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Preface

The NEHRP Consultants Joint Venture is a partnership between the Applied
Technology Council (ATC) and the Consortium of Universities for Research in
Earthquake Engineering (CUREE). In 2007, the National Institute of Standards and
Technology (NIST) awarded a National Earthquake Hazards Reduction Program
(NEHRP) “Earthquake Structural and Engineering Research” contract (SB1341-07-
CQ-0019) to the NEHRP Consultants Joint Venture to conduct a variety of tasks,
including Task Orders 67344 and 68002 entitled “Quantification of Building System
Performance and Response Parameters.”

This work was an extension of work conducted under the ATC-63 Project, funded by
the Federal Emergency Management Agency (FEMA), which resulted in the
publication of the FEMA P-695 report, Quantification of Building Seismic
Performance Factors (FEMA 2009). The FEMA P-695 report outlines a procedural
methodology for reliably quantifying seismic performance factors, including the
response modification coefficient (R factor), the system overstrength factor (£2), and
the deflection amplification factor (Cy). While the ATC-63 Project included testing
of the Methodology on selected systems (e.g., special and ordinary reinforced
concrete moment frames and wood light-frame structural panel shear walls), the
purpose of this NIST project was to expand the testing of the Methodology to
additional seismic force-resisting systems.

Beta testing was overseen by members of the original ATC-63 Project Team, but was
conducted by working groups consisting of individuals who were not directly
involved in the development of the Methodology. The following systems were tested
as part of this work: (1) special and ordinary reinforced masonry shear walls; (2)
special and ordinary reinforced concrete shear walls; (3) special steel concentrically
braced frames and buckling-restrained braced frames; and (4) special steel moment
frames. With certain exceptions, results confirmed the applicability of the
Methodology for quantifying seismic performance factors and verified that currently
approved seismic force-resisting systems generally meet the inherent safety against
collapse intended by current seismic codes and standards.

The NEHRP Consultants Joint Venture is indebted to the leadership of Charlie
Kircher, Project Director, and to the members of the project team for their efforts in
testing the Methodology and developing this report. The Project Technical
Committee, consisting of Greg Deierlein, John Hooper, Helmut Krawinkler, Steve

GCR 10-917-8 Preface iii



Mahin, Benson Shing, and John Wallace monitored and guided the beta testing work.
The Working Groups, including Chui-Hsin Chen, Brian Dean, Aysegul Gogus,
loannis Koutromanos, Dimitrios Lignos, and Farzin Zareian prepared archetype
designs and conducted nonlinear response history analyses. The Project Review
Panel, consisting of Ron Hamburger, Jim Harris, Bill Holmes, Rich Klingner, Phil
Line, Nico Luco, Bonnie Manley, Laurence Novak, Rafael Sabelli, and Kurt Stochlia
provided technical review, advice, and consultation at key stages of the work. The
names and affiliations of all who contributed to this report are provided in the list of
Project Participants.

The NEHRP Consultants Joint Venture also gratefully acknowledges Jack Hayes
(NEHRP Director), Jay Harris (NIST Project Manager), Michael Mahoney (FEMA
Project Officer), and Robert Hanson (FEMA Technical Monitor) for their input and
guidance in the preparation of this report, and Ayse Hortacsu and Peter N. Mork for
ATC report production services.

Jon A. Heintz
Program Manager
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Chapter 1

Introduction

The Federal Emergency Management Agency (FEMA) report, FEMA P-695
Quantification of Building Seismic Performance Factors (FEMA 2009), outlines a
procedural methodology for establishing global seismic performance factors (SPFs),
including the response modification coefficient (R factor), the system overstrength
factor (£2,), and deflection amplification factor (C4). These factors are fundamentally
critical in the specification of seismic design loading. The ability to accurately and
reliably quantify these factors is important for new seismic force-resisting systems
being proposed for adoption, as well as for established systems currently allowed in
national model building codes and standards.

In 2007, the National Institute of Standards and Technology (NIST) initiated a
project to investigate the FEMA P-695 Methodology in its final stages of
development. Performed by the NEHRP Consultants Joint Venture, a partnership of
the Applied Technology Council (ATC) and the Consortium of Universities for
Research in Earthquake Engineering (CUREE), this work was an extension of work
conducted under the FEMA-funded ATC-63 Project. Although the ATC-63 Project
included testing of the Methodology on selected systems, the purpose of this NIST
project was to expand the testing of the Methodology to additional seismic force-
resisting systems.

This report presents the results of expanded testing of the FEMA P-695
Methodology, summarizes findings and conclusions for the systems studied, and
provides recommendations for possible improvement of the Methodology and further
study related to the specification and use of seismic performance factors in seismic
design codes and standards.

1.1  Background and Purpose

Seismic performance factors were initially introduced in the ATC-3-06 report,
Tentative Provisions for the Development of Seismic Regulations for Buildings (ATC,
1978). They are now used in current seismic codes and standards to estimate strength
and deformation demands for seismic force-resisting systems that are designed using
linear methods of analysis, but are responding in the nonlinear range. Until recently,
derivations of these parameters have been based largely on engineering judgment or
gualitative comparisons with systems of known response capabilities.

Advances in performance-based seismic design tools and technologies have resulted
in the ability to use nonlinear collapse simulation techniques to link seismic
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performance factors and system performance on a probabilistic basis. The FEMA
P-695 Methodology uses these techniques in a probabilistic procedure that directly
accounts for potential variations in structural configuration, ground motion, and
available experimental data on the behavioral characteristics of structural components
and systems.

Currently there are more than 75 individual systems contained in the 2003 Edition of
the National Earthquake Hazards Reduction Program (NEHRP) Recommended
Provisions for Seismic Regulations for New Buildings and Other Structures,

Part 1: Provisions (FEMA, 2004a). Development of the FEMA P-695 Methodology
included testing on selected seismic force-resisting systems. To date, this has
included investigation of special reinforced concrete moment frames, ordinary
reinforced concrete moment frames, and light-framed walls with wood structural
panel sheathing.

Although these investigations served to test, refine, and illustrate the application of
the Methodology, additional testing was necessary to further verify the accuracy and
reliability of the procedures. The primary objective of this work was to test the
FEMA P-695 Methodology on additional seismic force-resisting systems, evaluate
the results for the system of interest, and develop recommendations for improving the
Methodology, if needed. A secondary objective was to identify possible
improvements to the specification and use of seismic performance factors in model
codes and standards, and to recommend areas for further study. It is anticipated that,
once validated, the FEMA P-695 Methodology will be used by model codes and
standards organizations to set minimum acceptable design criteria for code-approved
systems, and to provide guidance in the selection of appropriate design criteria for
alternative systems when linear design methods are applied.

1.2  Scope of the Beta Testing Effort

The beta testing effort was structured to cover a broad range of building types,
response characteristics, and seismic detailing requirements. The availability of
reliable test data on component and system performance, as well as the ability to
simulate significant failure modes and component degrading behavior in analytical
models, were also considered in system selection. The following seismic force-
resisting systems were investigated:

e Special reinforced masonry shear wall (special RMSW) systems
e Ordinary reinforced masonry shear wall (ordinary RMSW) systems
e Special reinforced concrete shear wall (special RCSW) systems
e Ordinary reinforced concrete shear wall (ordinary RCSW) systems

e Special steel concentrically braced frame (special SCBF) systems

1-2
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e Buckling-restrained braced frame (BRBF) systems

o Special steel moment frame (special SMF) systems

Beta testing was overseen by members of the original ATC-63 Project Team, but was
conducted by working groups consisting of individuals who were not directly
involved in the development of the Methodology. Systems were divided across four
teams as follows: (1) reinforced masonry shear walls; (2) reinforced concrete shear
walls; (3) steel concentrically braced frames and buckling-restrained braced frames;
and (4) steel moment frames. Each team was headed by a researcher with active
research on the material and system of interest, and was advised by a practicing
structural engineer with design expertise on the material and system of interest.

Teams were given the autonomy to develop system archetypes, prepare trial designs,
and conduct nonlinear analyses using software of their choosing. Although teams
performed their work independently, they did not operate in isolation. At key
developmental stages, work was coordinated with regard to the scope of the
archetype design space, analytical assumptions, design decisions, criteria for non-
simulated collapse modes, and overall compliance with the requirements of the
Methodology. Tables 1-1 through 1-4 summarize key information for each of the
systems selected for beta testing.

Table 1-1  Summary of Design Coefficients and Factors from Table 12.2-1 of ASCE/SEI
7-05 for Each System

Seismic Force-Resisting
System

Primary ASCE/SE| 7-05, Table 12.2-1

Analysis
Procedure

Detailing R Limit (ft)
1 RMSW Special ELF A7 5 2.5 5 D 160
2 RMSW Ordinary ELF A9 2 2.5 1.75 C 160
3 RCSW Special ELF B.5 6 25 5 D 240
4 RCSW Ordinary ELF B.6 5 2.5 4.5 C NL
5 SCBF Special ELF B.3 6 2 5 D 240
6 BRBF n/a ELF B.26 8 2.5 5 D 240
7a SMF Special ELF C.1 8 3 5.5 D NL
b SMF Special RSA Cl 8 3 55 D NL

Table 1-1 provides a summary of the coefficients and factors taken from Table 12.2-1
of ASCE/SEI 7-05, Minimum Design Loads for Buildings and Other Structures
(ASCE 2006a). Archetype designs for each system were developed using the R
factors shown in this table. In a departure from current seismic design practice, the
FEMA P-695 Methodology specifies the use of Cq = R. To test the effects of this
requirement, archetype designs were developed using code-specified drift limits and
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values of C4 = R. The Cq values from ASCE/SEI 7-05 are provided for reference but
were not used.

