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Disclaimer

This report was prepared for the Engineering Laboratory of the National Institute of
Standards and Technology (NIST) under Contract SB1341-13-CQ-0009, Task Order
13-497. The contents of this publication do not necessarily reflect the views and policies
of NIST or the U.S. Government.

This report was produced by the Applied Technology Council (ATC). While
endeavoring to provide practical and accurate information, the Applied Technology
Council, the authors, and the reviewers assume no liability for, nor express or imply any
warranty with regard to, the information contained herein. Users of information
contained in this report assume all liability arising from such use.

Unless otherwise noted, photos, figures, and data presented in this report have been
developed or provided by ATC staff or consultants engaged under contract to provide
information as works for hire. Any similarity with other published information is
coincidental. Photos and figures cited from outside sources have been reproduced in this

report with permission. Any other use requires additional permission from the copyright
holders.

Certain commercial software, equipment, instruments, or materials may have been used
in the preparation of information contributing to this report. Identification in this report
is not intended to imply recommendation or endorsement by NIST, nor is it intended to
imply that such software, equipment, instruments, or materials are necessarily the best
available for the purpose.

NIST policy is to use the International System of Units (metric units) in all its
publications. In this report, however, information is presented in U.S. Customary Units
(inch-pound), as this is the preferred system of units in the U.S. engineering industry.

Cover image — Steel moment frame assembly subjected to alternative loading protocols
(Suzuki and Lignos, 2015).
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In September 2014, the Applied Technology Council (ATC) commenced a task order
project under National Institute of Standards and Technology (NIST) Contract
SB1341-13-CQ-0009 to conduct comprehensive review of the generalized
component models published in the current ASCE/SEI standard and relevant
research, and develop recommendations for improvement (ATC-114 Project). The
need for defining parameters for nonlinear force-deformation models for
components, elements, or assemblies is identified as a high-priority research and
development topic in NIST GCR 14-917-27 report, Nonlinear Analysis Study and
Development Program for Performance-Based Seismic Engineering, (NIST, 2013b)
which outlines a research and development program for addressing the gap between
state-of-the-art academic research and state-of-practice engineering applications for
nonlinear structural analysis, analytical structural modeling, and computer simulation
in support of performance-based seismic engineering.

The current standard, ASCE/SEI 41-13, Seismic Evaluation and Retrofit of Existing
Buildings (ASCE, 2014), is widely used by designers for evaluating and upgrading
existing buildings. The component models in the current standard were developed
for use in existing building analysis, but they have also become widely employed in
new building analysis. The purpose of this report is to recommend broad
improvements to seismic nonlinear modeling and acceptance criteria requirements for
different structural systems.

This report was developed by the members of the ATC-114 Phase 1 project team.
ATC is indebted to the leadership of Ron Hamburger, who served as Project Director.
The Project Technical Committee, consisting of Greg Deierlein, Dawn Lehman,
Dimitrios Lignos, Laura Lowes, Robert Pekelnicky, Benson Shing, Peter Somers, and
John van de Lindt monitored and guided the technical efforts of the Project Working
Groups, which included Jianyu Cheng, Ahmed Elkady, Siamak Epackachi,
Alexander Hartloper, Maria Koliou, Daniel Sloat, and Andrew Whittaker. The
Project Review Panel, consisting of Martin Button, Charlie Carter, Kelly Cobeen,
Philip Line, Justin Marshall, Lawrence Novak, Graham Powell, Michael Schuller,
Wiliam Tremayne, and Kent Yu (ATC Board Contact), provided technical advice and
consultation over the duration of the work. The report also greatly benefited from the
work of the ATC-114 Phase 2 and 3 projects, completed under the direction of Greg
Deierlein and Curt Haselton. The names and affiliations of all who contributed to
this report are provided in the list of Project Participants.
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Representative), Jay Harris, Siamak Sattar, Matthew Speicher, and Kevin K.F. Wong
for their input and guidance throughout the project development process. ATC staff
members Veronica Cedillos and Carrie Perna provided project management support
and report production services, respectively.

