.1.1.1 Earthquake-Related Fatalities

In general, earthquake-related fatalities are attributed to the performance of
structures subjected to ground motion or ground failure, including
medical-related deaths such as heart failure brought on by the earthquake,
fire following, or tsunami. Deaths due to ground motion or ground failure
are due primarily to injuries sustained because of building (or bridge)
collapse.

Of the estimated 1,687 fatalities in U.S. earthquakes between 1900 and 2000,
573 are related to ground motion or failure, 640 to fire following, and 474 to
tsunami. (This estimate does not reflect recent studies that suggest that the
“official” 800 deaths in the 1906 San Francisco earthquake should be 3,000
deaths.) The relatively few number of earthquake fatalities in recent U.S.
earthquakes (less than 200 deaths since 1970) reflects both good fortune (i.e.,
only moderate magnitude earthquakes have occurred off hours or away from
the center of the areas of densest population), as well as the generally good
earthquake resistance of U.S. (California) buildings. Larger magnitude
events closer to the center of dense urban areas would be expected to cause a
much greater loss of life due to collapse of vulnerable buildings such as those
which have a significant structural irregularity.

For instance, the 6,434 fatalities in the 1995 Kobe earthquake, which is one
of the most significant events to affect an urban region of modern
construction, were primarily due to building collapse. More than 82,000
buildings collapsed in the 1995 Kobe earthquake, with building collapse rates
of approximately 21% for sites within 5 km of the fault rupture and 1.2% for
sites greater than 5 km from fault rupture (AlJ, 1995).

2.1.1.2 Causes of Structural Collapse
Recent U.S. Earthquakes

Since 1970, roughly one-half of the approximate 200 deaths in United States
carthquakes are due to building collapse, and virtually all of these deaths
occurred due to collapse of buildings of either unreinforced masonry (URM)
or non-ductile concrete material (i.e., materials no longer permitted for
construction in seismic regions) and/or of irregular structural configuration
(e.g., soft-story light-frame wood buildings).

FEMA P-2012 2: Overview of Irregularities
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Figure 2-1

Figure 2-1, Figure 2-2, and Figure 2-3 are photos showing examples of
collapse of the most vulnerable types of U.S. construction in past
earthquakes. Vulnerable construction includes URM buildings (Figure 2-1),
non-ductile reinforced concrete buildings (Figure 2-2), and soft/weak story
wood frame buildings (Figure 2-3). Collapse of these three types of
buildings caused over 70 of the approximate 100 deaths due to building
collapse in U.S. earthquakes since 1970. These building types are either no
longer permitted in regions of moderate or high seismicity (i.e., URM
buildings) or, presumably, current seismic code provisions (ASCE/SEI 7-16)
have adequately addressed issues of element ductility (e.g., for reinforced
concrete buildings) or irregular configuration (e.g., soft/weak story wood
buildings).

Examples of URM building collapse in the (a) 1983 Coalinga earthquake (NISEE, 1983);
(b) the 1987 Whittier earthquake (NISEE, 1987), and (c, d) the 1989 Loma Prieta
earthquake (photos courtesy of the U.S. Geological Survey and Bill Lovejoy of the Santa
Cruz Sentinel, respectively). 5 deaths (San Francisco, photo c) and 3 deaths (Santa Cruz,
photo d) out of 15 building collapse-related deaths occurred due to out-of-plane failure of
URM walls in the 1989 Loma Prieta earthquake.

2-4
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Figure 2-2 Example of non-ductile concrete frame building collapse at the Veterans Administration
(VA) complex in the 1971 San Fernando earthquake; including total collapse of 4 of 26
buildings. 47 of the 58 deaths in the 1971 San Fernando earthquake occurred at the
VA complex. Photo courtesy of the U.S. Geological Survey.

‘ = = =5 G AN LOMA PRIETA EARTHQUAKE

AGSE MARINA DISTRICT
& October 17, 1989
\

Figure 2-3 Examples of soft-story multi-family wood residential building collapse in the 1989
Loma Prieta earthquake (a, b) and in the 1994 Northridge earthquake (c, d). 16 of the
20 building collapse-related deaths in the 1994 Northridge earthquake occurred in the
Northridge Meadows apartment complex (c). Photos (a) and (d) are from NISEE
(1989; 1994); photos (b) and (c) are courtesy of EERI.
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With respect to the cause of collapse and hence occupant fatality, failure of
URM buildings (Figure 2-1) is typically associated with out-of-plane failure
of bearing walls, especially at wall-to-diaphragm connections, and not related
to structural irregularity. It might be noted that URM buildings could have a
structural irregularity, but the building would still be more vulnerable due to
out-of-plane wall failure. With respect to non-ductile concrete buildings,
structural irregularity likely contributed to at least some of the collapse
damage at the VA complex (Figure 2-2); however, like URM buildings, other
factors are the primary cause of failure. With respect to soft/weak story
wood buildings, by definition, collapse of these buildings is directly related
to their soft/weak story irregularity.

In the case of the Olive View Hospital, vertical stiffness (strength)
irregularity caused first floor collapse of the Community Mental Health
Building and nearly caused collapse of the main building of the Olive View
hospital. The hospital was staffed with 98 employees and had 606 patients at
the time of the earthquake, but there were only three earthquake fatalities
(i.e., 2 medical-related deaths and 1 death due to collapse of a stairwell).
There were no deaths in the Community Mental Health Center, which was
unoccupied (off hours) at the time of the earthquake. Arguably, the number
fatalities in the Olive View Hospital complex could have been comparable to
(or greater) than the 47 fatalities at the VA complex given the near collapse
of the main building and first floor collapse of the unoccupied Community
Mental Health Building.

Figure 2-4 shows photos of damage to buildings at the Olive Hospital caused
by the 1971 San Fernando earthquake. Damage includes extreme distortion
and near collapse of the “soft-story” moment-frame columns of the lower
floors of the five-story main building of Olive View Hospital (Figure 2-4a,
2-4c). Columns at the lower levels had large ductile capacity due to spiral
reinforcement (as shown in Figure 2-4¢) and collapse would likely have
occurred without such reinforcement. There was complete collapse of the 1%
floor of the two-story Community Mental Health Building (Figure 2-4d). In
this case, lateral deflection was concentrated at the 1%-floor level due in part
to masonry walls at the 2™ floor limiting 2™-floor lateral deflection and
effectively creating a soft/weak 1 story.
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Olive View Hospital, Main Building

e

i

| Olveiew Hospital, Main Building Olive View Hospital, Community Mental Health Building
(d)
Figure 2-4 Photographs of severe damage and collapse of buildings of the Olive View Hospital due to

the 1971 San Fernando earthquake. Photos from NISEE (1971a; 1971b; 1971c; 1971d,
respectively).

1995 Kobe Earthquake

Most of the buildings that collapsed in the 1995 Kobe earthquake were of
older construction that had the following three attributes: (1) weak lateral
system; (2) non-ductile material; and (3) irregular structural configuration—
conditions no longer permitted, or subject to greater penalties, by the
Japanese building code (since 1981).

Smaller commercial and mixed-use Japanese buildings are typically 2-story
and 3-story structures common to denser urban areas. The first floor is often
used for the family business with the family living upstairs. Typically,
several businesses (families) occupy different units of the same building.
These buildings are typically made of wood, similar to low-rise residential
construction, or light-gage steel. It is common for these buildings to have a
soft/weak first story and significant torsional response since the first floor
will typically have large openings (and no wall) on the street-side of the
building. Figure 2-5 shows severe leaning and incipient collapse of a mixed-
use building in Kobe City typical of damage to these types of buildings.

FEMA P-2012 2: Overview of Irregularities
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Figure 2-5 Photograph showing severe leaning and incipient collapse of a 2-story mixed-use
building in Kobe City. Photo courtesy of Charlie Kircher.

Mid-rise Japanese buildings are 3-stories to 60 meters in height and are used
for both residential (apartments) and commercial occupancies. They are
constructed of steel framing or reinforced concrete (RC), or a combination of
a steel frame encased in reinforced concrete (SRC). In older SRC buildings,
the steel frame may not continue up the full building height of the building
creating a hidden strength discontinuity at an upper floor. Japanese mid-rise
buildings are the building type most similar to U.S. buildings. And, like the
seismic provisions of the U.S. building codes, the seismic provisions of the
Japanese building code have changed substantially over time (often for the
same reasons).

In 1981, the Japanese building code was completely revised to incorporate a
sophisticated two-phase design approach that retained traditional methods as
the first phase of design for safety and serviceability during medium
earthquake motions, and added a new, second phase of design for safety
against severe ground shaking. As part of the new approach, vertical
stiftness irregularity is checked using a “rigidity factor” and torsional
irregularity is checked using an “eccentricity factor.” Structures deemed to
be irregular have more stringent design requirements; the underlying concept
is to encourage use of regular configurations.
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Differences in the performance of buildings of different design vintages is
apparent in the tagging data compiled by engineers from Obayashi
Corporation who inspected 332 buildings that their company had designed
and constructed in Kobe since about 1950 (Obayashi, 1995). Over 50
percent of buildings designed before 1982 were assigned a yellow or red tag,
whereas less than 10 percent of the buildings designed after 1982 were
assigned a yellow or red tag. No post-1982 buildings collapsed, and it is
likely that some the post-1982 buildings that were assigned a red tag (8
buildings) reflect damage due to nonstructural systems, rather than structural
damage.

Figure 2-6 and Figure 2-7 are photographs of collapse damage to older mid-
rise buildings with vertical and/or horizontal irregularities, including
information about building type, configuration, and collapse failure
mechanism when known. These buildings are representative of more
common types of collapse damage observed in older mid-rise buildings.

I ;{" . Partial collapse of a 6-story
il commercial building

Figure 2-6 Partial collapse of a 6-story commercial building (Chou Ward) with a torsional
irregularity. The building was a reinforced concrete structure with perimeter
shear walls on two orthogonal sides of the building and gravity framing on the
other two orthogonal sides of the building. The torsional irregularity caused
the building to rotate during the earthquake. As the building rotated, large
displacement of the gravity frames at the corner away from the stiffer walls
exceeded frame capacity causing failure of columns and collapse or sagging of
floors above. Photo courtesy of Charlie Kircher.
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Partial collapse of a 12-story
commercial building

Figure 2-7 Partial collapse of a 12-story commercial building (Sannomiya
District) with plan and (presumed) vertical irregularities. The
building was a 12-story reinforced concrete shear wall structure
with perimeter shear walls on three sides. Shear walls were
lightly reinforced. The torsional irregularity caused the building
to rotate as well as displace laterally during the earthquake. As
the building displaced and rotated, the capacity of gravity
framing was exceeded and the building partially collapsed at the
4" floor on the side of the building facing the street (i.e., side
without walls), most likely due to a vertical irregularity at this
level although the source of the irregularity could not be
confirmed. Photo courtesy of Charlie Kircher.
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2010 Maule Earthquake

Evaluation of buildings damaged during the 2010 M8.8 Maule earthquake
identified a number of building system design and configuration issues that
could be expected to result in poor earthquake performance. These issues
include discontinuities in walls; coupling of walls via slabs, beams, and
spandrels; wall demands induced by nonstructural elements; and wall axial
demands. These issues are described in detail in Appendix D of NIST GCR
14-917-25, Recommendations for Seismic Design of Reinforced Concrete
Wall Buildings Based on Studies of the 2010 Maule, Chile Earthquake
(NIST, 2014), and addressed in Birely (2012). The following provides a
brief description of the building configuration issues considered to be most
highly correlated with earthquake damage.