Table 1-2 summarizes design criteria used to prepare index archetype configurations
for each system, including analysis procedures, seismic design levels, and gravity
load levels. In most cases, the Equivalent Lateral Force (ELF) procedure of Section
12.8 of ASCE/SEI 7-05 was used as the basis for design. In certain cases the
Response Spectrum Analysis (RSA) procedure of Section 12.9 of ASCE/SEI 7-05
was used, particularly when RSA methods are commonly used in design practice.
Special SMF archetypes were purposely designed using both the ELF and RSA
procedures to investigate differences in performance due to the choice of analytical
method. Selected taller archetypes for other systems were also designed using the
RSA procedure.

Table 1-2  Summary of Design Criteria Used to Prepare Index Archetype
Configurations for Each System

Seismic gorce-Resisting Primary Seismic Design Gravity Design
ystem Analysis

Detailing Procedure

1 RMSW Special ELF Drmax Dmin v v
2 | RMSW | Ordinary ELF Cinax Chnin v v
3 | RCSW Special ELF Drmax Drmin v v
4 RCSW Ordinary ELF Cimax Cuin 4 v
5 SCBF Special ELF Dimax Drin Typical
6 BRBF n/a ELF/RSA Dmax Dmin Typical
7a SMF Special ELF Dimax Dmin Typical
7b SMF Special RSA Dinax Dmin Typical

Archetypes were designed for maximum and minimum spectral acceleration
intensities (e.9., Dmax, Dmin, Cmax, and Cpin) associated with the governing Seismic
Design Category (SDC). Although FEMA P-695 requires checking of other SDCs to
fully evaluate system performance, studies have shown that the SDC with the highest
permitted level of seismicity governs the evaluation of the R factor, and beta testing
was limited to archetypes within the governing SDC.

To evaluate the influence of gravity load on performance, archetypes for masonry
and concrete wall systems were designed for both high and low levels of gravity load
intensity. For steel braced frame and steel moment frame systems, in which the
effects of gravity loads were judged to be insignificant, a single (typical) level of
gravity load was used to design system archetypes.

Table 1-3 lists the index archetype heights (in number of stories) that were evaluated
for each system. Heights were selected to represent both short-period (T < T;) and

1-4

Introduction GCR 10-917-8



long-period (T > T;) systems, as defined in FEMA P-695. In certain cases, the
number of stories was considered above (or below) the practical limit for the system
of interest. For example, shear wall configurations greater than 12 stories and braced
frame configurations less than 2 stories were not designed.

Table 1-3  Summary of Index Archetype Heights (Number of Stories) for Each

System
Seismie gggt:sr_nReSIStmg :r:g?yasrié Index Archetype Hgights
Detailing Procedure (Number of Stories)

1 RMSW Special ELF 1 2 4 8 12 n/a
2 RMSW | Ordinary ELF 1 2 4 8 12 n/a
3 RCSW Special ELF 1 2 4 8 12 n/a
4 RCSW Ordinary ELF 1 2 4 8 12 n/a
5 SCBF Special ELF n/a 2 3 6 12 16
6 BRBF n/a ELF/RSA n/a 2 3 6 12 16
7a SMF Special ELF 1 2 4 n/a n/a 20
7b SMF Special RSA 1 2 4 8 12 20

Performance groups are used to evaluate the average performance of archetypes with
common design features and behavioral characteristics. Key features that were
considered include building height (e.g., short-period or long-period systems), level
of gravity loading (e.g., high, low, or typical gravity loads), and level of seismic
loading (e.g., maximum or minimum spectral acceleration intensities for the
governing SDC). To fully evaluate a system of interest, a sufficient number of
performance groups must be populated with a sufficient number of archetypes to
encompass the permissible design space over the range of applicability of the system.

A total of 120 archetypes were developed for the seven systems selected for beta
testing. Table 1-4 summarizes the performance groups and number of archetypes
used to evaluate each system. Each cell in the table corresponds to one performance
group, and the number shown in the cell is the number of archetypes in that
performance group.

Because of practical limitations in available resources, the scope of the beta testing
effort was necessarily limited. The primary objective of this work was to test the
FEMA P-695 Methodology on as many seismic force-resisting systems as possible,
so it was considered more beneficial to evaluate a larger number of systems with a
carefully selected, but limited, number of archetypes per system, rather than to
evaluate fewer systems with a larger number of archetypes per system.
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Table 1-4  Summary of Performance Groups and Total Number of Archetypes Used to
Evaluate Each System

No. of Archetypes by Performance Group

Seismic Force-Resisting
System Short-Period Long-Period

Gravity Seismic Loads
Detailing Loads (Maximum or Minimum of SDC)

High 3 2 2 3
1 RMSW Special 20
Low 3 2 2 3
High 2 3 2 3
2 RMSW Ordinary 20
Low 2 3 2 3
High 3 2 2 3
3 RCSW Special 20
Low 3 2 2 3
High 2 3 2 3
4 RCSW Ordinary 20
Low 2 3 2 3
5 SCBF Special Typical 2 3 2 3 10
6 BRBF n/a Typical 2 3 2 3 10
7a SMF Special Typical 2 1 2 3 8
7b SMF Special Typical 2 1 4 5 12

Full implementation of the FEMA P-695 Methodology, however, would require at
least three archetypes to evaluate the statistics within each performance group. Also,
additional performance groups for each system would likely be required to fully
evaluate the design space permitted by current code requirements. For example,
shear walls could be constructed with varying thicknesses in pierced, flanged, or T-
shaped configurations, and steel braced frames could be constructed with tube, wide-
flange, or double channel braces arranged in single-diagonal, “X,” or multistory
configurations.

To test the feasibility of full implementation of the Methodology, the buckling-
restrained braced frame (BRBF) system was selected for further study. In this study,
the process for developing a full set of archetypes for evaluation of the complete
design space was tested. Although nonlinear analyses and performance evaluations
were not performed as part of this work, this expanded trial application demonstrated
how systematic identification of controlling characteristics can be used to limit the
number of archetypes needed for full implementation of the Methodology.

1.3 Report Organization and Content

This report summarizes modeling methods, assumptions, and results for the beta
testing effort. It is organized to present findings and conclusions for each individual
system of interest and to allow comparison of results across different systems.

Introduction GCR 10-917-8



Chapter 1 provides background information and describes the scope of the beta
testing effort.

Chapter 2 provides a brief overview of the FEMA P-695 Methodology for context,
introducing the basic theory and concepts as they relate to the beta testing effort.

Chapters 3 through 6 describe the application of the FEMA P-695 Methodology to
reinforced masonry shear wall systems, reinforced concrete shear wall systems, steel
braced frame systems, and steel moment frame systems, respectively. Each chapter
follows a common organizational format that includes identification of structural
system information, development of index archetype configurations, conduct of
nonlinear analyses, and system performance evaluation. Results for each system are
summarized in tables in a consistent manner. Each chapter concludes with a
summary of observations on the FEMA P-695 Methodology, observations on system
performance, and recommendations for possible future experimental and analytical
research.

Chapter 7 illustrates the development of a complete set of archetypes that would be
necessary to cover the code-permitted design space for performance evaluation of
buckling-restrained braced frame systems.

Chapter 8 summarizes general findings and conclusions across all systems,
recommendations for possible improvement or refinement of the FEMA P-695
Methodology, and recommendations for further study on the specification and use of
seismic performance factors in model codes and standards.

Appendices A through E provide additional information on the development of index
archetype configurations, the resulting archetype designs, and analytical model
development for each system of interest.
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Chapter 2

Overview of the FEMA P-695
Methodology

This chapter provides a brief summary of the scope and basis of the methodology
contained in FEMA P-695 Quantification of Building Seismic Performance Factors
(FEMA 2009). It defines terminology and key concepts used in the trial applications
described herein. Readers are referred to the FEMA P-695 report for complete
information on the specific requirements of the Methodology, and guidance on its
implementation and use.

Quantification of Building
The purpose of the FEMA P-695 Methodology is to provide a rational basis for m‘: Performance
determining global seismic performance factors, including the response modification e o
coefficient (R factor), the system overstrength factor (£2,), and deflection - j

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 Methodology is intended for use with model building codes and standards to set
minimum acceptable design criteria for code-approved seismic-force-resisting
systems when linear design methods are applied. It also provides a basis for
evaluation of current code-approved systems and their ability to meet the seismic
performance intent of the code.

2.1  Selected Terminology

The following selected terminology is key to the FEMA P-695 Methodology and is
used in descriptions of the beta testing effort:

e Archetype: A prototypical representation of a seismic-force-resisting system.

e Archetype Design Space: The overall range of permissible configurations,
structural design parameters, and other features that define the application limits
for a seismic-force-resisting system.

e Collapse Level Earthquake Ground Motions: The level of earthquake ground
motions that cause collapse of the seismic force-resisting system of interest.

o Collapse Margin Ratio: The primary parameter used to characterize the collapse
safety of a system, taken as the ratio between the median collapse intensity and
the Maximum Considered Earthquake (MCE) ground motion intensity.
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Design Requirements-Related Uncertainty: Collapse uncertainty associated
with the quality of the design requirements of the system of interest.

Index Archetype Configuration: A prototypical representation of a seismic-
force-resisting system configuration that embodies key features and behaviors
related to collapse performance when subjected to earthquake ground motions.

Index Archetype Design: An index archetype configuration that has been
proportioned and detailed using the design requirements of the system of interest.

Index Archetype Model: An idealized mathematical representation of an index
archetype design used to simulate collapse using nonlinear static and dynamic
analyses.

Maximum Considered Earthquake (MCE) Ground Motions: The most severe
earthquake effects considered, as defined by Section 11.4 of ASCE/SEI 7-05.

Modeling Uncertainty: Collapse uncertainty associated with the quality of the
index archetype models.

Non-Simulated Collapse: Structural collapse caused by collapse modes that are
not represented in the analytical model. Non-simulated collapse occurs when a
component limit state is exceeded, as defined by component fragility functions.