Ayse Hortacsu Jon Heintz
Associate Program Manager Program Manager

iv

Preface GCR 17-917-45



Table of Contents

Preface ....ecceicercsneisnensnensnnsecsecsnccnecnnes . dii
List of Figures.......ccccceevvercscerescnercsnrcscnnesennes xi
| I 1) 0 21 1] (RN xxvii
EXecutive SUMMATY ...coviernninseicssanessseisssarcssanesssssossasssssssssasessssssssassssssssssassssasese xxxiii
1. Introduction..........coceerueerueennnee. 1-1
1.1 Background.........c.oooueeiiiiiiiiiesee e 1-1
1.2 DoCUMENT SCOPC...uvvieeiieeiiieie ettt eee e veeeare e 1-3
1.3 Intended AUAIENCE .....cccovuieieiiiieee e 1-3
1.4 Document Organization...........c.cecueeeveeereerreeneeseereeseeseesssesssesssenns 1-3
2. General 2-1
2.1 Use of Nonlinear ANalySiS........cvcvvvevreerreereerieesveeireereesseesseesseessens 2-1
2.2 Nonlinear Static ANALYSIS .....c.eecvvervierierieneerre e e e e e eeeeeees 2-2
2.3 Nonlinear Dynamic Analysis........cccocceeveenienieniieniieieeceieeeeeeen 2-5
2.4 General Hysteretic Model...........ccveeeiiiiiieiiiieiieeee e 2-8
2.5 Variability and Uncertainty...........cccceeeereeereerreenieenieeseesnesneseneenns 2-12
3. Acceptance Criteria 3-1
3.1 GENETAL.....iiiiiiieee e 3-1
3.2 FEMA 273/274 ..ottt 3-1
33 ASCE/SEL AT .t 3-4
34 PEER Tall Building Guidelines...........c.cecceeveenienienienieiieeieeienns 3-4
3.5 ASCE/SEL T16 it 3-6
3.6 Adaptive Model ReSPONSe........c.cecvveriierienienienieeieeieeieeeeeseeenenes 3-8
3.7 Recommended Acceptance Criteria.........cceevereereeeeeneenieeenieenenns 3-8
3.7.1 Nonlinear Dynamic AnalysiS........cccccveveviervreeerveeenieeenneenns 3-8
3.7.2  Nonlinear Static ANalysis .......cccccervveriveecriecreerreereesnenenn. 3-10
3.7.3  Linear ANalySiS......cccociereereerieerieneeereereeieeseennessne e 3-11
4 Steel Moment Frame Systems 4-1
4.1 Overview of Geometry and Behavior...........cccccvevvevienciiniencneennnn, 4-1
4.2 Summary of Design Code Provisions...........c.cceeevvevvereenvenvennennns 4-7
43 Performance and Damage Progression ............ccoecveveeeeeeniieeniennnenns 4-9
4.3.1 Beams as Part of Fully-Restrained Beam-to-Column

CONNECLIONS ..ottt 4-10

4.3.2 Beams as Part of Partially-Restrained Beam-to-Column
Connections with Intermediate Stiffness ..........ccccceeeneee. 4-15
4.3.3  Beam-Columns .........ccoceierieieiieieieneeieee e 4-17
434 Beam-to-Column Joint Panel Zones..........ccocceveverienene 4-25