Many of the RC wall buildings damaged during the 2010 Maule earthquake
were observed to have significant vertical discontinuities in walls that were
primary elements of the lateral load resisting system. Figure 2-8 and Figure
2-9 show vertical discontinuities in which a significant length of wall is lost
from an upper to a lower story. Appendix D of NIST GCR 14-917-25
discusses vertical discontinuities in detail and provides vertical discontinuity
data for the Chilean buildings that were studied.

Section B.1.1 provides more detailed information on observed damage
particular to concrete walls with irregularities in past earthquakes, including
the 2010 Maule earthquake.
’ |
|

Figure 2-8 Coupled walls in upper stories do not continue to lower story
(Plaza del Rio Building, Concepcion, Chile). Photo courtesy of
Ken Elwood.
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Figure 2-9

Gl e

A change in the wall section from the upper to lower story results in a loss of wall
area and localization of flexural yielding (Plaza del Rio Building, Concepcién,
Chile). Photo courtesy of Ken Elwood.

2.1.2 Treatment of Configuration Irregularities in Codes and
Standards

2.1.2.1 TU.S. Codes and Standards

The 1976 Uniform Building Code (International Conference of Building
Officials, 1976) contains the first explicit treatment of structural
“irregularities” in a U.S. building code. Section 2312(¢e)3, reads as follows:

“Structures having irregular shapes or framing systems. The
distribution of the lateral forces in structures which have highly irregular
shapes, large differences in lateral resistance or stiffness between
adjacent stories or other unusual structural features shall be determined
considering the dynamic characteristics of the structure.”

This requirement was added at the recommendation of the Seismology
Committee of the Structural Engineers Association of California (SEAOC)
based on “observation of earthquake damage” (SEAOC, 1975). The
commentary suggests that “due to the infinite variations of irregularities that
can exist, the impracticality of establishing definite parameters and rational
rules for the application of this Section are readily apparent.” It goes on to
identify four “categories of buildings or conditions that are deserving of
special design consideration,” as follows:
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e Buildings with irregular configuration in plan or in the vertical
dimension.

¢ Buildings with abrupt changes in lateral resistance within any level or
between adjacent levels.

e Buildings with abrupt changes in lateral stiffness within any level or
between adjacent levels.

e Unusual or novel structural features.

The SEAOC commentary also provides guidance for each of the four
categories.

The ATC-3 project sought “to present, in one comprehensive document,
current state-of-knowledge in the fields of engineering seismology and
engineering practice as it pertains to seismic design and construction of
buildings” (ATC, 1978). Project participants included design professionals,
researchers, federal agency representatives, staffs from model code
organizations, and representatives from state and local governments
throughout the United States. The resulting report includes a provision that
“buildings which have an approximately symmetrical geometric
configuration and which have the building mass and seismic resisting system
nearly coincident shall be classified as regular.” Buildings would be
classified as irregular where they have plan or vertical configuration as
follows:

e Plan irregularity

o The building does not have an approximately symmetrical geometric
configuration or has re-entrant corners with significant dimensions.

o There is the potential for large torsional moments because there is
significant eccentricity between the seismic resisting system and the
mass tributary to any level.

o The diaphragm at any single level has significant changes in strength
or stiffness.

e Vertical irregularity

o The building does not have an approximately symmetrical geometric
configuration about the vertical axes or has horizontal offsets with
significant dimensions.

o The mass-stiffness ratios between adjacent stories varies
significantly.
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In subsequent years, revisions were made to the Uniform Building Code, the
NEHRP Recommended Provisions, ASCE/SEI 7, ASCE/SEI 31/41, ACI 318,
and ANSI/AISC 341 to expand the list of irregularities, provide specific
triggering thresholds, and prescribe related analysis, design, and detailing
requirements—based on observed performance, ongoing research, and the
consensus process.

In addition to the 10 irregularities addressed in ASCE/SEI 7-16 (identified as
H1-HS5 and V1-VS5 in this report), ASCE/SEI 41-17 identifies a torsional
strength irregularity, which is identified as H6 in this report.

U.S. design standards for concrete (ACI 318-14) and steel (ANSI/AISC
341-16) regulate moment frame proportioning to avoid weak-column/strong-
beam systems to reduce the likelihood of the premature formation of a story
mechanism; that type of configuration is identified as V6 in this report.

2.1.2.2 International Codes

This project reviewed the treatment of configuration irregularities in building
codes applicable in Canada, Europe, Japan, China, Mexico, Venezuela,
Panama, Costa Rica, and Chile. The following is a summary:

e The building code in Canada is similar to that of the U.S. Specifically, 8
of the 10 ASCE/SEI 7-16 irregularities are defined, excluding re-entrant
corners and diaphragm discontinuity [H2 and H3]. In response to recent
architectural trends to include sloping columns in large-scale
construction, the National Building Code of Canada (National Research
Council of Canada, 2015) triggers that configuration as a gravity-induced
lateral demand irregularity based on recent analytical studies (Dupuis et
al., 2014); this report uses the designation V7 for this condition.

e Section 4 of Eurocode 8 provides commentary-like guidance on good
design, which states that it is good practice to have a regular structure.
Table 4.1 in Eurocode 8 provides a method for choosing an analysis
approach (European Committee for Standardization, 2004). It uses
analysis methods and strength requirements to address irregularities.

o The New Zealand building code is similar to ASCE/SEI 7. MacRae and
Deam (2009) compiled a series of papers summarizing the thinking of
the New Zealand engineering community on irregularities before the
2010 Christchurch earthquake.

e The Japanese building code was summarized in a paper by Aoyama
(1981). According to this paper, the guidance provided is that the
building design should be simple, short, and regular—to avoid an
elaborate design process. Rigidity and eccentricity factors determine if
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the building is sufficiently regular to avoid more elaborate design. The
detailed calculations prescribed in the Japanese building code differ from
those in ASCE/SEI 7, but the conditions addressed roughly correspond to
V1b (extreme soft story irregularity) and H1 (torsional stiffness
irregularity).

e The building code in China is similar to that in the U.S. Specifically, 7
of the 10 ASCE/SEI 7-16 irregularities are defined, excluding out-of-
plane offset, nonparallel system, and weight (mass) irregularities [H4,
H5, and V2] (Ministry of Construction of the People’s Republic of China
and the State Quality Supervision and Quarantine Bureau, 2001).

e The building code in Mexico defines structural regularity and severe
irregularity, but not irregularity per se (ISCDF, 2004). The consequence
of an irregularity is a decrease in the R-factor (i.e., an increase in design
base shear).

e The Venezuelan building code defines vertical and plan irregularities
similar to those in the U.S., but adds items for excessive slenderness,
short column effects, flexible diaphragms, and columns disconnected
from diaphragms (FUNVISIS, 2001). The consequence is on values of
design factors, not the use of a different analysis approach.

e The building code in Panama includes the 10 categories of irregularities
defined in ASCE/SEI 7-16 (Junta Técnica de Ingenieria y Arquitectura,
2004).

e The building code in Costa Rica includes the 10 categories of
irregularities defined in ASCE/SEI 7-16, but adds a torsional irregularity
where the first torsional mode has a longer period than one (or both) of
the fundamental translational modes in the two orthogonal horizontal
directions (CFIA, 1986).

e The Chilean building code does not explicitly address irregularities.
2.1.3 Published Research on Irregularities

The project reviewed recent research on irregularities. In addition to papers
for individual studies, the paper by De Stefano and Pintucchi (2008) is “a
review of research on seismic behavior of irregular building structures since
2002,” which summarizes findings from scores of studies between 2002 and
2008. None of the research reviewed addresses reentrant corner (H2),
diaphragm discontinuity (H3), out-of-plane offset (H4), nonparallel system
(H5), torsional strength (H6), or in-plane discontinuity (V4) irregularity.
Key observations from the reviewed research for the addressed irregularities
follow.
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Torsional (stiffness) irregularity [H1]. A horizontal torsional irregularity
is a function of the distribution of a structure’s stiffness and mass at a given
floor level. Specific ASCE/SEI 7-16 regulations pertaining to torsional
(stiffness) irregularities are triggered if the deflection on one side of the story
is greater than 1.2 times the average deflection of that story along the same
axis where a load with 5% eccentricity from the story’s center of mass is
applied (the 5% eccentricity measured with respect to a building’s dimension
perpendicular to the direction of applied load). Out of all the irregularities to
be studied in this project, torsional irregularity is the most previously studied
irregularity. There has been much research using single-story analytical
models to quantify the effects of torsional irregularities, and, in recent years,
there has been a push to study the effects of nonlinearity on the torsional
behavior of structures. Studies using simplified single-story models seem to
show little difference between elastic and plastic effects of torsional
irregularities, but several studies (e.g., Stathopoulos and Anagnostopoulus, as
summarized by De Stefano and Pintucchi, 2008) using 3D multi-story
models seem to contradict previous studies and find that torsional
irregularities have greater effect the more nonlinear the model becomes. In
all of these studies, there is a general expression of need to perform more
research on the effects of torsional irregularities on nonlinear behavior using
more advanced 3D multi-story models. There have also been several studies
looking into the effects of accidental torsion requirements with torsional
irregularities. In DeBock et al. (2014) it was concluded that the accidental
torsion requirements in ASCE/SEI 7-16 for the equivalent lateral force (ELF)
design procedure significantly impact collapse resistance only for structures
with moderate to high torsional irregularity. It was also concluded in that
study that the torsional amplification factor (4,) as well as drift limits on
building edges (rather than at the center of mass) are significant in preventing
building collapse for torsionally irregular buildings in high seismic zones.

Soft story irregularity [V1]. According to ASCE/SEI 7-16, soft story
irregularities occur where a given story has a stiffness less than 70% of the
story above or less than 80% of the average stiffness of the 3 stories above.
In Michalis et al. (2006), it was shown through analytical models of 9-story
steel moment frames that soft story irregularities have the largest effect on
collapse capacity where the soft story occurs at one of the first three stories.
Where the soft story is more towards the middle or top of the structure, the
study showed that it has little effect on collapse capacity. Even though this
study found that soft story irregularities have an effect, both this study and
other studies have shown that the weak story aspects of a vertical irregularity
are more important than the soft story aspect of such an irregularity.
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Weight (mass) irregularity [V2]. As defined in ASCE/SEI 7-16, weight
irregularity occurs where the effective mass of one story is greater than 150%
of that of an adjacent story. The effects of mass irregularities on 9-story steel
moment frame buildings were studied by Michalis et al. (2006). It was found
that mass irregularity had a similar but inverse effect to that of a soft story
irregularity. The degree to which mass affects collapse capacity was shown
to be similar to that of a soft story, but placement effects were inverse.
Where the mass irregularity occurred on the top floor, it had the greatest
effect; where it occurred on the middle or lower floors, it had little effect on
collapse capacity. Both mass and soft story irregularities had less effect on
collapse than a weak story irregularity in the Michalis et al. (2006) study.
Other studies (Magliulo et al., 2002; Tremblay and Poncet, 2005) have also
noted that vertical mass eccentric buildings perform well in seismic events.