Performance Group: A subset of the archetype design space containing a group
of index archetype configurations that share a set of common features or
behavioral characteristics, binned for statistical evaluation of collapse
performance.

Record-to-Record Uncertainty: Collapse uncertainty due to variability in
response to different ground motions.

Simulated Collapse: Structural collapse caused by collapse modes that are
directly represented in the analytical model.

Test Data-Related Uncertainty: Collapse uncertainty associated with the
quality of the test data for the system of interest.

Elements of the Methodology

Key elements of the FEMA P-695 Methodology are illustrated in Figure 2-1. The
Methodology involves the development of detailed design information and test data
for the system of interest. It utilizes nonlinear analysis techniques and explicitly
considers uncertainties in ground motion, modeling, design, and test data in the
probabilistic assessment of collapse risk.

Implementation of the Methodology involves uncertainty, judgment, and potential for
variation. In its envisioned application, decisions regarding an appropriate level of
detail for adequately characterizing the performance of a proposed system are made
in collaboration with an independent peer review panel.

2-2
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Ground Analysis

Motions Methods
Methodology
Test Data Design Information
Requirements Requirements

Peer Review
Requirements
S —

Figure 2-1 Key elements of the FEMA P-695 Methodology (FEMA 2009).

2.3  Scope and Basis of the Methodology

The following principles outline the scope and basis of the FEMA P-695
Methodology:

e Applicable to New Building Structural Systems. The Methodology applies to
the determination of seismic performance factors appropriate for the design of
seismic-force-resisting systems in new building structures. Nonstructural
systems, non-building structures, and retrofit of existing seismic-force-resisting
systems are not explicitly considered.

o Compatible with the NEHRP Recommended Provisions and ASCE/SEI 7-05.
The Methodology is intended for use with applicable design criteria and
requirements of the NEHRP Recommended Provisions for Seismic Regulations
for New Buildings and Other Structures, Part 1: Provisions (FEMA, 2004a), and
the seismic provisions of ASCE/SEI 7-05, Minimum Design Loads for Buildings
and Other Structures (ASCE 2006).

e Consistent with the Life Safety Performance Objective. The Methodology is
consistent with the primary “life safety” performance objective of seismic
regulations in model building codes, identified as “minimum criteria considered
prudent for protection of life safety in structures subject to earthquakes” (FEMA
2004b).

e Based on Acceptably Low Probability of Structural Collapse. The
Methodology achieves the primary life safety performance objective by requiring
an acceptably low probability of collapse of the seismic-force-resisting system
when subjected to MCE ground motions.
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e Earthquake Hazard based on MCE Ground Motions. The Methodology
evaluates collapse under MCE ground motions for various geographic regions of
seismicity, as defined by the coefficients and mapped acceleration parameters of
the general procedure of ASCE/SEI 7-05, based on the maps and procedures
contained in the NEHRP Recommended Provisions.

e Concepts Consistent with Current Seismic Performance Factor Definitions.
The Methodology is consistent with the definitions of seismic performance
factors given in ASCE/SEI 7-05, and the underlying nonlinear static analysis
(pushover) concepts described in the Commentary to the NEHRP Recommended
Provisions. The R factor is keyed to the ratio between the MCE ground motion
intensity and the design strength of a system, but there are differences related to
the system overstrength factor (£2,), and deflection amplification factor (Cg),
which is taken as equal to the R factor.

2.4 Outline of the Process

The steps comprising the FEMA P-695 Methodology are shown in Figure 2-2. They
outline a process for developing system design information with enough detail and
specificity to identify the permissible range of application for the proposed system,
adequately simulate nonlinear response, and reliably assess the collapse risk over the
proposed range of applications. The process includes the following steps:

e Obtain Required Information. Obtain required system information in the form
of detailed design requirements and system and component test data.

e Characterize Behavior. Characterize system behavior through consideration of
configuration issues and behavioral effects, development of index archetype
configurations, definition of an archetype design space, and identification of
performance groups.

o Develop Models. Develop nonlinear models by applying design requirements
and using test data to prepare index archetype designs, develop mathematical
models for explicit simulation of collapse modes, calibrate models, and establish
criteria for non-simulated collapse modes.

e Analyze Models. Perform nonlinear static (pushover) and nonlinear dynamic
(response history) analyses using a set of predefined (Far-Field) ground motion
records.

e Evaluate Performance. Evaluate system collapse performance by assessing
total uncertainty (based on the quality of test data, design requirements, and
analytical models), determining the collapse margin ratio, and comparing an
adjusted collapse margin ratio to acceptable values based on an acceptably low
probability of collapse.

o Document Results. Identify sources of required system information, and
document information on system behavior, development of index archetype
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designs, nonlinear model development, analytical results, quality ratings, and
system performance evaluation criteria.

i nmlopsymml

I Concept
| | 1
R
, | Obtain Required Chapter 3: Required System
% Information Information
¥ | 3
Characterize Chapter 4: Archetype
Behavior Development
i |
Develop Chapter 5: Nonlinear Model
Models Development
|5
b 4
Analyze Chapter 6: Nonlinear
Models Analysis
B |
Evaluate Chapter 7: Performance
Performance Evaluation
llapse Margi
0K
k 2
Document Chapter 8: Documentation
Results and Peer Review
Documentation and Peer Review '
Figure 2-2 Outline of process for quantitatively establishing and documenting

seismic performance factors (FEMA 2009).
2.5 Implementation of the Performance Evaluation

The performance of a structural system is deemed acceptable if the probability of
collapse due to MCE ground motions is limited to an acceptably low value. Within
each performance group, systems are required to meet a 10% collapse probability
limit, on average, across all archetypes in the performance group. Recognizing that
some individual archetypes could have collapse probabilities that exceed this value, a
limit of twice that value, or 20%, is used as the criterion for evaluating the
acceptability of potential “outliers” within a performance group. In the trial
applications that follow, collapse performance evaluation is performed for each
system as follows:

GCR 10-917-8 Overview of the FEMA P-695 Methodology
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Probability of collapse is measured through the use of collapse margin ratios. A
collapse margin ratio (CMR) is the ratio of the median collapse intensity, §CT ,
obtained from nonlinear dynamic analysis to the MCE ground motion spectral
demand, Syr.

(20

CMR =

CcT (2_1)

MT

wn

Adjusted collapse margin ratios (ACMRs) are obtained by multiplying the CMRs,
computed from nonlinear dynamic analysis results, by a spectral shape factor, SSF.

ACMR = SSF, x CMR, (2-2)

The SSF for each archetype is determined using Table 7-1 of FEMA P-695, based on
the code-based fundamental period, T, and period-based ductility, xr. Period-based
ductility is obtained by dividing the ultimate roof drift by the effective yield drift
obtained from static pushover analysis:

o)

= (2-3)

y eff

The acceptable average value of ACMR for each performance group is denoted by
ACMRo,. The acceptable value of ACMR for individual archetypes within a
performance group is denoted by ACMRyg. Values of ACMR1qy, and ACMR,qq, are
specified in Table 7-3 of FEMA P-695, based on total system collapse uncertainty,
PSror- Collapse uncertainty is a function of the quality ratings associated with the
design requirements, test data, and nonlinear models, as well as record-to-record
uncertainty. Values of fror are determined from Table 7-2 of FEMA P-695 or from
the following equation:

Pror = \/ﬂl‘«z’TR + ﬂ;R + /BTZD + ﬂI\ZIIDL (2-4)

Calculated values of ACMR are compared on average across a performance group
and individually for each archetype:

ACMR; > ACMRL0% (2-5)

Vv

ACMR, > ACMR20% (2-6)

The overstrength factor, £2, for each archetype is calculated as the ratio between the
maximum shear force obtained from pushover analysis, Vinax, and the design shear
force, V:

\Y

Q= max 2-7
v (2-7)
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Chapter 3

Trial Application: Reinforced
Masonry Shear Wall Structures

3.1 Introduction

This chapter presents a trial application of the FEMA P-695 Methodology on special
reinforced masonry shear wall (special RMSW) and ordinary reinforced masonry
shear wall (ordinary RMSW) structures. It summarizes design requirements and
available test data for reinforced masonry shear walls, explains the development of
masonry shear wall archetype configurations, documents the nonlinear modeling
approach, presents the results of a performance evaluation, and summarizes
observations on the Methodology specific to reinforced masonry shear wall systems.

3.2  Overview and Approach

In this trial application, special and ordinary reinforced masonry shear wall systems,
as defined in ACI 530-08/ASCE 5-08/TMS 402-08, Masonry Standards Joint
Committee (MSJC), Building Code Requirements for Masonry Structures (ACI,
2008b), were considered as if they were new systems proposed for inclusion in
ASCE/SEI 7-05, Minimum Design Loads for Buildings and Other Structures (ASCE,
2006). Although the intent was to treat special and ordinary masonry shear wall
systems as if they were new systems, the purpose was not to re-derive or validate
seismic performance factors (R, €2, and C,) for these systems. Rather, it was to
examine whether masonry shear wall systems would satisfy the acceptance criteria of
the FEMA P-695 Methodology, test the application of the Methodology with respect
to these systems, and identify possible improvements to the Methodology or current
masonry shear wall design provisions.

The system design requirements of ASCE/SEI 7-05, including minimum base shear
and story drift limits, were used as the basis for design, with the exception that Cq
was taken equal to R, as specified in the FEMA P-695 Methodology. Values of R for
load-bearing special RMSW and ordinary RMSW systems are 5 and 2, respectively.

Reinforced masonry shear wall systems can have many different configurations,
including perforated walls with regular or irregularly shaped openings, cantilever
walls with strong or weak coupling beams, and walls with rectangular or flanged
cross sections. For practical reasons, the scope of the beta testing effort on reinforced
masonry shear walls was necessarily limited. A single wall configuration, cantilever
with rectangular cross section, was used to investigate results for a range of building
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heights and design parameters. The selection of this configuration, and the
development of corresponding index archetype designs for masonry shear wall
buildings, is described below.