GCR 17-917-45

Table of Contents



4.3.5  Column SPLICES ...cueevvieriieeiieiieieeieeeesee et 4-27

4.3.6 Column Base CONNECtioNs .........cecueerveereereerieeenieenieneenns 4-30
4.4 Recommendations for Modeling............ccoeveveieniinciieneenienieenenns 4-34
4.5 Force-Deformation Envelopes .........cccceevevieriieiieiieeieeneenieeee 4-35
4.5.1 Hinge Model for Beams as Part of Fully-Restrained
Beam-to-Column Moment Connections ............cccceeveeeee.. 4-38
4.5.2 Beams with Pre-Northridge WUF-B Connecti ................ 4-44
4.5.3 Non-Conforming Beams as part of Fully-Restrained
Beam-to-Column Connections............cceeeeeererceseeneennnae 4-46
4.5.4 Column Hinge Model...........ccoecvirviierieniriienieereesie s 4-46
4.5.5 Beam-to-Column Joint Panel Zone Model....................... 4-54
4.5.6 Hinge Model for Beams as part of Partially-Restrained
Connections with Intermediate Stiffness...........ccccccuenee. 4-56
4.5.7 Steel Column Splice Hinge Model............ccecvevieninnnnne 4-59
4.5.8 Column Base Connection Hinge Model........................... 4-61
4.6 Summary Findings of Application Case Study ........c.cccevveeveennen. 4-69
Steel Concentrically Braced Frames.............cceuueee.. 5-1
5.1 Overview of Geometry and Behavior ........cc.ccoocvevieiieiiiiiincnnnn. 5-1
5.2 Summary of Design Code Provisions ...........cccceevvevveereenieenveennenn. 5-2
53 Performance and Damage Progression..............ccveeveeeereenveneennnnns 5-4
54 Recommendations for Modeling...........ccoeeeeveieeiiieiiiieeieieeeee 5-7
541 OVEIVIEW .ttt ettt sttt et 5-7
54.2 BrACE cueeiuiiiiiiiieiteeetete et 5-8
5.4.3  Gusset Plate CONNECHIONS .....coeervereieierieniieiiniieiesieeieee e 5-9
5.5 Cyclic Backbone .........cccoeccviiiiiiiiiiciiecie et 5-12
5.6 Monotonic ENVEIOPE ......ccvvveriieiieeiieiiciieiesiee e 5-15
Reinforced Concrete Moment Frame Systems 6-1
6.1 Overview of Geometry and Behavior ........cc.ccoecvviiiiieiiincencenenn. 6-1
6.2 Summary of Design Code Provisions .........cccceccveeveieeenieecneeenineenne. 6-2
6.3 Performance and Damage Progression..........c.c.ccveeveevereenveneennnnns 6-2
6.4 Recommendations for Modeling...........ccoocveevieeiiiesiieiienienieneeene 6-3
6.5 Concentrated Hinge Model Parameters.............ccceevveerieeecneeennenne. 6-7
6.5.1 Column Model Parameters..........c.ccecerereeneneenenenieeee. 6-7
6.5.2 Beam Model Parameters ..........ccccoceveeveneniienenieieneneens 6-15
6.5.3 Modeling of Beam-Column Joints ..........cccecvecuverivenennne. 6-16
6.5.4 Modeling of Gravity System Connections....................... 6-18
6.6 Fiber-Type Component Models ..........cccceevverierirnciinneenieniennens 6-21
6.6.1 Fiber-Section Modeling ...........ccccceeveeviiriiiniiieieeceeene, 6-21
6.6.2  Fiber Material Modeling ...........cccoeeevveevviinciieeiieeieeeen 6-23
6.6.3 Modeling Bond-Slip and Shear Deformations.................. 6-29
Flexure-Controlled Reinforced Concrete Walls 7-1
7.1 Overview of Geometry and Behavior ..........ccccccevveiiiiiiecciecienee, 7-1
7.1.1  Geometry and Reinforcement Layout...........cc.ceevverevennnnnns 7-1
7.1.2  Behavior under Lateral and Gravity Loading..................... 7-4
7.1.3  Compilation and Evaluation of Flexural Wall Database.... 7-6
7.2 Summary of Design Code Provisions .........cccceccveevveeenieenveeennneenne, 7-8
7.2.1  Vertical Reinforcement ...........ccccovoeeveveneenineenencnieee. 7-9
7.2.2  Horizontal Reinforcement.............ccccoeeeviieviieniieccieeieee, 7-9

vi

Table of Contents GCR 17-917-45



T 2.3 ST ettt ae e aaaaaaes 7-9

7.2.4 Boundary Elements.........c.ccccceeeeiierciieeniieciee et 7-10
7.3 Performance and Damage Progression ...........cccevvevieervenvennnennn, 7-12
7.4 Recommendations for Modeling............cooceveveieeneinieenienieene, 7-14
7.4.1  Constitutive Modeling .........cccceeeveeecirenieeniie e 7-16
7.4.2  Fiber-Type Beam-Column Elements.............ccccovvereneneen. 7-21
7.4.3  Zero-Length Hinge (or Plastic-Hinge) Models................ 7-27
7.4.4  Fiber-Type Shell Elements ..........cccccceeveviirirniienieeenen. 7-28
7.5 Deformation Capacity........ccccveveereereerierrenreereesieeseeseesenesenenens 7-28
8. Shear-Controlled Reinforced Concrete Walls....... 8-1
8.1 Overview of Geometry and Behavior...........ccocceevieniiiiinieiienenn, 8-1