Vertical geometric irregularity [V3]. As defined in ASCE/SEI 7-16
vertical geometry irregularities occur where the horizontal dimension of the
seismic-force-resisting system on any story is greater than 130% of that on
the adjacent story. A common example of vertical geometry irregularity is
story setback. A 2004 study by Tena-Colunga (as summarized by De
Stefano and Pintucchi, 2008) found that buildings with vertical setback
performed well as long as there was adequate redundancy in the lateral
system, but systems without redundancy and with vertical setback performed
poorly. Several other studies mention the variability observed in studies on
setback, and that more research is needed to better understand this
irregularity.

Weak story irregularity [V5]. As defined in ASCE/SEI 7-16 weak story
irregularities occur where the story lateral strength is less than 80% of that of
the story above. As mentioned before, it was shown in the study by Michalis
et al. (2006) that weak story irregularities have much larger effect on collapse
capacity than mass or soft story irregularities. The effect seems to be the
greatest where the weak story is near the bottom of the structure, causing the
largest decrease in collapse capacity. However, there is a benefit to
structural performance at levels of ground motion farther away from
collapse. A fuse effect is created and the damage is concentrated in the
weakened story, protecting the upper stories from damage. In general
Michalis et al. (2006) conclude that the effects of vertical irregularities are
not well understood and modern building codes are overly conservative
where it comes to mass and soft story irregularities. FEMA P-807, Seismic
Evaluation and Retrofit of Multi-Unit Wood-Frame Buildings With Weak
First Stories (FEMA, 2012a), provides useful information for the seismic
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evaluation and retrofit of multi-unit wood-frame buildings with weak first
stories.

Story mechanism: weak-column/strong-beam [V6]. Weak-column/strong-
beam occurs where the moment capacity of the column in the lateral force
resisting system is weaker than that of the beam. Previous work studying the
effects of a weak-column/strong-beam on building performance has shown
that the ratio of column to beam strength has a large impact on the collapse
safety of the building, and that the impact differs for various height buildings
(Haselton et al., 2011). This study by Haselton et al. only included 4-story
and 12-story reinforced concrete frame buildings, so further study on this
topic is warranted.

Gravity-induced lateral demand [V7]. Gravity-induced lateral demand
irregularity occurs where the vertical members of the gravity system are
sloped and subject the lateral system to a continuous lateral load. Dupuis et
al. (2014) describes the issue and reports the results of analyses to quantify
this effect for concrete shear walls buildings. As a result of that study, the
2015 edition of the National Building Code of Canada introduces a new
irregularity class to address gravity-induced lateral demands.

Wall discontinuity [V8]. Wall discontinuity occurs where there is an abrupt
discontinuity or large variance of stiffness along the height of a shear wall.
This may occur above or below a multi-story stack of openings or at building
setbacks and major changes in the overall layout of walls. Naeim et al.
(1990) and Moehle (2015) describe the mechanics of such discontinuities.
NIST (2014) describes poor performance in the 2010 Maule, Chile
earthquake as a result of such irregularities.

MacRae and Deam (2009) summarizes an effort in New Zealand to quantify
the effect of different amounts and types of irregularity on structures
designed using their implementation of the equivalent lateral force method in
their loading standard. As such, it addresses relatively simple structures.
The research addresses relationships between the amount of irregularity
versus changes in behavior to assess when structural irregularities could be
ignored as well as the magnitude of demand change due to these
irregularities. It was concluded that diaphragm flexibility is unlikely to
increase seismic force demand in most structures due to the increase in the
building’s period and the resulting decrease in spectral acceleration. The
report presents a simplified method to assess the resulting increase in
displacement using an amplifier based on a diaphragm flexibility ratio.
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For more information on past laboratory test results related to concrete walls
with vertical irregularities, see Section B.1.3.

2.2 Performance Concerns for Irregularities and
Corresponding Code Requirements

Figure 2-10 and Figure 2-11 illustrate all 14 irregularities identified in this
report. The notation in the figures is consistent with that in ASCE/SEI 7-16
and common U.S. practice, as follows:

e DCR = demand/capacity ratio

e K  =stiffness

e M =mass

e M. = column moment capacity
e M, =Dbeam moment capacity

e (  =demand or capacity action
e A = story drift

Performance concerns for these irregularities include additional
proportioning considerations (such as amplified global or local loads or
drifts), specific detailing issues (such as at collectors, connectors, or joints),
and the possible need for additional analysis considerations (such as
dynamic, 3-dimensional, bi-directional, or nonlinear). As noted in Section
C12.3.2 of ASCE/SEI 7-16:

“most seismic design provisions were derived for buildings that have
regular configurations, but earthquakes have shown repeatedly that
buildings that have irregular configurations suffer greater damage. This
situation prevails even with good design and construction.

There are several reasons for the poor behavior of irregular structures. In
a regular structure, the inelastic response, including energy dissipation
and damage, produced by strong ground shaking tends to be well
distributed throughout the structure. However, in irregular structures,
inelastic behavior can be concentrated by irregularities and can result in
rapid failure of structural elements in these areas. In addition, some
irregularities introduce unanticipated demands into the structure, which
designers frequently overlook when detailing the structural system.
Finally, the elastic analysis methods typically used in the design of
structures often cannot predict the distribution of earthquake demands in
an irregular structure very well, leading to inadequate design in the areas
associated with the irregularity.”
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A summary of key performance concerns for each irregularity is as follows:

Torsional (stiffness) irregularity [H1]. Twisting response of a building
with this irregularity cannot be captured directly using 2-dimensional
analysis in orthogonal plan directions. That twisting produces increased
deformation demands at the perimeter, which could cause failure of gravity
load resisting elements precipitating collapse. Force demands at the interface
of horizontal and vertical elements of the seismic-force-resisting system may
also be greater than those in a building without significant twisting response.

Reentrant corner irregularity [H2]. The projecting wings of the floor may
respond somewhat independently, with an opening/closing or flapping
motion, during an earthquake. This independent response can generate
additional demands on the horizontal and vertical elements in the seismic-
force-resisting system, particularly near the reentrant corner.

Diaphragm discontinuity irregularity [H3]. Significant differences in
stiffness between portions of a diaphragm at a level may cause a change in
the distribution of seismic forces to the vertical components and may create
torsional forces not accounted for in the distribution normally considered for
a regular building. Concentration of forces at the boundaries of the openings
must be resolved in the design. Where the triggering condition is a change in
diaphragm stiffness from one story to the next, the apparent concern is
redistribution of forces, which would not be captured in typical seismic
analyses idealizing the diaphragm as fully rigid or fully flexible.

Out-of-plane offset irregularity [H4]. The response parameters used in
seismic design are based on the characteristics of the vertical elements of the
seismic-force-resisting system. Where there is an out-of-plane offset, the
horizontal elements that transfer story shears may be subjected to much
greater demands than predicted by typical seismic analyses.

Nonparallel system irregularity [HS]. Where the vertical elements of the
seismic-force-resisting system are not orthogonal to each other, response
cannot be captured directly using 2-dimensional analysis in orthogonal plan
directions.

Torsional strength irregularity [H6]. Where inelastic response can
concentrate on one side of a building, linear elastic analysis may not reflect
the resulting increases in deformation on the weak side. The increased twist
could cause lateral- or gravity-load resisting elements to fail precipitating
collapse.

Soft story irregularity [V1]. The simple static analysis that is the basis of
the equivalent lateral force (ELF) procedure assumes a linear displaced shape
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leading to reasonably uniform distribution of inelastic behavior. Where one
story is much softer than adjacent stories dynamic amplification in the
response should be considered.

Weight (mass) irregularity [V2]. Since the ELF procedure assumes a linear
displaced shape, the concern is that significant variations in mass could cause
an unanticipated increase of displacement at the affected story leading to a
concentration of inelastic response and possible collapse.

Vertical geometric irregularity [V3]. This irregularity represents a
qualitative indicator of systems that could have a non-uniform distribution of
stiffness or strength, for which the load pattern assumed in the ELF
procedure could be inaccurate.

In-plane discontinuity irregularity [V4]. The response parameters used in
seismic design are based on continuous vertical elements of the seismic-
force-resisting system with well distributed inelastic response. Where there
is an in-plane discontinuity, overturning demands on the supporting elements
may be much greater than those predicted by a linear elastic analysis using
forces reduced by the response modification coefficient, R.

Weak story irregularity [V5]. Buildings with a weak story tend to develop
all of their inelastic behavior and related damage at the weak story,
increasing the likelihood of collapse.

Story mechanism: weak-column/strong-beam [V6]. Since the response
parameters used in seismic design assume inelastic response that extends
across multiple stories, moment frames should be proportioned to avoid
premature yielding of all the columns at a particular story. Where inelastic
response can concentrate at a single story, a column failure mechanism can
lead to collapse.

Gravity-induced lateral demand [V7]. Where the inclination of gravity-
load-resisting elements induces significant sustained lateral demands on the
seismic-force-resisting system, there is concern that ground shaking could
cause biased inelastic displacement, ratcheting in successive cycles of
response, leading to collapse. As shown in Figure 2-11, the metric used to
assess gravity-induced lateral demand is the ratio of gravity-induced story
shear (Qg) to story shear capacity (Qy).

Wall discontinuity [V8]. Story-by-story analysis, as is commonly used in

design of reinforced concrete walls, may not identify discontinuities that can
concentrate damage during inelastic response. For instance, the panel zones
within solid wall segments above and below a vertical stack of openings are
subject to much higher stresses than simple analyses would indicate. Where
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openings are close to the end of a wall (V4 irregularity), amplified

overturning demands may cause poor performance in the small supporting

pier. The response parameters used in seismic design are based on

continuous vertical elements of the seismic-force-resisting system with well

distributed inelastic response. Where the plan form of the wall changes

dramatically, shear lag effects for flanged sections should be included in the

design.

Sections 12.3.2 and 12.3.3 of ASCE/SEI 7-16 require classification of
structures as regular or irregular, based on quantitative triggers, and set forth

a series of requirements for irregular structures, including the analysis used

to proportion the structure, design considerations for strength and stiffness,

forces used in detailing, and system prohibitions.

The irregularity-related code requirements in ASCE/SEI 7-16 depend on the

Seismic Design Category (SDC) to which a structure is assigned, ranging

from few requirements in SDC B to system prohibitions in SDC E and F.

Table 2-2 and Table 2-3 summarize quantitative triggers and code

requirements, by SDC, for all 14 irregularities considered in this report.