Cantilever walls with weak coupling and rectangular cross sections can be found in
both low-rise and midrise masonry shear wall buildings. Compared to other wall
types, they are easier to design and detail to achieve a desired seismic performance.
Furthermore, rectangular cantilever wall systems can be analyzed with a higher level
of confidence than other configurations using currently available nonlinear modeling
capabilities.

Focus on a single wall configuration allows a broad range of design variables to be
examined with a reasonable number of building archetypes. Design variables that
were considered include the number of stories, wall aspect ratio, level of gravity load,
Seismic Design Category (SDC), and full or partial grouting.

In this study, special RMSWs are fully grouted, while ordinary RMSWs are partially
grouted (grouted only in cells containing longitudinal reinforcement). This is not a
code requirement, but reflects current design practice for special and ordinary walls.
Strictly speaking, partially grouted special walls and fully grouted ordinary walls
should also be considered in the design space, as they are permitted by the code.

Special RMSWs are most prevalent in the western United States, where these walls
are normally fully grouted. Partially grouted ordinary RMSWs are used in other
regions of the country where the seismic risk is perceived to be less severe. Since
partially grouted walls are not expected to perform as well as fully grouted walls,
consideration of partially grouted special walls would bias the results for special
RMSWs in a way that is contrary to common design practice. Results of this study
should be interpreted with this condition in mind.

In the design of taller (e.g., 12-story) special RMSW configurations, use of the
Equivalent Lateral Force (ELF) procedure was found to result in a design that was
governed by story drift. In this case, use of C4 = R resulted in a more conservative
design than would have been obtained using the value of C4 given in ASCE/SEI 7-05.
If the Response Spectrum Analysis (RSA) procedure was used, calculated story drifts
were smaller, and did not govern the design. For shorter wall configurations and
ordinary RMSWs, drift did not control, regardless of the analysis procedure used. To
avoid biasing the results with drift-controlled (conservative) designs, 12-story special
RMSW archetypes were designed using the RSA procedure. Other archetypes were
designed using the ELF procedure.
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3.3  Structural System Information

3.3.1 Design Requirements

Reinforced masonry shear walls were designed and detailed in accordance with the
strength design requirements of the ACI 530-08/ASCE 5-08/TMS 402-08, MSJC
code. According to the MSJC code, special RMSWs are required for SDC D, while
ordinary RMSWs can be used for SDC C. Special RMSWs are very often fully
grouted, while ordinary RMSWs are partially grouted. In this study, fully grouted
special RMSWs were used for SDC D archetypes, and partially grouted ordinary
RMSWs were used for SDC C archetypes.

With the strength design provisions of the MSJC code, it is possible that a wall could
develop very high compressive strains and exhibit severe toe-crushing behavior when
subjected to combined vertical and lateral loads, even when special boundary
elements are not required. On the other hand, alternative conditions specified to
assure adequate flexural ductility can be too stringent, leading to uneconomical
design solutions. Consistent with typical engineering practice, wall designs
satisfying strength design requirements were checked against the allowable stress
design requirements and modified, if necessary, so that the maximum compressive
stress limit of f_ /3was not violated (where f ' is the specified masonry
compressive strength). This allowable stress requirement was found to govern the
design of some of the taller, partially grouted archetypes.

3.3.2 Quality Rating of Design Requirements

The design requirements for special RMSWs are considered well developed and
reasonably substantiated by experimental data. They are based on a capacity design
approach and have reasonable safeguards against unanticipated failure modes. A
quality rating of (B) Good was assigned to the design requirements for special
RMSWs.

The design requirements for ordinary RMSWs are not well substantiated by
experimental data. Ordinary walls are partially grouted, and as a result, their
behavior is not as consistent as that of special RMSWSs. A quality rating of (C) Fair
was assigned to the design requirements for ordinary RMSWs.

3.3.3 Test Data

To develop and calibrate analytical models for the evaluation of the seismic
performance of the archetype wall systems, past experimental studies were reviewed,
and suitable data were selected for model validation. Tests on fully grouted walls
have been conducted by Shing et al. (1991), Voon and Ingham (2006), Shedid et al.
(2008), Merryman et al. (1990), and Kingsley et al. (1994).

Shing et al. (1991) tested 24 one-story walls with a height-to-length ratio of one and
axial compressive load ratios, P/ (f.A,), not greater than 0.10, where A, is the net
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cross-sectional area. Seven of the walls had flexure-dominated behavior, most of
which satisfied the requirements for special walls, while the rest had flexure-shear or
shear-dominated behavior. VVoon and Ingham (2006) tested eight fully grouted and
two partially grouted reinforced concrete masonry cantilever shear walls under cyclic
loading. Different height-to-length ratios (0.6, 1.0, and 2.0), reinforcement ratios,
and axial loads were considered. Most specimens exhibited shear-dominated
behavior. Shedid et al. (2008) tested six small-scale walls with a height-to-length
ratio of 2.0. Merryman et al. (1990) tested two 2-story coupled wall systems with the
coupling forces introduced by floor and roof slabs. Kingsley et al. (1994) tested a
5-story masonry wall system with coupled flanged walls.

3.3.4 Quality Rating of Test Data

There is a reasonable amount of data from tests on fully grouted walls that are well
documented and considered to be reliable. However, they do not cover the broad
range of reinforcement ratios, wall aspect ratios, and axial load levels that are
encountered in the archetype design space. Furthermore, there are not enough data to
determine the statistical variability of the test results. Data on multistory wall
systems are scarce, and there are only limited data available to determine the
influence of the wall aspect ratio and loading condition on the effective plastic-hinge
length of a flexure-dominated wall. Given the reasonable availability of data along
with the limitations noted above, test data for special RMSWs were assigned a
quality rating of (B) Good.

Test data on partially grouted walls are extremely limited, especially with respect to
flexure-dominated behavior. Most of the walls tested by Ingham et al. (2001) had
shear-dominated behavior. Ghanem et al. (1992) tested three small-scale partially
grouted walls, which exhibited shear, flexure-shear, and flexure-dominated behaviors
as the distribution of the vertical and horizontal reinforcement was varied. In
general, the observed behavior of partially grouted walls in available test data is not
as consistent as that of fully grouted walls. Given these limitations, test data for
ordinary RMSWs were assigned a quality rating of (C) Fair.

3.4  Archetype Configurations

The design space for reinforced masonry shear wall systems includes many different
configurations. They can be perforated wall systems, with regular or irregular
openings, which are common in low-rise buildings. In midrise and taller buildings,
cantilever wall systems are often used. Cantilever walls can be strongly or weakly
coupled and can include flanged or rectangular cross sections.

The design of perforated wall systems is not addressed well in current code
provisions. These walls may not possess the desired ductility even if they are
detailed in accordance with the requirements for special RMSWs. In contrast,
cantilever wall systems are easier to design and detail to attain a desired seismic
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performance. They can also be analyzed with a higher level of confidence using
currently available nonlinear modeling capabilities. For these reasons, archetypes
considered in this trial application were limited to cantilever wall systems with
rectangular cross sections.

Focus on rectangular shear wall configurations allowed consideration of the
following additional design variables: special versus ordinary detailing, fully grouted
versus partially grouted construction, level of seismic design loading (SDC), level of
gravity load, number of stories, period, and wall aspect ratio. Two plan
configurations were selected as representative of realistic reinforced masonry shear
wall arrangements in buildings encompassing these design variables. To produce
lower-bound designs without excessive overstrength, the number of walls and plan
dimensions of these typical configurations were varied in each archetype to optimize
strength relative to the level of seismic design loading.
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Figure 3-1 Plan view of typical single-story reinforced masonry shear wall

building configuration (design for SDC Dy, Shown).

Single-story archetype configurations (Figure 3-1) were selected to be representative
of masonry buildings used in retail-type occupancies. They are one-story structures
with a roof height of 12 feet and shear walls located on the building perimeter. As
idealized in this study, the archetypes included large storefront windows and minimal
(24 feet long) reinforced masonry walls as the exterior enclosure. All walls had a
fixed aspect ratio of 0.5 to 1. The number of walls and the total length of shear wall
in each archetype were kept to the minimum required for strength, based on the plan
dimensions and Seismic Design Category. Gravity loads were distributed to interior
columns and exterior wall lines based on tributary roof area. Since all walls carry the
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same level of gravity load, the same one-story wall archetype design is used for both
the low and high gravity load conditions for each Seismic Design Category.

8-in. Precast Hollow Core Planks
with 2-in. Topping

A B Cc D E F
1 — ] y a T
¥

32 ft.

2 — = - . r - £
5-in. Cast-in-Place Slab 10 ft.

3 — 1 r] ) r E 1
32 ft.

_ , +
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| 5 @ 36 ft. = 180 ft.
—>N
Figure 3-2 Plan view of typical multistory reinforced masonry shear wall building

configuration (design for 12-story SDC Dyax Shown).

Multistory archetype configurations (Figure 3-2) were selected to be representative of
masonry buildings used in hotels, condominiums, and college dormitory residential-
type occupancies. Story heights are 10 feet in all cases, and building heights of 2, 4,
8, and 12 stories were considered. All shear walls are 32 feet long, so wall aspect
ratios varied with the number of stories (Figure 3-3). Shear walls in the transverse
and longitudinal directions are not structurally connected, so walls were assumed to
act as independent rectangular sections in each direction. The number of walls
provided in each direction for each archetype was reduced to the minimum required
for strength, based on Seismic Design Category and number of stories.