8.1.1  Classification of Shear Walls by Geometry in Plan and
Elevation ......cccoocieriiieeeieeee et 8-1
8.1.2  Hysteretic Response of Low Aspect Ratio Shear Walls.... 8-2
8.2 Summary of Design Code Provisions...........cccceeeeveerieeecveenneennne. 8-3
8.2.1 Modeling Parameters in ASCE/SEI 41-13 .......ccccoveeene. 8-3
8.3 Database Development ........c.ccceecveeeieeciieciieiieiieciesee e 8-4
8.4 Peak Shear Strength .........ccoocieviiiiiiiiieeeeee e 8-5
8.4.1 Chapter 11 of ACI318-14 ...coovviveiieiieieeeee e 8-6
8.4.2 Chapter 18 of ACI318-14 ..coviiiiiieieieeeeeeeeee 8-6
8.4.3 Bardaetal. (1977) e 8-7
8.4.4 Evaluation of Results and Recommendations.................... 8-7
8.5 Cyclic Backbone CUIVeS........ccceevvierieerienienriereerieesieesnesenesnesneens 8-9
8.5.1 Constructing a Cyclic Backbone Curve..........cc.cceevennnnne. 8-9
8.5.2  Control Points for Cyclic Backbone Curves.................... 8-11
8.5.3 Recommendations for Modeling and Control Points....... 8-39
8.6 Cyclic Hysteretic Models..........cocverieriienienienieeie e 8-41
9 Reinforced Masonry Walls 9-1
9.1 Overview of Geometry and Behavior...........ccccocoveeviiiiiieiciiennnn, 9-1
9.1.1  Wall Configurations in Buildings .........c..cccceeverernenennnnnne. 9-1
9.1.2  Behavior of Wall Systems ..........ccceccvevieneenienienieeieeienns 9-3
9.1.3  Behavior of Wall Components .............ccceeeveeeviveercieeenneenns 9-5
9.2 Summary of Design Code Provisions.........c.ccceeeveevieereesvesnenenenens 9-9
9.3 Recommendations for Modeling...........ccoccvvvevvrcivncieenieenienieennn, 9-10
9.4 Modeling of Wall Components with Beam-Column Elements .... 9-12
9.4.1 Types of Beam-Column Elements..........c..ccccevvervvenenennen. 9-12
9.4.2 Material Models for Masonry and Steel ............ccceueee. 9-14
9.4.3  Effective Plastic-Hinge Length..........cccoccoeiiieiinnnnnnnnen. 9-19
9.4.4  Shear Deformation..........ccocceereeniinieniieiieeseeeeceee e, 9-20
9.4.5 Evaluation of Beam-Column Model with Test Data ....... 9-21
9.4.6 Influence of Lap SPliCes ......cccceevervierieniieiieiieceeeee, 9-24
9.4.7 Influence of Loading HiStory..........ccceevvrevrreecieecneeennen. 9-25

9.5 Backbone Force-Displacement Curves for Flexure-Dominated
WALLS < 9-26
9.5.1 Construction of Idealized Backbone Curves.................... 9-26

9.5.2 Nondimensionalized Moment-Curvature Relations for
Fully Grouted Rectangular Wall Sections .........c.cccccu.ee.. 9-29