Table 2-2 Code Requirements for Horizontal Structural Irregularities, by Seismic Design Category
H1 H2 H3 H4 H5 He
Torsional Reentrant Diaphragm | Out-of-Plane | Nonparallel | Torsional
Requirements (Stiffness) Corner Discontinuity Offset System Strength
Drift ratio Projection maxDCR/
> 1.2 > 15% plan | Opening area maxDCR; >
Quantitative trigger (1.4, extreme) | dimension > 50% 1.5
Analysis
3-D analysis required B,C,D,EF B,C,D,E F|BCD,EF
ELF prohibited D,EF
Consider orthogonal effects C,D,EF
Nonlinear analysis required ASCE/SEI ASCE/SEI
41-170 41-170
Design
Amplify accidental torsion C, DEF
Assess drift at perimeter C, D, EF
Overstrength forces at B,C,D,EF
discontinuous elements
Detailing
Increase collector and D,EF D,EF D,EF D,EF
diaphragm connector forces
Other
Extreme prohibited E F
M Seismic Design Categories are not used in ASCE/SEI 41-17.
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Table 2-3 Code Requirements for Vertical Structural Irregularities, by Seismic Design Category

\%W4
Gravity-
V2 V3 V5 \'3 induced V8
A% Weight Vertical V4 Weak |Weak-column/| lateral Wwall
Requirements Soft story (mass) geometric | In-plane | story strong-beam | demand | discontinuity
Quantitative Stiffness Mass SFRS width Strength < >MJ =My Qc/Qy
trigger < 70% >150% | > 130% 80% < target value | > target
story above | adjacent adjacent story above value
(60%, (65%,
extreme); or extreme)
< 80%
3-stories
above (70%,
extreme)
Analysis
ELF prohibited D,E F D,E F D,E F
Nonlinear ASCE/SEI | ASCE/SEI
analysis 4117 4117
required
Design
Overstrength B, C, D,
forces at E, F
discontinuous
elements
Detailing
Increase D EF
collector and
diaphragm
connector forces
Other
Pr0h|b|ted Er F
Extreme E, F D, E F
prohibited

2.3 Treatment of Irregularities in this Report

From among the identified conditions, structural irregularities and
configuration issues that are most likely to lead to increased collapse
potential were identified. Most building collapses in past earthquakes have
been associated with excessive torsional response (H1 and/or H2), soft or
weak stories (V1 or V5), or story mechanisms for moment frame systems
(V6). Analytical studies to assess collapse safety explicitly for buildings
with these irregularities were performed and are presented in this report.

Published research suggests that mass irregularity (V2) does not necessarily
result in increased inelastic demands, and the collapse mode is still similar to
that for the base case (with identical mass at all stories). Analytical studies to
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assess collapse safety and global behavior of systems with this condition are
included in this report.

U.S. codes have not yet addressed gravity-induced lateral demands. The
work reported in Dupuis et al. (2014), which led to provisions in the National
Building Code of Canada, is limited to shear wall buildings and does not
include assessment of relative collapse probability. This report includes
analytical studies of steel and reinforced concrete moment frame systems
with gravity-induced lateral demands (V7) to test whether it is advisable to
add a corresponding structural irregularity to U.S. codes.

Some irregularities (H2, H3, H4, V4, V8) and configuration requirements
(such as those for chords and collectors) reflect load path issues that are
particularly sensitive to the specific structure, are usually associated with
earthquake damage but not collapse, and are not well suited to quantification
across a broad design space of archetypes. This report only includes
discussion for these irregularities (see Chapter 7).

As currently written, application of ASCE/SEI 7-16 Section 12.3.3.4 triggers
global design remedies (amplification of collector and connection forces for
the entire structure) in response to local configuration irregularities (such as
items H2 and H3); this report recommends improvements to this code
requirement.

Items H5 and V3 are not irregularities as defined in this report as they are not
generally associated with poor structural performance. Instead, they are
codified as “irregularities” since two-dimensional application of the
equivalent lateral force procedure may not adequately characterize their
response. The code remedy of requiring three-dimensional dynamic analysis
is considered sufficient, so further study is not warranted.

Other configuration-related design issues, such as distributing load in steel
braced frame systems between tension and compression members, are best
addressed (as currently) in the material standards. Such issues are outside the
scope of this report.

The analytical studies focus primarily on issues related to design
requirements for new buildings. Although some real buildings include
multiple irregularities that could interact, the analyses of this project treat
irregularities separately, just as they are defined independently in codes.
Other variations in configuration, such as vertical or horizontal combinations
of framings systems, which are treated in Sections 12.2.2 and 12.2.3 of
ASCE/SEI 7-16, could also affect collapse probability. Except for the mixed
system results reported in Chapter 4, such combinations are beyond the scope
of this report.
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Chapter 3

Archetype Design, Modeling,
and Analysis Approach

This chapter provides an overview of the approach used to design, model,
and analyze the building archetypes. This process was used for both the
baseline archetypes and the variant archetypes that were used to gauge the
effects of the various irregularities and related design provisions on building
performance. The design, modeling, and analysis approach for the
“simplified” three-dimensional archetypes that were used to study torsional
irregularities is uniquely different and is described separately in Chapter 4
and Appendix A.

3.1 Scope of Analytical Studies

For the eight classes of irregularities that were addressed analytically (H1,
H6, V1, V2, V5, V6, V7, V), it is necessary to make appropriate selections
of seismic-force-resisting systems (SFRSs), including quality (ordinary or
special), building height, ground motion intensity (e.g., Seismic Design
Category B or D), analysis method used in design, gravity load level, and
degree of irregularity. Table 3-1 shows the SFRSs and building heights used
to study each irregularity. Table 3-2 outlines the parameters varied in the
designs and detailed analytical studies.

The detailed studies start with development of designs for regular “baseline”
buildings and continue with the introduction of irregularities to the baseline
buildings separately (as opposed to designing real buildings with multiple
irregularities). This allows the development of a broad design space across a
wide range of the parameters of interest, rather than a smaller set of
anecdotal observations.

Baseline archetypes were designed using Special SFRSs for Seismic Design
Category (SDC) D and Ordinary systems for SDC B. Initial designs (without
configuration irregularities) were prepared in accordance with all current
U.S. code requirements for new buildings. Modified systems were designed
according to code requirements including requirements triggered by the
configuration irregularity, but often ignoring prohibitions that may result due
to the configuration irregularity (e.g., the prohibition of the equivalent lateral
force procedure for buildings with weight (mass) irregularity). In some
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cases, additional designs that do not comply with irregularity-related code
requirements were also studied. This permits assessment of both the
significance of the irregularity to building performance and the effectiveness
of code remedies in producing desirable changes in performance.

Table 3-1  Systems Used to Study Structural Irregularities

Systems for Study, # stories

Structural Irregularities

H1. Torsional (stiffness)
irregularity

H2. Reentrant corner irregularity

H3. Diaphragm discontinuity
irregularity

H4. Out-of-plane offset
irregularity

H5. Nonparallel system
irregularity

H6. Torsional strength irregularity 12 2

V1. Soft story irregularity 4,8,12, 20 8,12

V2. Weight (mass) irregularity 20 3,20

V3. Vertical geometric irregularity

V4. In-plane discontinuity
irregularity

V5. Weak story irregularity 4,8,12, 20

V6. Story mechanism: 4,812 3,9,20
weak-column/strong-beam

V7. Gravity-induced lateral

demand 12 20

V8. Wall discontinuity 8,12

Designs were completed for Seismic Design Categories Dmax and Bmax, using
general code-defined spectra for Site Class C and Risk Category II. Site
Class C was selected, rather than the default Site Class D, to avoid the
stopgap requirements in Section 11.4.8 of ASCE/SEI 7-16, Minimum Design
Loads and Associated Criteria for Buildings and Other Structures (ASCE,
2017a), which would either complicate this general study by requiring site-
specific ground motions or bias the findings by applying the scaling
adjustments permitted in Exception 2 of that section. Additionally, the
FEMA P695 analysis method used in this study (FEMA, 2009) is tied to this
target spectrum. In the collapse capacity evaluations of the building designs,
the FEMA P695 method is used, along with the FEMA P695 far-field ground
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motion set being used for most analyses. For torsional irregularity studies,
an additional set of FEMA P695 analyses was performed using pulse motions
from the near-field record set.

Table 3-2  Parameters Varied in Designs and Detailed Analytical Studies

Parameter | Range

Brmax: SL)S = 032, Spr = 0.132
Dmax: SDS = 150, SD1 = 0.60

Reinforced Concrete Special/Ordinary Moment Frames (RC SMF and RC OMF)
Reinforced Concrete Shear Walls (RC SW)

RC SMF + RC SW

Steel Moment Frames (SMF and OMF)

Wood Shear Walls (simplified)

Seismic Design Category (SDC)

Seismic-Force-Resisting System
(SFRS)

Seismic-Force-Resisting System Ordinary
quality Special

. ) Low- to mid-rise for horizontal irregularities
Building height . o C -
Mid- to high-rise for vertical irregularities

Equivalent Lateral Force (ELF)

Analysis method used in design .
Modal Response Spectrum Analysis (MRSA)

. Low
Gravity load level .
High
Degree of irregularity Regular to highly irregular

Designs are based on the results of modal response spectrum analysis
(MRSA) or the equivalent lateral force (ELF) procedure found in Chapter 12
of ASCE/SEI 7-16. These variations permit assessment of how analysis
methods used in design may predict different performance and how designs
informed by different analysis methods may actually perform differently.
Where MRSA was used in design, the scaling requirements of ASCE/SEI
7-16 (to 100% of the ELF base shear) were followed. All designs use fixed
base models, with no direct consideration of foundation flexibility, as
permitted by Section 12.7.1 of ASCE/SEI 7-16. Generally, the designs have
variations in proportioning and a degree of refinement or optimization that is
representative of typical design practice. In a few cases additional designs
with highly optimized proportioning are prepared to assess the sensitivity of
such “barely code-conforming” conditions.

Consistent with the performance criteria outlined in Section 1.3.1.3 of
ASCE/SEI 7-16, the MCER probability of collapse is the primary metric of
the FEMA P695 methodology for evaluation of the collapse capacity of the
archetype model of interest. However, the adjusted collapse margin ratio
(ACMR) is better suited for comparing the relative collapse performance of a
given SFRS with and without a particular irregularity. This study compares
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the ratio of the values of the ACMR parameter for a given SFRS with and
without a particular irregularity to 1.0.

Although collapse is the primary metric of interest, other data were retained

for use in this and future projects. Table 3-3 shows the metrics that were

monitored in the detailed analytical studies performed using the FEMA P695

method.
Table 3-3  Metrics Monitored in Detailed Analytical Studies
Metric | Detail ‘
Collapse Simulated (analytically)
Non-simulated (inferred from other metrics)
Story drift Maximum and average

Floor displacement
Residual story drift

for

Floor plate and framing lines

at
1/3 MCE, 2/3 MCE, MCE

Story twist (in three-dimensional
models)

Maximum and average
at

1/3 MCE, 2/3 MCE, MCE

Floor acceleration
Floor velocity

Maximum and average
for
Multiple points

Ductility demand

Maximum and average
at

1/3 MCE, 2/3 MCE, MCE

Relevant force-demand
parameters

(such as column axial load and
moment)

Maximum and average
at
1/3 MCE, 2/3 MCE, MCE

3.2 Archetype Configurations and Designs

The majority of the archetype buildings are composed of three different

SFRSs: (1) steel moment frames; (2) reinforced concrete moment frames;

(3) reinforced concrete shear walls. The intent of the archetype designs was

to create structural models that represent realistic modern structures.