For the purpose of estimating design gravity loads, the floor and roof systems were
assumed to consist of cast-in-place concrete slabs in the corridors and precast hollow
core planks with a cast-in-place concrete topping slab elsewhere. Although the
absolute magnitude of axial load on a wall depends on the height of the building,
relatively higher gravity load conditions occurred on transverse walls and relatively
lower gravity load conditions occurred on longitudinal walls as a result of the
orientation of the floor framing. Although Merryman et al. (1990) and Kingsley et al.
(1994) have shown that axial compression loads introduced into a wall by the
coupling action of the slabs can significantly increase lateral resistance, coupling
moments and forces induced by the floor and roof slabs were neglected in the design
and analysis of the archetypes.
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Figure 3-3 Dimensions of multistory reinforced masonry shear walls.

Walls were assumed to be constructed of hollow concrete masonry units with
nominal widths ranging from 8 inches to 16 inches. In multistory walls,
reinforcement quantities and nominal masonry design strength, f. , were changed

every other story, as needed, for economies in design. Wall thicknesses, however,
remained constant over the height of a building.

Both special and ordinary RMSW archetypes were considered. Fully grouted special
RMSW archetypes were designed for the maximum and minimum seismic criteria
associated with SDC D (i.e., Dmax and Dpyn). Partially grouted ordinary RMSW
archetypes were designed for the maximum and minimum seismic criteria associated
with SDC C (i.e., Cax and Cin).

Archetypes were grouped into performance groups containing a set of common
features or behavioral characteristics, including Seismic Design Category, gravity
load level, and code-based period of the structure. Considering the design variables
listed above, a total of 40 archetypes were developed. These were divided into 16
performance groups, eight attributed to special RMSWs and eight attributed to
ordinary RMSWs, as shown in Tables 3-1 and 3-2. Performance groups with less
than three archetypes did not meet the minimum number of archetypes per
performance group required in a full application of the Methodology.

Tables 3-3 and 3-4 summarize the design variables for the 40 archetypes considered
in this trial application, including the number of stories, the wall geometry, the
number of walls in each direction, and the seismic weight per floor shared by each
wall.

GCR 10-917-8 3: Trial Application: Reinforced Masonry
Shear Wall Structures
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Table 3-1  Summary of Performance Groups and Total Number of
Archetypes Used to Evaluate Each System

Performance Group Summary

Grouping Criteria

] Number of
Design Load Level Peno_d Archetypes
Gravity Seismic Domain
PG-1S Short 3!
SDC Dmax >
PG-2S Long 2
High 3
PG-3S Short 2
SDC Dnin "
PG-4S Long 3
Cantilever T
PG-5S Short 3
SDC Dmax >
PG-6S Long 2
Low
PG-7S Short 2°
SDC Dnin "
PG-8S Long 3

Short-period, SDC Dmax, performance groups, PG-1 and PG-5, include 1-story,
2-story and 4-story archetypes.

Long-period, SDC Dmax, performance groups, PG-2 and PG-6, include 8-story
and 12-story archetypes.

Short-period, SDC Dmin, performance groups, PG-3 and PG-7, include 1-story
and 2-story archetypes.

Long-period, SDC Dmin, performance groups, PG-4 and PG-8, include 4-story,
8-story and 12-story archetypes.

Table 3-2  Performance Groups for Evaluation of Ordinary Reinforced
Masonry Shear Wall Archetypes

Performance Group Summary

Grouping Criteria

- Number of
Design Load Level Perio_d Archetypes
poman

PG-10 Short 2!
SDC Chax >
PG-20 Long 3
High n
PG-30 Short 2
SDC Cnin 5
PG-40 Long 3
Cantilever
PG-50 Short 2!
SDC Chax >
PG-60 Long 3
Low
PG-70 Short 2!
SDC Cnin 5
PG-80 Long 3

! Short-period performance groups, PG-1, PG-3, PG-5 and PG-7, include
1-story and 2-story archetypes.

2 Long-period performance groups, PG-2, PG-4, PG-6 and PG-8, include

4-story, 8-story and 12-story archetypes.

3: Trial Application: Reinforced Masonry GCR 10-917-8
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Table 3-3

Special Reinforced Masonry Shear Wall Archetype Design
Variables

Design Parameters

Arch. wall No. of Seis_mic Seis_mic
Design No. of | Height/ Gravity Walls le\elrelvgvl‘;t” FYZSIVQ\]/?H
I No. Stories | Length Loads E;réh at Roof at Floor
(ft) Direct. (Kips) (Kips)
Performance Group No. PG-1S and PG-5S
S1/s11 1 12/24 High/Low Dmax 2 1,292 NA
S2/S12 2 20/32 High/Low Dmax 4 516 617
S3/S13 4 40/32 High/Low Drmax 8 231 286
Performance Group No. PG-2S and PG-6S
S4/S14 8 80/32 High/Low Dmax 12 115 151
S5/S15 12 120/32 High/Low Dmax 12 126 174
Performance Group No. PG-3S and PG-7S
S6/S16 1 12/24 High/Low Dmin 2 1,756 NA
S7/S17 2 20/32 High/Low Drmin 4 893 1,053
Performance Group No. PG-4S and PG-8S
S8/S18 4 40/32 High/Low Dmin 4 642 762
S9/S19 80/32 High/Low Drmin 390 464
$10/S20 12 120/32 | High/Low Drmin 4 402 493
Table 3-4  Ordinary Reinforced Masonry Shear Wall Archetype Design

Variables

Design Parameters

Arch. wall Seis_mic Seis_mic
vesn | oot | Heign | Grauny oo | sueem
' Stories Le(r;tg)th Loads at Roof at Floor
’ (Kips) (kips)
Performance Group No. PG-10 and PG-50
01/011 1 12/24 High/Low Crnax 4 318 NA
02/012 2 20/32 High/Low Crnax 4 381 450
Performance Group No. PG-20 and PG-60
03/013 4 40/32 High/Low Crnax 8 158 193
04/014 80/32 High/Low Crnax 12 107 135
05/015 12 120/32 High/Low Crnax 12 111 144
Performance Group No. PG-30 and PG-70
06/016 1 12/24 High/Low Chin 4 873 NA
07/017 2 20/32 High/Low Chin 4 631 740
Performance Group No. PG-40 and PG-80
08/018 4 40/32 High/Low Chin 4 319 374
09/019 8 80/32 High/Low Chin 8 192 232
010/020 12 120/32 High/Low Chin 8 163 200
GCR 10-917-8 3: Trial Application: Reinforced Masonry 3-9
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Key seismic design parameters for the special RMSW and ordinary RMSW
archetypes are summarized in Tables 3-5 and 3-6. Values of the seismic base shear
coefficient, V/W, and the Maximum Considered Earthquake (MCE) spectral
acceleration, Syr, for SDC Diax, Dmin, Cmax» @and Crin Were determined using the code-
based structural period, T, and the spectral values given in Table 5-1 of FEMA P-695.
The code-based period is the upper-limit approximate fundamental period calculated
using the equation, T=C,T,, provided in ASCE/SEI 7-05, assuming a lower bound
value of 0.25 seconds in accordance with the Methodology.

Table 3-5  Special Reinforced Masonry Shear Wall Archetype Design
Properties

Key Archetype Design Parameters

Archetype
Design ID

No. of Seismic Design Criteria

Numb Stories | Gravity
umber Loads T T, VIW
SDC
(sec) (sec) ()

Performance Group No. PG-1S

S1 1 High Dmax 5 0.25 0.10 0.200 1.50
S2 2 High Dmax 5 0.26 0.13 0.200 1.50
S3 4 High Dmax 5 0.45 0.21 0.200 1.50

Performance Group No. PG-2S

S4 8 High Dmax 5 0.75 0.55 0.160 1.20
S5 12 High Dmax 5 1.02 0.93 0.118 0.89

Performance Group No. PG-3S

S6 1 High Dmin 5 0.25 0.14 0.100 0.75

S7 2 High Dhmin 5 0.28 0.19 0.100 0.75

Performance Group No. PG-4S

S8 4 High Dhmin 5 0.48 0.35 0.084 0.63
S9 8 High Dmin 5 0.80 112 0.050 0.37
S10 12 High Dmin 5 1.09 1.74 0.037 0.28

Performance Group No. PG-5S

S11 1 Low Dmax 5 0.25 0.10 0.200 1.50
S12 2 Low Dmax 5 0.26 0.13 0.200 1.50
S13 4 Low Dmax 5 0.45 0.26 0.200 1.50

Performance Group No. PG-6S
S14 8 Low Dmax 5 0.75 0.61 0.160 1.20

S15 12 Low Dmax 5 1.02 0.93 0.118 0.89
Performance Group No. PG-7S

S16 1 Low Diin 5 0.25 0.14 0.100 0.75
S17 2 Low Dimin 5 0.28 0.21 0.100 0.75
S18 4 Low Diin 5 0.48 0.43 0.084 0.63
S19 8 Low Dimin 5 0.80 1.16 0.05 0.37
S20 12 Low Dimin 5 1.09 1.94 0.037 0.28
3-10 3: Trial Application: Reinforced Masonry GCR 10-917-8
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Table 3-6  Ordinary Reinforced Masonry Shear Wall Archetype Design
Properties

Key Archetype Design Parameters

Archetype
Design ID

No. of Seismic Design Criteria

b Stories | Gravity
Number Loads T T VIW
sSDC
(sec) (sec) )]

Performance Group No. PG-10

o1 1 High Crax 2 0.25 0.10 0.250 0.75

02 2 High Cmax 2 0.28 0.19 0.250 0.75

Performance Group No. PG-20

03 4 High Cinax 2 0.48 0.28 0.210 0.63
04 8 High Crax 2 0.80 0.59 0.125 0.37
05 12 High Crax 2 1.09 1.0 0.092 0.28

Performance Group No. PG-30
06 1 High Chin 2 0.25 0.16 0.150 0.45

o7 2 High Chin 2 0.31 0.20 0.150 0.45
Performance Group No. PG-40

08 4 High Chin 2 0.52 0.43 0.128 0.38
09 8 High Chin 2 0.87 0.72 0.076 0.23
010 12 High Chin 2 1.18 1.19 0.056 0.17

Performance Group No. PG-50
0o11 1 Low Cinax 2 0.25 0.10 0.250 0.75

012 2 Low Crax 2 0.28 0.17 0.250 0.75

Performance Group No. PG-60

013 4 Low Crax 2 0.48 0.28 0.210 0.63
014 8 Low Cax 2 0.80 0.59 0.125 0.37
015 12 Low Crmax 2 1.09 1.04 0.092 0.28

Performance Group No. PG-70
016 1 Low Chin 2 0.25 0.16 0.150 0.45

017 2 Low Chin 2 0.31 0.20 0.150 0.45

Performance Group No. PG-80

018 4 Low Chin 2 0.52 0.42 0.128 0.38
019 8 Low Chin 2 0.87 0.82 0.076 0.23
020 12 Low Chin 2 1.18 1.24 0.056 0.17

Values of code-based period, T, and fundamental period, T, (calculated from
eigenvalue analysis), are shown for comparison in Table 3-5 and Table 3-6.
Eigenvalue periods, Ty, were calculated using linear elastic models, which considered
the flexural and shear flexibility of the walls. The effective moment of inertia, I,
was taken as 50% of the uncracked net masonry wall section, and the modulus of
elasticity was estimated using the formula given in the MSJC code, based on the
expected masonry compressive strength.