9.5.3 Comparison of Backbone Curves with Test Data for

Fully Grouted Walls..........cceoviiiviiieiieiieceecee e, 9-35

GCR 17-917-45 Table of Contents

vii



9.5.4 Additional Remarks ........cccceeeeeeeeeeeeeeeeeeeeeeeeenn 9-37

9.6 Backbone Force-Displacement Curves for Shear-Dominated
WEALLS < 9-38
9.6.1 Idealized Backbone Curves for Fully Grouted Walls ...... 9-38
9.6.2 Comparison of Backbone Curves with Test Data for
Fully Grouted Walls.........cccoveviiiieniienieeieecee e, 9-39
9.6.3 Idealized Backbone Curves for Partially Grouted
WALLS e 9-40
10. Wood Shear Wall Systems 10-1
10.1  Overview of Geometry and Behavior ..........ccccccvevvevienciencinennnen, 10-1
10.2  Summary of Design Code Provisions ..........cceeceeveevienieeinenenne. 10-3
10.3  Performance and Damage Progression...........cocuveeveeenveenveesnnenns 10-4
10.3.1 Seismic Force-Resisting Systems.........c.cccceeeveeereerreerneenne. 10-4
10.3.2 FINIShES c..eoveiieiieiieeeeeeeete e 10-7
10.4  Recommendations for Modeling............cccceeveererieniieenciieeieeenenn 10-8
10.4.1 Introduction and Challenges...........cccceevverrerreerreerreenneenne. 10-8
10.4.2 Development of Backbone Curve Data Synthesis ......... 10-10
10.4.3 Numerical Modeling Recommendations........................ 10-13
10.5  Ilustrative Example SUMMAry .........ccccveevieveerieeneeneeneesnenenens 10-21
Appendix A: Steel Moment-Frame Systems — Application Case Study........... A-1
A.l Steel Beams in Fully-Restrained Beam-to-Column Moment
CONNECTIONS ..ttt ettt ettt ettt e st esate st et esbe e b e naeas A-1
A.1.1 Composite Steel Beams in Fully Restrained Beam-to-
Column Moment CONNECHIONS ......eeveeververeenrereerieneeeeenees A-3
A2 Beams with Pre-Northridge WUF-B Connections......................... A-4
A3 Steel Wide-Flange Beam-Columns............cccvevverveniencrievieenieennens A-5
A.4  Hollow Structural Steel Beam-Columns ...........ccccoveeeierieneeneennene A-10
A5 CaSE StUAIES ..uveeeiiiieeiieeie ettt ettt s A-13
A.5.1 Description of Archetype Buildings...........cccceevveeenennnee. A-13
A.5.2 Ground Motion Selection and Scaling ...........c.cceeveenee. A-14
A.5.3 Nonlinear Building Models..........cccooceeviiniiniienieeen. A-14
A.5.4 Results of the Nonlinear Static Analysis..........cccccuveenee. A-15
A.5.5 Results of the Nonlinear Response History Analysis...... A-19
Appendix B: Shear-Controlled Reinforced Concrete Walls — Database.......... B-1
B.1 Loading Properties of Reinforced Concrete Walls......................... B-1
B.2 Statistical Evaluation of the Measured Data ...........c.ccocceveeennen. B-48
B.3 Calculated Parameters for Cyclic Hysteresis Models .................. B-54
Appendix C: Shear-Controlled Reinforced Concrete Walls — Data
ANALYSIS coveueiesnresserssarescnnane C-1
Appendix D: Shear-Controlled Reinforced Concrete Walls — Comparison
Studies D-1
Appendix E: Reinforced Masonry Walls — Database........ccceeeeesercscnecssercssanesens E-1
E.1 Flexure-Dominated Walls .........cccccerieiininieienieeceeee e E-1
E.1.1 Cyclic Analysis for Flexure-Dominated Walls ................. E-2
E.1.2 Backbone Curves for Flexure-Dominated Walls ............ E-12

viii

Table of Contents GCR 17-917-45



E.2 Shear-Dominated WallS.........eeeeveeieieeeieeeieeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees E-23

E.2.1 Backbone Curves for Shear-Dominated Walls................. E-24
Appendix F: Wood Shear Wall Systems — Database ........ccceccerercerescuricscercrcnnnnns F-1
Appendix G: Wood Shear Wall Systems — Application Case Study ................ G-1
G.1 Overview and Introduction ...........coeceeieeieeneenienienene e G-1
G.2 Structural System and Design Considerations...........c.cceccverveennnns G-1
G.3 Case Study Description and Results ..........ccccevveerveriencrencieeieennen, G-3

G.3.1 Component Level Nonlinear Model Development and
Structural ANAlYSiS.......ccvevverivercrerrinreeieesieesreeseesvesneens G-3

G.3.2 System Level Nonlinear Model Development and

Structural ANalysSiS.......ccceereerierienierieeie et G-5
G4 SUMIMATY ...ttt e et e e e e beeestaeessbeeeeseessseeenes G-6
References.........ccoceeruueeee. . H-1
Project Participants I1

GCR 17-917-45 Table of Contents

ix