Therefore, design assumptions and structural properties that are considered to

be a good representation of the common building stock and new building

design practices were selected. Detailed information about the

configurations of the baseline designs for each system type is given in

Sections 3.2.1 through 3.2.3. Modifications to the baseline configurations to

introduce configuration irregularities are outlined in this chapter, but

described in detail in Chapters 4 through 6. The baseline designs served as a

basis against which to compare the impact of the irregularities studied.

3: Archetype Design, Modeling, and Analysis Approach

FEMA P-2012



3.2.1 Steel Moment Frame Archetypes

The baseline steel moment frames reflect the three building geometries
shown in Figure 3-1, Figure 3-2, and Figure 3-3, and match the model
buildings from Boston and Los Angeles found in Appendix B of FEMA
355C, State of the Art Report on Systems Performance of Steel Moment
Frames Subject to Earthquake Ground Shaking (FEMA, 2000b). Baseline
designs for 3-, 9-, and 20-story buildings were developed for SDC Dnax and
SDC Bmax; these are summarized in Table 3-4. Table 3-5 summarizes the
design values used to develop the steel moment frame archetypes and Table
3-6 documents an example 3-story special moment frame (SMF) design for
SDC Dmax. A comprehensive discussion of the design process and resulting
frame designs is provided in Appendix C.

Gravity and wind loading criteria match those used in the earlier post-
Northridge earthquake analyses documented in FEMA 355C. The baseline
designs reflect ASCE/SEI 7-16 and AISC 341-10, Seismic Provisions for
Structural Steel Buildings (AISC, 2010b), requirements. Ordinary moment
frames (OMFs5) are used for SDC Bmax and special moment frames with
reduced-beam sections are used for SDC Dpax.

The baseline buildings for SDC Dnay are governed by seismic forces and
have been designed to satisfy a story drift limit of 0.02; note that Table
12.12-1 of ASCE/SEI 7-16 allows a drift limit up to 0.025 for moment frame
buildings four stories or less, where nonstructural components are designed
to accommodate the extra drift, but this option was not used in the present
study. The baseline design base shears for SDC Buax are governed by wind
forces from ASCE/SEI 7-16 for the 9- and 20-story buildings, while the base
shear for the 3-story building is governed by seismic demands. Under
service loads, the designs were checked to confirm that they satisfy a roof
drift limit of H/400 using wind forces equivalent to a 50-year mean return
period obtained from Appendix C of ASCE/SEI 7-16. Ultimately, wind
demands controlled the final design of all SDC Bmax buildings.

To study the relative collapse performance of buildings with vertical
irregularities, 108 irregular designs were created by modifying the baseline
steel moment frame archetypes. The separate modifications were made by:

e Increasing the mass of specific floors to introduce weight (mass)
irregularity [V2].
e Modifying the minimum strong-column/weak-beam ratio used for design

[V6].

¢ Introducing slanting columns at a given story to cause gravity-induced
lateral demand [V7].
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Chapter 6 describes in detail how each of these modifications are applied to
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Table 3-4 Overview of Baseline Steel Moment Frame Building Designs

Period for Computing
Design Forces

No. Frame Design Analytical
Stories | Detail Method (C.T) [s] Period [s]?
3 OMF Bmax ELF, MRSA 0.86 1.75,1.93
3 SMF Dmax ELF, MRSA 0.74 0.97, 1.46
9 OMF Bmax ELF, MRSA 2.14 3.19, 3.19
9 SMF Dimax MRSA 1.83 3.13
20 OMF Bmax ELF, MRSA 3.98 4.23,4.23
20 SMF Dmax MRSA 3.40 4.54

M The reported analytical periods are from the linear structural design models, in the
north-south direction. Where ELF and MRSA are used, the first listed value is for ELF.
For designs governed by wind, ELF vs MRSA does not affect the fundamental period.

Table 3-5 Common Design Values Used for Steel Moment Frame Designs

Design Property SDC Biax SDC Dax
Short period design spectral acceleration, Sps 0.32g 1.5g
One-second design spectral acceleration, Sp; 0.13g 0.6g
Response modification coefficient, R 3.5 8
Deflection amplification factor, Cq 3 5.5
Story drift limit (seismic) 2% 2%
Basic wind speed (strength, Exposure B) 130 mph 110 mph
Basic wind speed (service, Exposure B) 100 mph 85 mph
Roof drift limit (wind) H/400 H/400
Risk Category Il Il
Floor dead load 96 psf 96 psf
Partition load (reduce by 50% for seismic mass) 20 psf 20 psf
Roof dead load 83 psf 83 psf
Roof dead load at penthouse 116 psf 116 psf
Live load 50 psf 50 psf
Roof live load 20 psf 20 psf

Table 3-6  Example Baseline Design Summary (3-Story Steel SMF)

3-Story Steel SMF, MRSA Design, SDC D .y

Drift (%) Moment Ratio
Exterior Interior Exterior | Interior

Roof | W14x159 | W14x176 No W24x55 | 1.75 1.77 2.00 1.15

3rd W14x159 | W14x176 Yes W27x94 | 1.86 1.88 1.89 1.09

2nd W14x159 | W14x176 Yes W27x94 | 1.36 1.37 1.75 1.05

Note: Steel tonnage 2.81 psf (columns: 1.53 psf, beams: 1.28 psf)

FEMA P-2012
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3.2.2 Reinforced Concrete Moment Frame Archetlypes

Concrete moment frame archetypes were designed to represent a modern
commercial office structure using current design and construction practices
for SDC Bmax and SDC Dinax, ranging from 4 to 20 stories. The baseline
archetype design space is summarized in Table 3-7. Table 3-8 gives an
overview of design parameters for designing the RC moment frames and
Table 3-9 documents an example 4-story RC SMF design for SDC Dimay.
Summary design information for all RC moment frame archetypes is
provided in Appendix D.

Table 3-7  Overview of Baseline RC Moment Frame Building Designs

Period for Computing

No. Design Design Forces Analytical
Stories Method (C.T) [s] Period [s]™
4 OMF Bmax ELF 0.93 1.93
4 SMF Dmax ELF 0.81 1.12
8 SMF Dimax ELF 1.49 2.1

12 OMF Binax ELF 2.44 4.51
12 SMF Dmax ELF 2.13 2.58
20 SMF Dmax ELF, MRSA 3.36 3.66, 3.87

@ The reported analytical periods are from the linear structural design models. Where ELF
and MRSA are used, the first listed value is for ELF.

Table 3-8 Common Design Values Used for RC Moment Frame Designs

Design Property SDC Binax SDC Dpax
Short period design spectral acceleration, Sps 0.33g 1.5g
One-second design spectral acceleration, Sp; 0.13g 0.6g
Response modification coefficient, R 3 8
Deflection amplification factor, Cq 2.5 5.5
Story drift limit (seismic) 2% 2%
Basic wind speed (strength, Exposure B) 130 mph -
Basic wind speed (service, Exposure B) 100 mph -
Roof drift limit (wind) H/400 -
Floor dead load 175 psf 175 psf
Roof dead load 140 psf 140 psf
Partition load 15 psf 15 psf
Live load 50 psf 50 psf
Roof live load 20 psf 20 psf
S beams 4,000 psi 5,000 psi
fe columns 4,000 psi 7,000 psi
Reinforcing steel yield strength, f, 60 ksi 60 ksi
Beam design stiffness 0.35Fl, 0.35El,
Column design stiffness 0.7El, 0.7Elq

3: Archetype Design, Modeling, and Analysis Approach FEMA P-2012



Table 3-9

Example Baseline Design Summary (4-Story RC SMF)

Columns Beams Moment
depth x width [tie spacing] depth X width [hoop spacing] ratio,

(ptotal; psh) (Ptop 1 Pbot psh) ZMC/ZMb

Exterior

Exterior Interior Exterior Interior Drift (%) | (Interior)
4 26X22 [2.5] 26x22 [2.5] 24x18 [5] 24 %18 [5] 1.2 1.16
(0.0110, 0.0107)|(0.0110, 0.0107)[(0.0081, 0.0046, 0.0044){(0.0081, 0.0046, 0.0044) ' (0.74)
3 26%22 [2.5] 26%22 [2.5] 24%18 [5] 24x18 [5] 15 1.96
(0.0110, 0.0107){(0.0165, 0.0107)](0.0097, 0.0046, 0.0044)](0.0097, 0.0046, 0.0044) ) (1.65)
) 30%22 [3.5] 30%22 [3.5] 34%20 [5] 34x20 [5] 1.2 1.37
(0.0119, 0.0102){(0.0167, 0.0102)|(0.0069, 0.0048, 0.0039)|(0.0069, 0.0048, 0.0039) ' (1.22)
1 30x22 [3.5] 30x22 [3.5] 34x20 [5] 34x%20 [5] 1.0 1.89
(0.0167, 0.0102)|(0.0167, 0.0102)((0.0069, 0.0048, 0.0039){(0.0069, 0.0048, 0.0039) ' (1.44)

Notes: py, is the area ratio of transverse reinforcement in the column or beam hinge region.

All dimensional units are in inches (e.g., column and beam sizes).

Story heights of the baseline RC moment frames are 15 feet at the first story
and 13 feet at all other stories. Each has a 120 ft. by 120 ft. footprint with six
bays in each direction and moment frames along the perimeter (see Figure

3-4). For simplicity, only three “typical” bays of the six-bay frame from one

side of the building were designed and modeled. This is accomplished by

designing a three-bay frame for half of the tributary weight and mass of the

six-bay moment frame, except that overturning forces in the end columns are

reduced to reflect the overturning forces in a six-bay frame. Since the

nonlinear analysis models are two-dimensional, end columns were designed

for uniaxial bending only—allowing for consistency between the design and

analysis approaches. The concept of making a three-bay representation of a

six-bay moment frame is consistent with the approach taken for analyzing
RC moment frames in the original FEMA P695 studies (FEMA, 2009).

To study the relative collapse performance of buildings with vertical

irregularities, 106 irregular designs were created by modifying the baseline

RC moment frame archetypes. The separate modifications were made by:

e Increasing the mass of specific floors to introduce weight (mass)

irregularity [V2].

e Adjusting story heights and strengths to introduce soft/weak story
irregularities [V1/V5].

e Modifying the minimum strong-column/weak-beam ratio used for design

[V6].

FEMA P-2012
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¢ Introducing slanting columns at a given story to cause gravity-induced
lateral demand [V7].

Chapter 6 describes in detail how each of these modifications are applied to
the baseline archetypes and how their collapse resistance is affected as a

result.
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Figure 3-4 Plan and elevation of the RC moment frame archetypes.