GCR 10-917-8 3: Trial Application: Reinforced Masonry 3-11
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For the low-rise (1- and 2-story) archetypes, T, tends to be much smaller than T.
Low values of T, can be attributed to the low aspect ratios of the low-rise walls. On
the other hand, values of T, for the 12-story special walls designed for SDC Dy, are
much higher than T. This can be attributed to the large seismic mass carried by each
wall in these archetypes. Variations in structural properties such as these are not
accounted for in the code-based period formulation.

Because design wind load varies with geographic location, wind load was ignored in
the designs so that archetypes in lower Seismic Design Categories (where wind might
control) were not effectively over-designed for seismic load. Out-of-plane seismic
forces were not critical in the design of the walls, given the unsupported story heights
considered in this application.

Detailed information used in design, along with additional details for the resulting
reinforced masonry shear wall archetypical designs, including plan configurations
and wall reinforcing patterns, are provided in Appendix A.

3.5 Nonlinear Model Development

3.5.1 Modeling Approach

For nonlinear analysis, each archetype was idealized as an uncoupled cantilever wall
with appropriate gravity load and seismic mass determined based on tributary area.
Because walls in the two orthogonal directions are not structurally connected, each
wall was considered as a rectangular section. The base of each wall was assumed to
be perfectly fixed, without consideration of soil-structure interaction effects.

The analyses were conducted using OpenSees, Open System for Earthquake
Engineering Simulation (OpenSees, 2007), with displacement-based fiber-section
beam-column elements to model the flexural behavior of the walls. For calculating
story drift, an effective moment of inertia, I, equal to 50% of the uncracked net
masonry section was used. Shear deformation was modeled with zero-length elastic
springs. Inelastic shear behavior was not accounted for, and shear failure was treated
as a non-simulated collapse mode.

Figure 3-4 shows a representative element assembly used in a typical archetype
model. One shear spring was used for each story, with stiffness equal to the elastic
shear stiffness of the story below. Vertical degrees of freedom for the two nodes
connected with a horizontal shear spring are constrained to be equal. The
discretization scheme adopted for each archetype model, i.e., the number and size of
beam-column elements used, was determined by the effective plastic-hinge length at
the base of the wall and the height of the first story. If the plastic-hinge length was
on the order of (or larger than) the story height, the bottom story was represented by
one beam-column element. Otherwise, the bottom story was modeled with two
beam-column elements, and the length of the element at the base was set equal to the
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effective plastic-hinge length. In either case, the upper stories were represented by
one beam-column element.

The same modeling approach was used for fully grouted and partially grouted walls.
Ungrouted sections of partially grouted walls were represented by a reduced section
thickness corresponding to the total thickness of the face shells of a masonry unit.
Grouted and ungrouted sections were assumed to have the same compressive
strength, taken as the expected strength of masonry. Test data for concrete masonry
have indicated that the compressive strengths of grouted and ungrouted masonry
prisms are only slightly lower than that of masonry units.

e

Elastic horizontal spring to
model shear deformation in
each story
ﬂw Beam-column element with a fiber
. cross section (one or more elements
for each story)
2
Figure 3-4 Representative element assembly in a typical archetype model.

In some archetype configurations, the seismic mass for the horizontal degree of
freedom at each floor can be much larger than the gravity mass directly supported by
the wall because a large portion of the gravity load might be carried by other adjacent
elements (e.g., gravity frames or walls oriented in the perpendicular direction).
Although the gravity load is applied as a static load at the nodal point at each floor
level, mass is still needed for the vertical degrees of freedom to account for inertia
effects introduced by a rocking wall. In the dynamic analyses, this resulted in
unrealistically large vertical accelerations introduced by the rocking of a cracked
wall, resulting in a large oscillatory axial inertial force when the actual mass was
specified for vertical translational degrees of freedom. This large vertical
acceleration was believed to be an artifact of the fiber-section beam-column model

GCR 10-917-8 3: Trial Application: Reinforced Masonry
Shear Wall Structures
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due to shifting of the neutral axis for bending after cracking occurs. As a result, the
mass for each vertical degree of freedom was set to a negligibly small value. P-Delta
effects were accounted for using the co-rotational transformation in the beam-column
elements, but this influence was found to be insignificant for the in-plane response of
the walls.

3.5.2 Nonlinear Material Models for Reinforced Masonry

With appropriate material models selected for the fibers, a fiber-section element can
simulate the axial load-moment interaction phenomenon and the nonlinear moment-
curvature relation of a wall section. In all archetype models, the cross section of a
wall element was divided into 400 fiber layers, and a uniaxial stress-strain material
relation was adopted to describe the behavior of each fiber. Given the axial
deformation and curvature at an element section, the strain in each fiber was
calculated based on the assumption that plane sections remain plane, and the stresses
were determined from the assigned stress-strain relation. Based on the cross-
sectional area of each fiber and its position in the element cross section, the resultant
internal forces (axial force and bending moment) at the section were calculated by
numerical integration. Finally, the element nodal axial forces and moments were
determined by Gauss integration using two Gauss points for each element. The nodal
shear forces were determined from the nodal moments using the equilibrium
condition. Shear failure was assumed to occur when the shear force in a wall element
reached the shear strength calculated using the formula in the MSJC code without the
resistance factor, 4.

Two uniaxial stress-strain relations were needed to model the flexural behavior of the
reinforced masonry walls: one for the masonry and another for the reinforcing steel.
A reference stress-strain relation, considered as the true material property, is
determined for each material, based on the expected strengths of the materials.

Even though the analytical models developed for reinforced masonry and concrete
shear walls are similar, there are major differences in modeling assumptions and
material model calibration, mainly due to the differences in design details for the two
types of wall systems. For example, reinforced masonry walls normally do not have
special boundary elements, and, therefore, the flexural reinforcement near the
extreme compression fibers in these walls is more vulnerable to buckling than in
reinforced concrete walls. Furthermore, masonry walls tend to have larger spacing
between shear reinforcement, so post-peak shear behavior can be more brittle.

The Kent-Park model for concrete (Kent and Park, 1971), available in OpenSees, was
adopted to model the compression behavior of masonry. The model assumes zero
tensile strength and exhibits stiffness degradation in compressive unloading and
reloading. The expected masonry compressive strength, f., was assumed to be 1.25

times the nominal strength chosen for design. This was deduced from prism test data
provided in the Commentary of the MSJC code. Figure 3-5 shows the reference
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stress-strain curve selected for masonry with the stress value normalized by the
expected compressive strength.

1.2

(a)
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Figure 3-5 Normalized reference stress-strain curves used for compressive

behavior of masonry: backbone curve (top) and cyclic loading and
unloading curves (bottom).

In Figure 3-5, the strain &,, corresponding to the peak stress, was taken as 0.003.

This is based on the prism test data of Atkinson and Kingsley (1985). The strain &,
marking the end of the descending branch, was taken as 0.01, which is about two
times the strain level shown by most prism test data. This value was chosen because
it provides a good match between numerical results and wall test data. It can be
expected that the post-peak compression behavior of a masonry prism may not be the
same as that in a wall because of differences in geometry (such as aspect ratio) and
boundary conditions. According to the Kent-Park model, the initial modulus of

GCR 10-917-8 3: Trial Application: Reinforced Masonry
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elasticity of masonry is equal to2f /¢, . Hence, with &, equal to 0.003, the initial
modulus of elasticity is assumed to be 667 f,, which is less than the elastic modulus
of 900 f_ calculated according to the MSJC code. However, the shear modulus of
masonry used to determine the stiffness of the shear spring was based on the MSJC
specification, i.e., G=0.4x900x f;.
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Figure 3-6 Reference stress-strain relations used for reinforcing steel: backbone

curve (top) and cyclic loading and unloading curves (bottom).

The reference stress-strain relations selected for reinforcing steel are shown in Figure
3-6. Grade 60 reinforcing steel was chosen for design of the archetypes. Expected
yield and tensile strengths were taken as 1.13 times the nominal strengths, based on
data provided by Nowak et al. (2008), resulting in an expected yield strength of 68
ksi and an expected tensile strength of 102 ksi for the reinforcing steel.
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The steel model in OpenSees cannot simulate buckling or rupture, which is important
for assessing the collapse capacity of a reinforced masonry shear wall archetype.
Hence, the stress-strain relation used in this study was modified based on user-
defined material limit states. It was assumed that tensile rupture of a steel reinforcing
bar would occur at a strain of 0.05, which is about half of the strain at which a bar
reaches its tensile strength. This accounts for low-cycle fatigue phenomena, which
could happen under cyclic load reversals. After this limit was reached, the tensile
strength of the bar was assumed to decrease linearly, reaching zero at a tensile strain
of 0.10.

A bar will buckle when the masonry around the bar spalls significantly. This was
simulated in the user-defined model by introducing compressive strain softening,
which started at a compressive strain of 0.0083 in the reference material model. At
this strain level the masonry compressive strength drops to 40 percent of the peak
value, intended to signify the occurrence of severe spalling. After buckling, it was
assumed that the compressive strength of a bar drops to 10 percent of the yield
strength at a strain of 0.016, after which the residual strength was assumed to remain
constant.

3.5.3 Non-Simulated Collapse Criteria

Although the flexure-dominated yielding mechanisms of reinforced masonry shear
walls were calibrated with test data and explicitly simulated in the analytical models,
additional criteria were needed to establish the collapse of flexure-critical walls.
Based on results observed in pushover analyses, collapse of a flexure-critical wall
was assumed to occur when either of the following conditions was met:

o Excessive crushing in the wall cross section, defined as the condition when 30%
of the cross section has reached the end of the softening branch of the masonry
stress-strain relation.

e Rupture or buckling of a large portion of the flexural reinforcement, defined as
the condition when 30% or more of the bars in a wall cross section have lost their
tensile resistance due to rupture or reached their residual compressive resistance
due to buckling.

These criteria were consistently observed in conjunction with a sudden and
significant drop in lateral strength of the system. Even though extensive bar rupture
was observed to cause a significant drop in lateral strength, this condition alone may
not induce collapse of low-rise shear wall archetypes. In contrast with high-rise
walls, low-rise walls have a greater potential to rock or slide along the base without
collapse. Though potentially overconservative in the case of 1- and 2-story shear
walls, the bar rupture criterion was used in evaluating these archetypes because of a
lack of experimental evidence to the contrary.

GCR 10-917-8 3: Trial Application: Reinforced Masonry
Shear Wall Structures

3-17



The curvature at which either of these conditions was first reached was established
for each archetype using static pushover analysis. In the nonlinear dynamic analyses,
flexural collapse was considered to occur when the maximum wall curvature
exceeded the established curvature limits. The use of these criteria in lieu of a full
incremental dynamic analysis (IDA), in which collapse is often signified by
excessive story drift or lateral dynamic instability, had several advantages. First, the
reliability of a nonlinear model in capturing the post-peak response of a structure at
large drift levels is often questionable, and use of non-simulated criteria avoids this.
Second, these criteria can be applied in an objective manner without relying on a
visual estimation of instability. Third, the use of these criteria can significantly
reduce the number of incremental dynamic analyses needed to identify the collapse
capacity of an archetype, and is easily implementable with the simplified IDA
procedure suggested as part of the Methodology.

Similarly, because nonlinear shear behavior was not explicitly simulated in the
analytical models, additional criteria were needed to establish the collapse of shear-
critical walls. Collapse due to shear-controlled behavior was considered to occur
when the shear force in a wall exceeded the nominal shear strength calculated based
on MSJC code formulas. This assumption is appropriate considering that shear
behavior is often brittle in reinforced masonry shear walls and post-peak shear
resistance is not reliable, as indicated by test data from Shing et al. (1991).

3.5.4 Model Calibration and Validation

When using displacement-based beam-column elements with distributed plasticity
and strain-softening material laws to model a shear wall, plastic deformation tends to
concentrate in a single element closest to the base of the wall while the rest of the
model remains elastic. This phenomenon, termed strain localization, leads to
numerical results that are sensitive to the length of the element in which the plastic
strain is localized. To circumvent this problem, the reference material stress-strain
relations should be modified, based on element size, to obtain realistic total fracture-
energy dissipation. This modification is called regularization, which ensures that the
numerical solution will be objective and not sensitive to element size.

The regularization method adopted in this study is described in Appendix A. Itis
based on the premise that the reference stress-strain relations shown in Figure 3-5 and
Figure 3-6 will result in a numerical solution that represents the true behavior of a
wall, provided that the length of the beam-column element where plastic strain will
be localized is equal to the effective plastic-hinge length, L,, of the wall. As the
length, L., of the element is varied, the plastic strain will be localized over the new
length, and the value of & in the masonry material model must be varied to obtain the
same total compressive fracture energy, G, that would have been dissipated in a unit
area of a fiber over the effective plastic-hinge length.
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A good estimation of the effective plastic-hinge length is crucial to the accuracy of
such an analysis. Paulay and Priestley (1993) have suggested a formula to estimate
the effective plastic-hinge length in reinforced concrete walls. However, this formula
has not provided good results for some of the masonry wall tests considered here.
Experimental data from Shing et al. (1991) have shown a large scatter of plastic-
hinge lengths among the single-story specimens, all of which had an aspect ratio of
one. However, the average effective plastic-hinge length identified for masonry wall
specimens is about 20% of the wall height. This ratio has been found to be a good
estimate of the effective plastic-hinge length of the more slender walls tested by
Merryman et al. (1990), and Shedid et al. (2008). Hence, this ratio has been used in
the development of archetype models.

A set of model validation studies was conducted using Specimens 1 and 12 tested by
Shing et al. (1991). These walls are fully grouted, single-story walls with the design
and loading scheme shown in Figure 3-7. The two specimens had the same
reinforcing, but Specimen 1 had an axial load ratio (P / A, f ) of 0.08, while
Specimen 12 had an axial load ratio of 0.04.

In the models, each wall was represented by two elements. The bottom element was
sized to match the plastic hinge length (equal to 20% of the wall height) so that the
reference stress-strain relations shown in Figure 3-5 and Figure 3-6 are used without
modification. Analytical results were compared to the experimental results for the
two specimens in Figures 3-8 and 3-9. It can be seen that the strength, ductility, and
hysteretic behavior of the walls are captured well by the analytical models. Results
from additional model validation studies are provided in Appendix A.
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Figure 3-7 Single-story walls tested by Shing et al. (1991).
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3.5.5 Quality Rating of Analytical Models

Model calibration and validation studies demonstrated that the flexural behavior of
fully grouted and partially grouted walls can be reasonably simulated with the
adopted modeling approach. Shear failure, however, must be treated as a non-
simulated collapse mode, which has been assumed to occur when the maximum shear
force in a wall reaches the shear strength calculated based on MSJC code formulas.
In addition, the influence of flexural deformation on shear resistance is not

considered.

The effective plastic-hinge length was assumed to be 20% of the total wall height,
which had a major influence on the ductility of a wall. Although reasonable, this
value was based on limited experimental data. While models were able to simulate
flexural behavior reasonably well, in consideration of the limitations noted above,
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analytical models for reinforced masonry shear wall archetypes were assigned a
quality rating of B (Good).

3.6  Nonlinear Analyses

Nonlinear static pushover analyses and simplified incremental dynamic analyses
(IDAs) were used to evaluate system overstrength, period-based ductility, and the
collapse capacity of reinforced masonry shear wall archetypes.

3.6.1 Static Pushover Analyses

For each archetype, a pushover analysis was conducted with a lateral load
distribution corresponding to the fundamental mode shape and mass distribution of
the structure. An eigenvalue analysis was performed for each archetype to determine
the fundamental period, T;, and modal shape. The base shear obtained from the
pushover analysis was then plotted against the roof drift ratio. From this plot, the
maximum base shear V, . was identified, and the overstrength factor was calculated
as 2=V, /V,where V isthe design base shear. The fundamental period, T,
obtained from the eigenvalue analysis was compared to the code-based period, T, and
the larger of the two used to compute the effective yield drift o,  at the roof. The
roof drift, o, , corresponding to a 20% drop in base shear was identified, and the
period-based ductility was calculated as s =8, /5, .« - A plot of base shear versus
roof drift (pushover curve) for the 2-story, high axial load, SDC Dy archetype is
shown in Figure 3-10. The effective yield drift, 5, . , calculated for this archetype

was 0.00155h,, and the drift &, identified from the plot was 0.0125h,, where h; is the
roof height. The resulting period-based ductility, 2 , was 8.1.
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Figure 3-10 Pushover curve for the 2-story, high axial load, SDC Dy
archetype.
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The pushover curve for the 12-story, high axial load, SDC Dy archetype is shown in
Figure 3-11. The effective yield drift &, ., calculated for this archetype was
0.00205h,, and the drift o, identified from the plot was 0.0299h,. This resulted in a
period-based ductility, s , of 14.6.
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Figure 3-11 Pushover curve for the 12-story, high axial load, SDC Dax
archetype.

Figure 3-12 shows the result for the 12-story, low axial load, SDC Dy, archetype.
This wall exhibited very ductile behavior. For this case, &)= 0.00187h,.
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Figure 3-12 Pushover curve for the 12-story, low axial load, SDC D,y
archetype.

Figure 3-13 shows the pushover curve for the 12-story, high axial load, SDC Cpnax

archetype. The behavior exhibited by this partially grouted wall was relatively

ductile in comparison with the response of most partially grouted walls subjected to

high axial load. This was attributed to the larger number (in a relative sense) of
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grouted cells in the wall. The pushover curve for the 4-story, high axial load, SDC
Cmax archetype is shown in Figure 3-14. This behavior was more representative of
the expected behavior of partially grouted walls subjected to high axial load.
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Figure 3-13 Pushover curve for the 12-story, high axial load, SDC Cax
archetype.
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Figure 3-14 Pushover curve for the 4-story, high axial load, SDC Dyax
archetype.