3.2.3 Reinforced Concrete Shear Wall Archetypes

A set of five baseline RC wall designs were created, representing both
special RC walls designed for SDC Dmay, as well as ordinary RC walls
designed for SDC Bax (Table 3-10). The designs cover two heights: 8 and
12 stories and are intended to represent a modern commercial office structure
using current design and construction practices. Story heights are identical to
the RC moment frame baselines—15 ft. at the first story and 13 ft. at all other
stories. The archetypes employ a 120 ft. by 120 ft. footprint, (example
shown in Figure 3-5). For 8-story buildings, lateral loads are resisted by two
independent planar walls in each of two orthogonal directions; for 12-story
designs, lateral loads are resisted by four (shorter) independent planar walls
in each of two orthogonal directions. For D, designs, earthquake demands
control strength design, and wall length was determined by earthquake
strength requirements; for B, designs, wind demands control strength
design, and wall length is controlled by earthquake drift limits. For all
designs, walls are located such that the centers of stiffness and mass
coincide.
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Table 3-10 Overview of Baseline RC Wall Building Designs

Number of Wall Analysis
Model ID Stories Detailing Procedure
8-D-0-0-ELF 8 Special D imax ELF
8-D-0-0-MRSA 8 Special D max MRSA
8-B-0-0-ELF 8 Ordinary Brnax ELF
12-D-0-0-ELF 12 Specia| Dimax ELF
12-B-0-0-ELF 12 Ordinary Binax ELF
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Figure 3-5 Building prototype plans designed for D,,.x and Bi,.x spectra for (a) 8-story buildings and (b) 12-

story buildings. Wall length shown is for Dy, designs; wall length is 20 ft. for B, designs.

All RC wall building archetypes are designed according to ASCE/SEI 7-16
for concrete shear walls that are part of the building frame system; (i.e., R=6
for special walls and R = 5 for ordinary walls). Four baseline archetypes
were designed using the ELF procedure and an additional baseline design
was created using the MRSA from Chapter 12 of ASCE/SEI 7-16. Walls
with vertical irregularities were designed using both the ELF and MRSA
procedures. Table 3-11 gives an overview of the common design properties
that were used for the RC wall building designs. Summary design
information for each archetype is in Appendix B.

To study the relative collapse performance of buildings with vertical
irregularities, 19 irregular designs were created by modifying the archetype
baselines discussed above. The baseline archetypes were modified to include
stiffness irregularities resulting from openings located in the 1%, 1% and 2",
and 5™ (8-story buildings) or 8" (12-story buildings) stories. Openings were
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sized to reduce story stiffness to 75% or 50% of the stiffness of the baseline
building. Specifics for the designs analyzed for each irregularity appear
Chapter 5.

Table 3-11 Common Design Values Used for RC Wall Designs

Design Property | SDC B | SDC Dimax
Short period design spectral acceleration, Sps 0.33g 1.5g
One-second design spectral acceleration, Sp; 0.13g 0.6g
Response modification coefficient, R 5 6
Deflection amplification factor, Cq 4.5 5
Story drift limit (seismic) 2% 2%
Basic wind speed (strength, Exposure B) 110 mph -
Basic wind speed (service, Exposure B) 85 mph -
Roof drift limit (wind) H/400 -
Floor dead load 175 psf 175 psf
Roof dead load 140 psf 140 psf
Partition load 15 psf 15 psf
Live load 50 psf 50 psf
Roof live load 20 psf 20 psf
Concrete compressive strength, £ 5000 psi 5000 psi
Reinforcing steel yield strength, £ 60 ksi 60 ksi
Wall stiffness used for MRSA 0.5El, 0.5El,

3.3 Structural Modeling of Archetype Buildings

Nonlinear structural models of the archetype buildings were developed to
perform dynamic analysis and assess collapse resistance. The following
sections describe the methods used to model the steel moment frame (Section
3.3.1), RC moment frame (Section 3.3.2), and RC wall (Section 3.3.3)
building systems. Each of these systems were modeled with two-
dimensional planar models for conducting nonlinear dynamic analyses in
OpenSees.

Building mass tributary to moment frames and walls are lumped at the joint
nodes and wall nodes, respectively. For analysis, an expected mass of 1.05
times the dead weight was considered. Raleigh damping, anchored to the
first and third modes of vibration, was implemented; however, the stiffness
proportional damping was applied only to linear elements, in order to avoid
unintended damping forces that may develop in nonlinear elements
(Charney, 2008). The steel and concrete models had damping ratios of 2%
and 5% of critical, respectively.
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For all models, the gravity system was represented by a linear elastic P-Delta
leaning column, in order to model the destabilizing second-order geometric
effects, but without adding any strength or stiffness from the gravity system.
The P-Delta leaning column provided no lateral resistance and was
connected to SFRS elements via stiff axial-only elements. Inclusion of the
P-Delta leaning column enabled simulation of base moment demand and
story shear associated with gravity load acting through large lateral
displacements. Geometric nonlinearity was simulated using the “Linear with
P-Delta” transformation rules in OpenSees.

Gravity loads were applied to the SFRS elements and to the P-Delta column,
based on the tributary areas of each. Per FEMA P695, the load combination
representing expected gravity loads, 1.05D + 0.25L, was used to compute the
vertical load effects. Gravity loads directly carried by the frames were
distributed on the beams. Gravity loads carried by the wall were determined
by the tributary area assigned to the wall. The remaining gravity load, which
is carried by the building’s gravity system, was applied to the P-Delta
leaning column.

3.3.1 Steel Moment Frame Archetypes
3.3.1.1 System Modeling

Steel moment frames were modeled as recommended in NIST GCR
17-917-46v2, Guidelines for Nonlinear Structural Analysis for Design of
Buildings, Part lla — Steel Moment Frames (NIST, 2017). Nonlinear models
of the moment frame archetype buildings were constructed in OpenSees
using the lumped plasticity method. The lumped plasticity models consist of
linear elastic beam and column elements, joined by nonlinear elements where
plastic deformations are expected to concentrate, as depicted in Figure 3-6.
Nonlinear behavior was simulated with plastic hinges at the ends of beams
and columns and in the joint panel zones as well. In the 3-story steel
moment frames, the rotational stiffness of the foundation was modeled with a
rotational spring that approximates a grade-beam; however, it had
significantly higher stiffness than the first-story columns, so column behavior
was similar to what would be observed for a fixed base condition. The 9-
and 20-story steel frames have basement levels below the first story, and the
column connection at the bottom of the basement was modeled as pinned (it
is also designed as pinned).
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Figure 3-6 Schematic of a lumped plasticity nonlinear frame model

(without basement levels).

3.3.1.2 Modeling of Beam and Column Components

Nonlinear beam and column hinges were modeled with the Modified Ibarra
Krawinkler Deterioration Model in OpenSees (Ibarra et al., 2005; Lignos and
Krawinkler, 2009), illustrated in Figure 3-7. Initial backbone properties were
calculated with the equations recommended by Chapter 4 of NIST GCR
17-917-46v2 and cyclic deterioration parameters were computed from
Lignos and Krawinkler (2011). For calculating the nonlinear properties of
the beams and columns, the actual yield strength of the steel was assumed to
be 10% higher than the nominal yield strength (per NIST GCR 17-917-46v2
recommendations). Properties of the beams that were used to determine the
monotonic backbone are as follows: (1) the expected material yield strength;
(2) plastic section modulus (Z); (3) web and flange depth-to-thickness ratios;
(4) the ratio of beam depth to effective length; (5) composite action; and (6)
potential for lateral torsional buckling. Additionally, backbone properties of
the reduced beam sections (RBSs) were modified to account for plastic hinge
offsets. That is, strength was increased and rotation capacity decreased to
account for the actual hinges occurring at the location of the reduced beam
section rather than the face of the joint (where they are modeled).
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Figure 3-7 Modified Ibarra Krawinkler Deterioration
Model (Image from Lignos et al., 2011).

Composite action was not considered for the design of the beams, but it was
considered in the nonlinear analysis, because steel moment frames are
commonly connected to a diaphragm. The controlling mechanism for
composite action of the slabs is yielding of the shear studs, which are
assumed to be ¥-inch diameter, 65 ksi steel, placed at 12 inches on center.
Composite action was also considered for computing the effective moment of
inertia of the linear beam elements. Plastic hinge behavior of an example
beam is illustrated in Figure 3-8.
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Figure 3-8 Example cyclic behavior of a W30x 108 RBS beam with
composite slab action. Moment increase (and rotation
decrease) to account for plastic hinge offsets in the actual
building are approximately 12%.

Plastic hinge behavior of an example column is illustrated in Figure 3-9. The
monotonic backbone properties of the column hinges were computed
according to Chapter 4 of NIST GCR 17-917-46v2. Column backbones tend
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to be more ductile and deteriorate less quickly because they are more
compact than the beams. An additional factor that was used for determining
column hinge strengths is the ratio of the expected axial load to the yield
axial load (P¢/P,), which affects both strength and rotation capacity.
However, axial load ratios of the perimeter frame columns tend to be low
(P/P, < 0.1), so axial load effects are generally small.
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Figure 3-9 Example cyclic behavior of a W14 x193 column.

Ultimate rotation (not shown on figure) is 0.15 radians.

3.3.1.3 Modeling of Joint Panel Zones

Plastic deformation of the joint panel zones is expected to occur in the steel
moment frames, particularly the ordinary moment frames. Panel zones were
modeled with the Joint2D element (Altoontash, 2004) in OpenSees with
nonlinear behavior idealized as trilinear without cyclic deterioration or
isotropic hardening, based on Gupta and Krawinkler (1999). Figure 3-10
illustrates the idealized relationship between panel zone shear force and
distortion. Panel zone moment (M) and shear (V) are related as follows:

M=Vd,
in which d is the depth of the beam. The yield shear force (V) is given as
follows:
V,=0.60F,d.t,
in which F), is the expected steel yield strength, d. is the depth of the column,

and ¢, is the thickness of panel zone. The yield distortion of the panel (y,)
was computed as follows:

y,==0

5

in which G is the modulus of rigidity of steel. The fully plastic shear
strength occurs at a distortion four times y, and was determined as follows:
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3b.1,
V=V, 1+~
"\ dyd,

in which b, and ¢.rare the width and thickness of the column flange. The
strain hardening parameter (o) was taken as 1.5%.

VoA

Vp aK,
V y
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Figure 3-10 Idealized panel zone shear force deformation

relationship (Gupta and Krawinkler, 1999).

3.3.2 Reinforced Concrete Moment Frame Archetypes

3.3.2.1 System Modeling

Reinforced concrete moment frames were modeled with the lumped
plasticity method. They use the same elements as the steel moment frames
(i.e., linear beam-columns, nonlinear plastic hinges, nonlinear joint elements,
as shown in Figure 3-6), but with material models calibrated to simulate RC
moment frame behavior. Like the 3-story steel frames, the rotational
stiffness of the foundation was modeled with a rotational spring that
approximates a grade-beam and footing; however, it had significantly higher
stiffness than the first-story columns, so column behavior was closer to what
would be observed for a fixed base condition.

3.3.2.2 Modeling of Beam and Column Components

Nonlinear beam and column hinges were idealized with trilinear backbones
having peak-oriented hysteretic response and cyclic deterioration, using the
model developed by Ibarra et al. (2005), shown in Figure 3-11. The
backbone and hysteretic properties of the nonlinear beam-column hinges
were computed from empirical relationships developed by Haselton et al.
(2008) based on the design properties of the beams and columns (i.e.,
concrete strength, element dimensions, axial load ratio, and reinforcement
detailing). The expected axial load ratio was used to calibrate column hinge
backbones, but it was not updated throughout the analysis, therefore dynamic
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axial-flexure interaction effects were ignored. This simplification should
minimally affect the performance for two reasons: (1) the columns tend to
have axial load ratios less than 0.2; and (2) increases in axial force at one end
of the frame coincides with decreases in axial force at the other end, so axial
load effects at the two ends of a frame counteract one another. An example
hysteresis of a concrete column is shown in Figure 3-12.

Flexural stiffness of the linear beam-column elements was computed using
an effective moment of inertia based on empirical equations recommended
by Haselton et al. (2008). The effective moment of inertia can range from
35% to 80% of the gross moment of inertia and depends upon member
dimensions and axial load ratio.
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Figure 3-11 Backbone properties of the Ibarra et al. (2005)
material model (Image from Ibarra et al., 2005).
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Figure 3-12 Example hysteretic properties of a 30 in. by 26 in. RC column
with low axial load ratio. Total longitudinal reinforcement ratio
and shear reinforcement ratio are 0.014 and 0.01, respectively.
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3.3.2.3 Modeling of Joint Panel Zones

Joint panel zones were modeled with the Joint2D element (Altoontash, 2004)
in OpenSees. The panel zones were modeled as linear for the RC SMFs,
because special detailing requirements relating to the size, confinement, and
reinforcement of joints are expected to prevent joint failure. Ordinary
moment frame joints were modeled with the pinched Ibarra material model
(Ibarra et al., 2005). Nonlinear properties of the joints were determined
using a procedure developed by Lowes and Altoontash (Lowes et al., 2004;
Altoontash, 2004), which is the same procedure used for OMF joints in
FEMA P695. A detailed summary and background for the procedure for
determining OMF joint properties is documented by Liel (2008).

Strength of the OMF joints were computed according to ACI 318-14,
Building Code Requirements for Structural Concrete (ACI, 2014), using the
joint area and concrete strength. Initial stiffness was based on the secant
stiffness to 40% yield (effective stiffness). The hardening stiffness was set at
4% of the effective stiffness, and the pinch point at 25% of the maximum
historic stress and rotation. The cyclic deterioration parameter was set to the
same value that is computed for the beam-columns. The rotation capacity to
peak strength was set as 0.010 radians and 0.015 radians for exterior and
interior joints, respectively, based on recommendations by Moehle et al.
(2006). Figure 3-13 shows the cyclic properties of an example RC OMF
joint,
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Figure 3-13 Example hysteretic properties of a RC OMF joint with
axial load ratio of 0.11, 4000 psi concrete, joint area of
378 in.%, and effective beam depth of approximately 13
inches.
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3.3.3 Reinforced Concrete Shear Wall Archetypes
3.3.3.1 System Modeling

Nonlinear models of the RC wall buildings were constructed using three
different methods in OpenSees. They were also modeled by finite elements
with ATENA, but for validation purposes only. Brief descriptions of the
modeling methods are provided here, and detailed descriptions are provided
in Appendix B.

Collapse simulations of RC wall buildings were performed with the
OpenSees models, because of their computational efficiency. The three
methods by which RC walls were modeled in OpenSees are: (1) force-based
beam-column elements (FBE) with fiber-type section models and the
distributed plasticity modeling approach developed by Pugh et al. (2015);
(2) displacement-based beam-column elements (DBE) with fiber-type section
models and the distributed plasticity modeling approach developed by Pugh
et al. (2015) and updated by Marafi et al. (2018); and (3) the shear-flexure-
interaction multi-vertical line-element model (SFI-MVLEM) developed by
Kolozvari et al. (2015a,b, 2018). The final collapse assessment results
reported in Chapter 5 are obtained using method two in the preceding list—
displacement-based beam-column elements with the Pugh et al. (2015)
approach.

The modeling approaches developed by Pugh et al. (2015) and Marafi et al.
(2018) employ regularization of material softening to achieve mesh-objective
simulation of strength loss; by doing this, the effective size of the plastic
hinge region (which essentially maps the material strain capacities to the
element plastic deformation capacities) is controlled and is not arbitrarily
affected by the details of the mesh size, even after the onset of negative
stiffness. These have been verified using a large database of planar and non-
planar wall tests, to provide accurate, mesh-objective, simulation of onset of
strength loss, which is required for accurate assessment of collapse risk.

The SFI-MVLEM employs the fixed-strut angle approach (Orakcal et al.,
2012) to characterize the biaxial constitutive response of the two-dimensional
RC panel fibers that compose the SFI-MVLEM (Orakcal et al., 2004).
Axial-shear coupling is achieved within each two-dimensional fiber through
the two-dimensional RC panel constitutive model.

Figure 3-14 shows an idealization of the OpenSees model of a baseline 8-
story RC wall building, which includes a single vertical line of nonlinear
force-based beam-column elements to represent a wall, in addition to the line
of elastic elements defining the P-Delta leaning column. The wall is fixed at
its base.
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Figure 3-14 Schematic of OpenSees RC wall building model.

3.3.3.2 Modeling of Walls using Fiber Elements

The force-based and displacement-based beam-column elements represent
nonlinear flexural response of the wall via fiber-type section models that
comprise nonlinear confined and unconfined concrete and reinforcing steel
fibers. Concrete and steel material model response was defined using
standard material models and were modified using the regularization method
proposed by Pugh et al. (2015). A linear moment distribution and constant
axial load distribution along the length of the element was assumed, where
flexure and shear response was decoupled in element formulation. Fiber-
type section models employed approximately 150 fibers along the in-plan
length of the wall. Figure 3-15 shows the element layout for walls with and
without openings.
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Figure 3-15 OpenSees model configurations for walls with and without openings.
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Concrete and steel material response models used in the SFI-MVLEM were
calibrated such that the SFI-MVLEM predicted drift capacities for the wall
designs that were equal to those predicted using models comprising
distributed-plasticity beam-column elements.

3.3.3.3 Material Constitutive Models for Concrete and Rebar

Concrete response was simulated using the OpenSees Concrete02 material
model. In compression, this model represents a quadratic response to peak
strength with linear deterioration to a residual compressive strength. In
tension, the model represents a linear response history to tensile strength with
linear strength loss to zero tensile capacity. Tensile strength for unconfined
and confined concrete was defined as 4\/76’ psi; regularization of post-peak
response in tension was not required as concrete cracking did not result in
section or element softening. Unconfined concrete was assumed to reach
peak strength at a strain of -0.002 in./in.; confined concrete strength and
strain at maximum strength were defined using the model by Saatcioglu and
Razvi (1992). Per the recommendations of per the recommendations of Pugh
et al. (2015) and Marafi et al. (2018), concrete post-peak response was
defined by the unconfined or confined concrete crushing energy and a mesh-
dependent length; this was required to ensure that simulation of onset of
strength loss was accurate and did not depend on mesh size. Concrete
residual strength was defined as 20% of peak strength for confined concrete
and 10% of peak strength for unconfined concrete.

For reinforcing steel, the OpenSees Steel02 model was used. Reinforcing
steel was assumed to lose compressive and tensile strength, due to buckling,
at the regularized strain at which concrete strength deteriorates to the residual
compressive strength.

Figure 3-16 shows concrete and steel material model response under cyclic
loading. Figure 3-17 shows regularization of concrete and steel response
using unconfined, G, and confined concrete, G., crushing energies and L;p,
which is the element length associated with the fiber section in which the
material model is used. Note that the red ‘X’ in Figure 3-17 shows the strain
at which reinforcing steel loses strength due to buckling.
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Figure 3-16 Nonlinear 1D cyclic material models. (a) Yassin cyclic concrete model, which employs the
monotonic Modified Kent-Park model (Yassin, 1994; Scott et al., 1982) as presented by Orakcal
and Wallace (2006). Note that compressive stress-strain is positive. (b) Menegotto-Pinto-Filippou
reinforcing steel model (Filippou et al., 1983) as presented by Orakcal and Wallace (2006).
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Figure 3-17 Regularization of concrete material response using mesh
dependent length. Note that steel buckling occurs at &, and &
(Figure adapted from Pugh et al., 2015)

3.4 Archetype Analysis Methods

The nonlinear analysis methods of FEMA P695 were used to investigate
archetype response and collapse performance. The FEMA P695
methodology was developed to provide a rational basis for determining
global seismic performance factors, including the response modification
coefficient (R factor), the system overstrength factor (£2), and the deflection
amplification factor (C,) that, when properly implemented in the seismic
design process, will result in “equivalent safety against collapse in an
earthquake, comparable to the inherent safety against collapse intended by
current seismic codes, for buildings with different seismic-force-resisting
systems” (FEMA, 2009). The primary acceptance criterion of FEMA P695 is
that the SFRS be shown to have not more than a ten percent probability of
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collapse conditioned on MCERr ground motions (i.e., conditional collapse
criterion subsequently adopted by ASCE/SEI 7-10).

The FEMA P695 methodology is intended for use with United States model
building codes and resource documents to set minimum acceptable criteria
for new SFRSs seeking adoption by seismic codes. The methodology also
provides a basis for evaluation of current code-approved SFRSs for their
ability to achieve intended seismic performance objectives, and to improve
design requirements for current SFRSs to better achieve these objectives, the
subject application of the methodology for the work summarized in this
report.

The FEMA P695 report provides a complete methodology for establishing
and documenting seismic performance factors of new SFRSs, including
collecting requisite system information (e.g., test data), developing
performance groups of representative archetypes, developing designs of
archetypes, developing analytical models of archetype designs, analyzing the
nonlinear response of archetype models to failure, evaluating the MCEr
collapse performance of archetype models from the results of the nonlinear
response analyses, documenting results, and peer reviewing the entire
process. The studies described in this report selectively used the analysis and
collapse evaluation methods of FEMA P695 to calculate nonlinear response
behavior and collapse performance of specific building archetypes modeled
with and without irregularities.

3.4.1 Overview of FEMA P695 Analysis Methods

The FEMA P695 methodology relies on collapse simulation through
nonlinear dynamic response history analysis. Analysis methods are
rigorously and unambiguously defined by the FEMA P695 methodology,
including the specification (selection and scaling) of ground motion records
to be used in dynamic response history analysis of nonlinear models. FEMA
P695 intentionally excludes nonstructural components and structural
elements not part of the SFRS from archetype models of a new SFRS seeking
adoption by seismic codes, although the analysis methods are generally
applicable to all building elements subject only to availability of test data
required to establish model properties. Similarly, FEMA P695 does not
require modeling of potential building irregularities, although the analysis
methods are generally applicable to archetype models with irregular
configurations.

FEMA P695 analysis methods include: (1) nonlinear static (pushover)
analysis to determine post-yield displacement capacity expressed in terms of
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the period-based system ductility parameter (ur); and (2) incremental
dynamic analysis (IDA) to calculate median collapse capacity expressed in
terms of a corresponding value of response spectral acceleration (S‘CT) at the
elastic, fundamental-mode, period, 7, of the archetype model of the system of
interest. The collapse margin ratio (CMR) is defined as the value of median
collapse response spectral acceleration divided by the value of MCEr
response spectral acceleration at the elastic period (Sur) used as the basis for
design of the archetype model (i.e., CMR = S’CT /Sur). The larger the value of
the CMR, the lower the probability of collapse. The adjusted collapse margin
ratio (ACMR) is the value of the CMR adjusted by the spectrum shape factor
(SSF) to account for the inherent “rareness” of MCER ground motions (i.e.,
ACMR = SSF x CMR). The SSF accounts for the post-yield elongation of the
elastic period based on the value of the system ductility parameter. The
larger the value of the system ductility parameter, the larger the adjustment
(increase) in the value of the CMR and the lower the probability of collapse.
It should be noted that, for the comparisons between collapse performance of
irregular archetypes and baseline archetypes presented in Chapters 4-6,
irregular archetypes are assigned the same SSF as their corresponding
baseline archetypes.

3.4.2 Selection of Ground Motions

The FEMA P695 methodology provides two sets of ground motion records
for collapse assessment using nonlinear dynamic analysis—the far-field
record set and the near-field record set. The far-field record set includes 22
component pairs of horizontal ground motions from sites located greater than
or equal to 10 km from fault rupture. The near-field record set includes 28
component pairs of horizontal ground motions recorded at sites less than 10
km from fault rupture. The record sets do not include the vertical component
of ground motion since this direction of earthquake shaking is generally not
considered of primary importance for collapse evaluation and is not required
for nonlinear dynamic analysis. The far-field record set is used by this study
for nonlinear response calculations and collapse evaluations.

The far-field ground motion record set is composed of strong-motion records
(i.e., records with PGA > 0.2g and PGV > 15 cm/s) from all large magnitude
(M > 6.5) events in the PEER NGA West1 Database (PEER, 2006). Large
magnitude events dominate collapse risk and generally have longer durations
of shaking, which is important for collapse evaluation of nonlinear degrading
models. The ground motion sets include records from soft rock and stiff soil
sites (predominantly Site Class C and D conditions) and from shallow crustal
sources (predominantly strike-slip and thrust mechanisms). To avoid event
bias, no more than two of the strongest records are taken from each
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earthquake. Figure 3-18 shows the 44 individual response spectra (i.e., 22
records, 2 components each), the median response spectrum, and spectra
representing response at +1- and +2-standard deviations of the far-field

record set.
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Figure 3-18 Far-field record set response spectra normalized by
peak ground velocity (Figure 6-3 of FEMA P695;
FEMA, 2009).

The far-field record set provides a fully-defined set of records for use in a
consistent manner to evaluate collapse of all possible types of SDC B, C, and
D systems located in any seismic region. The FEMA P695 methodology
uses actual earthquake records (in contrast to artificial or synthetic records)
recognizing that regional variation of ground motions would not be
addressed. Large magnitude events are rare and few existing earthquake
ground motion records are strong enough to collapse large fractions of
modern, code-compliant buildings. In the United States, strong-motion
records date back to the 1933 Long Beach earthquake, with only a few
records obtained from each event until the 1971 San Fernando earthquake.

3.4.3 Incremental Dynamic Analysis

FEMA P695 methods utilize IDA to determine median collapse capacity of
the archetype model of interest. Median collapse capacity is the value of
response spectral acceleration, §CT , at the fundamental-mode period, 7, at
which the archetype model has a 50 percent probability of collapse. For
defining SCT , the fundamental period is limited by the ASCE/SEI 7-16 upper
bound equation 7' < C,T,.

Median collapse capacity is determined by applying the far-field set of 22
records (2 components each) to the model incrementally scaled from
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relatively low to relatively high values of response spectral acceleration. For
a given ground motion, an archetype is assumed to have collapsed when
either the analysis will not converge (often due to loss of stability) or an
engineering demand parameter (EDP) such as interstory drift ratio (I/DR)
exceeds a predetermined threshold for which the building is expected to lose
its capability to carry vertical loads. In some cases, the analytical model may
still be stable, but the building is considered collapsed because of a non-
simulated mode of failure (e.g., a failure mode that is not explicitly modeled,
such as failure of the gravity system). Conceptually, median collapse
capacity is the value of response spectral acceleration at which 22 of the 44
analyses effect collapse of the archetype model. To avoid potential problems
with interpolation of discrete data, fitted median values of responses were
estimated by fitting a lognormal curve to the 44 collapse data.

Figure 3-19 is an example plot from FEMA P695 that is used to illustrate the
FEMA P695 methodology for determining collapse resistance from IDA.
For collapse evaluation of two-dimensional (planar) archetype models, each
of the 44 far-field components (i.e., 22 records, 2 components each) are
individually applied to the model generating 44 values of response and
collapse data at each increment of ground motion intensity. For collapse
evaluation of three-dimensional archetype models, the 22 far-field records
(two components each) are applied to the archetype model in two orthogonal
orientations (e.g., NS-EW and EW-NS orientations of components) also
generating 44 values of response and collapse data at each increment of
ground motion intensity. However, the CMR based on median collapse
intensity, S cr» 1s multiplied by 1.2 when three-dimensional archetypes are
used to evaluate collapse capacity (i.e., CMR3p = 1.2CMR;p). Adjustment of
the CMR for three-dimensional analyses is required by Section 6.4.5 of
FEMA P695 to achieve parity with two-dimensional analyses.

In this study, spectral acceleration of a ground motion was defined as the
geometric mean spectral acceleration of its two horizontal components. This
is a modification to the FEMA P695 approach, which first normalizes the
entire ground motion set to have the same peak ground velocity (to obtain the
“cloud” of response spectra in Figure 3-18), and then defines spectral
acceleration as the geometric mean spectral acceleration of the cloud (scaled
all together). Scaling on geometric mean of individual ground motions,
rather than cloud-scaling, has relatively inconsequential effects on estimates
of §CT; although, it does result in an underestimation of record-to-record
variability, particularly for nonductile buildings. However, since FEMA
P695 recommends a standard record-to-record variability of § = 0.4, there is
no need to compute it from IDA.
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Figure 3-19 Incremental dynamic analysis response plot of
spectral acceleration versus maximum story drift
ratio (FEMA, 2009).

While evaluation of median collapse capacity requires only the identification
of the ground motion intensity at which 22 of the 44 analyses effect collapse,
the studies described in this report also tracked values of other key response
parameters (e.g., peak story drift ratio and peak floor acceleration) over a
broad range of ground motion intensities, as described in Section 3.4.6.

3.4.4 Evaluation of MCEy Collapse Performance

The probability of collapse as a function of ground motion intensity (at the
period, T, of archetype model) is assumed to be lognormally distributed with
an adjusted median, S,., (i.e., ACMR x Syz), and a lognormal standard
deviation, fror, that accounts for total collapse uncertainty related to:

(1) record-to-record variability; (2) design requirements (for the SFRS of
interest); (3) test data (used to establish nonlinear properties); and

(4) modeling methods, as described in Section 7.3 of FEMA P695.
Reasonably well-defined archetype models have total collapse uncertainty
values of SBror= 0.50 — 0.60; Sror = 0.50 was used as the default in this study.
Note that the comparisons presented in Chapters 4-6 of this study are based
on ACMR, not the probability of collapse for an MCERr ground motion level,
so they are insensitive to the total collapse uncertainty parameter, fSror; this is
discussed further in Section 3.4.5.
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3.4.5 Collapse Evaluation Using Absolute and Relative
Measures of Collapse Risk

Both the collapse probability for MCER ground motions and the ACMR
values are tracked for each archetype building in this study. This section
discusses both of these performance metrics and explains why the relative
comparisons of ACMR values between irregular archetypes and a
corresponding regular baseline archetype was used as the primary measure of
performance (used in Chapters 4-6).

The MCER probability of collapse is the primary metric of the FEMA P695
methodology for evaluation of the collapse capacity of the archetype model
of interest as well as the parameter used by ASCE/SEI 7-10 to define
anticipated reliability of the structure to resist total or partial collapse (e.g.,
see Table C.1.3.1b of ASCE/SEI 7-10). The MCE collapse probability
represents an absolute measure of collapse risk that may not be the best
metric for comparing the relative collapse performance of a given SFRS with
and without a particular irregularity for the following reasons. The MCEr
collapse probability is very sensitive to the value Sror (i.e., total collapse
uncertainty) when the MCER collapse probability is low (e.g., less than 10
percent) and relatively insensitive to the value Sror when the MCER collapse
is near the median. For the purpose of comparing the collapse performance
of a given SFRS with and without a particular irregularity, it is desirable to
have a metric that is not sensitive to total collapse uncertainty. Arguably, the
SFRS of interest has the same (or nearly the same) value of total collapse
uncertainty with and without the irregularity, since individual uncertainties
associated with design requirements, testing, and modeling are similar. The
ACMR provides a more suitable metric that is independent of collapse
uncertainties and is linearly related to the value of MCEr ground motions
used as the basis for design and collapse evaluation.

The ACMR parameter is an absolute measure of median collapse resistance,
values of which necessarily vary for different SFRSs and corresponding
configurations. That is, values of the ACMR parameter will be different for
archetype models of different SFRSs and corresponding configurations even
when those SFRSs are seismic code compliant and, in concept, should have
the same, acceptably low, MCER collapse probability. For the purpose of
comparing the relative collapse performance of a given SFRS with and
without a particular irregularity, it is deemed useful to compare the ratio of
the values of the ACMR parameter for a given SFRS with and without a
particular irregularity to 1.0 (i.e., compare ACMRrequiar I ACMRpaseiine 10 1.0).
Thus, the collapse performance of a given SFRS with and without a
particular irregularity would be considered the same if the ratio of the ACMR
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values is 1.0, even if the ACMR parameter is relatively small or large (e.g.,
ACMRreguiar | ACMRpaseiine of 1.5/1.5 versus 2.0/2.0 versus 2.5/2.5). If the
ratio of ACMR values is less than 1.0, that would indicate that the presence of
the irregularity has caused a decrease in the building collapse resistance.

While the ratio ACMR;yreguiar | ACMRpaseiine 1s the primary metric for
evaluating the effects that configuration irregularities (and the accompanying
design requirements, where applicable) have on collapse resistance, the
MCER probability of collapse was still monitored in this study. In some
cases, where the MCER probability of collapse was extremely low, a larger
reduction of ACMR,reguiar | ACMRpaseiine Was considered acceptable, due to the
overall low collapse risk of the archetype design group. An additional use of
computing the MCER probability of collapse was to provide a sanity check
for the design and modeling approaches in this study; values of MCERg for the
baseline archetypes generally should (and did) fall within a range that is
consistent with prior studies (e.g., 1%-15% for SDC D,... designs, as seen in
FEMA P695).

3.4.6 Tracking of Non-Collapse Archetype Response Parameters

Nonlinear dynamic analyses were conducted on all models across the design
space by applying the FEMA P695 far-field ground motions at increasing
intensities until collapse (i.e., incremental dynamic analysis). The majority
of the results presented in this report focus on collapse and IDR (e.g., Figure
3-20 and Figure 3-21). A number of other engineering demand parameters
(EDPs) were tracked as well, including residual story drift ratios, roof drift
ratio, residual roof drift ratio, peak floor accelerations and velocities, and
peak column axial forces.

Each of the aforementioned EDPs are recorded for a broad range of
intensities, up to the point of collapse. The set of EDPs for a given ground
motion intensity is referred to as a “stripe.” As an example, Table 3-12
reports stripes at three key levels of ground motion intensity for the 12-story
baseline RC special moment frame (SMF) designed for SDC D,,.: 1/3 MCE,
2/3 MCE, and MCE. Note that the maximum story drift for this example
archetype building is 0.015 under design level motions (due to some
conservatism in the design process), which is similar to the median drift at
2/3 MCE of 0.018.

The EDPs selected for tracking at each 