The sudden drop in lateral resistance for the 2-story, high axial load, SDC Dy
archetype shown in Figure 3-13 was caused by the rupture of a large portion of
flexural reinforcement. This condition controlled for all 1- and 2-story fully grouted
archetypes, as well as the 4-story fully grouted archetypes with low axial loads. For
all other archetypes, including the taller 8- and 12-story configurations with partially
grouted walls, the drop in lateral strength was caused by excessive masonry crushing.
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In general, it was observed that walls subjected to higher axial loads were less ductile
(based on severe toe crushing) and that low-rise walls were less ductile than high-rise
walls. The latter was partially attributed to the fact that for low-rise walls, the code-
based periods were much longer than the fundamental periods calculated by
eigenvalue analysis, leading to effective yield drifts that were higher than would have
been calculated based on the physical properties of the system. Furthermore, the
low-rise walls designed for SDC Dy, appeared to be more ductile than those for SDC
Dmax-

A number of low-rise partially grouted walls had shear strengths that were lower than
the flexural strengths exhibited in the pushover curves. Because shear failure was a
non-simulated mode, the ductility of these walls was assumed to be 1.5 based on
experimental observations (e.g., Shing et al., 1991). In general, partially grouted
walls were observed to be less ductile, as expected.

3.6.2 Nonlinear Dynamic Analyses

Each archetype was subjected to nonlinear dynamic (response history) analysis with
the set of 44 far-field ground motion records provided as part of the Methodology. In
accordance with the simplified IDA procedure suggested in the Methodology, all the
records in the set were scaled up gradually by the same factor in each increment until
collapse was obtained for 50% of the record set. The median collapse spectral
intensity, S.; , was taken as the median spectral acceleration at the code-based
structural period, T.

Care was taken to ensure that the damping model used in the analyses did not
introduce too much damping into the system when the structural elements became
nonlinear. When Rayleigh damping is used, the damping matrix can be constructed
using the initial stiffness or the tangent stiffness of the structure. In either case, if the
damping properties are determined based on the fundamental frequency and a higher-
mode frequency, the damping effect can increase when the structure softens, and the
fundamental frequency decreases. On the other hand, the effect of Rayleigh
damping, in general, is much less significant than that of hysteretic damping in an
inelastic system.

Most of the archetype models exhibited severe strain softening with negative
stiffness, as exemplified in the moment-curvature relation. In these cases, use of
tangent stiffness-proportional Rayleigh damping can lead to numerical problems. For
this reason, initial stiffness-proportional Rayleigh damping, with 5% damping in the
first and third modes, was used for 4-story and taller archetypes. Initial stiffness for
this purpose was based on uncracked section properties.

For the 1-story and 2-story archetypes, which can develop significant rocking under
severe seismic loads, the Rayleigh damping model was observed to introduce
unrealistically large oscillatory axial damping forces. Hence, for these cases, the
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Rayleigh damping matrix was determined so that very small damping was introduced
into the higher modes, which are not important for the response of low-rise
archetypes. This was achieved by using a very small coefficient for the stiffness-
proportional term.

Values of overstrength, 2, from the pushover analyses, and collapse margin ratio,
CMR, calculated as Sct/Sur from the simplified incremental dynamic analyses, are
summarized in Table 3-7 for special RMSWs and Table 3-8 for ordinary RMSWs.

Table 3-7  Summary of Collapse Results for Special Reinforced Masonry

Shear Wall Archetype Designs

Pushover and IDA Results

Archetype
DesignID | o of | Gravit Stati
. y tatic Swr [T]

Performance Group No. PG-1S

Design Configuration

S1 1 High Drmax 1.84 1.50 0.78 0.52

S2 2 High Drmax 2.28 1.50 1.71 1.14

S3 4 High Dmax 1.87 1.50 2.33 1.55
Performance Group No. PG

S4 8 High Drmax 1.89 1.20 1.57 1.31

S5 12 High Drmax 1.61 0.89 1.72 1.94
Performance Group No. PG-3S

S6 1 High Drin 1.62 0.75 0.78 1.04

S7 2 High Dmin 2.61 0.75 1.44 1.92
Performance Group No. PG-4S

S8 4 High Drin 1.65 0.63 1.04 1.65

S9 8 High Dimin 1.93 0.37 0.60 1.63

S10 12 High Dmin 1.68 0.28 0.58 2.07
Performance Group No. PG-5S

S11 1 Low Drmax 1.84 1.50 0.78 0.52

S12 2 Low Drmax 1.82 1.50 2.57 1.71

S13 4 Low Drmax 1.73 1.50 2.48 1.65
Performance Group No. PG-6S

S14 8 Low Drmax 1.59 1.20 1.57 1.31

S15 12 Low Drmax 1.47 0.89 1.72 1.94
Performance Group No. PG-7S

S16 1 Low Dmin 1.62 0.75 0.78 1.04

S17 2 Low Dimin 1.80 0.75 1.79 2.38
Performance Group No. PG-8S

S18 4 Low Dmmin 1.41 0.63 1.04 1.65

S19 8 Low Dmin 1.64 0.37 0.61 1.63

S20 12 Low Dmmin 1.46 0.28 0.59 2.13
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In some cases, incremental dynamic analyses were stopped before the median
collapse condition was attained because the performance group was observed to pass
the performance evaluation criteria. In the 8-story and 12-story special RMSW
archetypes with low axial loads, shear collapse was observed to occur in a number of
cases due to higher-mode effects. Shear collapse was also observed in the low-rise
ordinary RMSWs and attributed to the absence of capacity design requirements for
these walls.

Table 3-8  Summary of Collapse Results for Ordinary Reinforced Masonry

Shear Wall Archetype Designs

Design Configuration Pushover and IDA Results

Archetype
Design ID . .
No. of Gravity Static Swr [T]

Performance Group No. PG-10

o1 1 High Crnax 2.33 0.75 1.33 1.77

02 2 High Crmax 1.44 0.75 0.80 1.06
Perfo ce Group No. PG-20

03 4 High Chnax 1.94 0.63 0.74 1.18

04 8 High Crnax 2.21 0.37 0.54 1.45

05 12 High Chnax 2.09 0.28 0.39 1.42
Performance Group No. PG-30

06 1 High Chmin 1.36 0.45 0.70 1.56

o7 2 High Chin 1.46 0.45 0.55 1.23
Performance Group No. PG-40

08 4 High Chin 1.63 0.38 0.56 1.48

09 8 High Chmin 2.07 0.23 0.41 1.79

010 12 High Chin 2.26 0.17 0.30 181
Performance Group No. PG-50

011 1 Low Chnax 2.33 0.75 1.33 1.77

012 2 Low Crnax 1.49 0.75 1.48 1.97
Performance Group No. PG-60

013 4 Low Crnax 1.68 0.63 1.04 1.65

014 8 Low Chnax 1.70 0.37 0.81 2.17

015 12 Low Crnax 1.63 0.28 0.81 2.95
Performance Group No. PG-70

016 1 Low Chin 1.36 0.45 0.70 1.56

017 2 Low Chmin 1.37 0.45 0.97 2.15
Performance Group No. PG-80

018 4 Low Chmin 1.45 0.38 0.71 1.85

019 8 Low Chin 1.65 0.23 0.73 3.21

020 12 Low Chin 1.82 0.17 0.49 2.89
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3.7 Performance Evaluation

In the Methodology, adjusted collapse margin ratios (ACMRs) are obtained by
multiplying the CMRs obtained from nonlinear dynamic analysis results by the
spectral shape factor (SSF). The acceptable average value of ACMR for each
performance group is denoted by ACMRy4y. The acceptable value of ACMR for
individual archetypes within a performance group is denoted by ACMRq.

Values of ACMR;q9, and ACMR,q, are determined based on total system collapse
uncertainty, Sror. Collapse uncertainty is a function of the quality ratings associated
with the design requirements, test data, and nonlinear models, as well as record-to-
record uncertainty. Quality ratings assigned to design requirements, test data, and
nonlinear models for reinforced masonry shear walls are summarized in Table 3-9.

Table 3-9  Summary of Quality Ratings for Reinforced Masonry
Shear Wall Systems

Design Nonlinear
Requirements Test Data ‘ Modeling
Special RMSWs B B B
Ordinary RMSWs C C B

3.7.1 Summary of Performance Evaluation Results

To pass the performance evaluation criteria, individual archetypes must have adjusted
collapse margin ratios exceeding ACMR. Performance evaluation results for
individual special RMSW archetypes are summarized in Table 3-10, and results for
individual ordinary RMSW archetypes are summarized in Table 3-11. For special
RMSWs, all 2-, 4-, 8-, and 12-story archetypes passed this criterion, with only one
exception (2-story archetype ID S2). All 1-story special RMSW archetypes,
however, failed this criterion.

In the case of ordinary RMSWs, results were mixed. While all 8- and 12-story
ordinary RMSW archetypes passed this criterion, many of the shorter period
archetypes did not. In general, 1-, 2-, and 4-story ordinary RMSW archetypes
subjected to low axial load passed the criterion, while archetypes of the same height
subjected to high axial load did not.

The relatively poor performance of low-rise special RMSW archetypes can be
attributed to two factors. One is the high ductility demand that earthquake ground
motions placed on short-period archetypes, which is a well-documented and expected
result in the case of short-period structures. The other is the lower ductility capacity
of shorter walls, as observed in the pushover curves of Figures 3-13 through 3-17.
This had the combined effect of producing a lower collapse margin ratio as a starting
point, a lower spectral shape factor, and ultimately a lower adjusted collapse margin
ratio for comparison.
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Table 3-10 Summary of Collapse Performance Evaluations of Special
Reinforced Masonry Shear Wall Archetypes

Computed Overstrength and Acceptance

Design Configuration Collapse Margin Parameters Check

No. of | Gravity Static Accept| Pass/

Performance Group No. PG-1S
S1 1 High Dmax 184 | 0.52 5.2 1.26 | 0.66 1.56 Fail

S2 2 High Dmax 228 | 114 8.1 | 133 | 152 1.56 Fail
S3 4 High Dmax 187 | 155 | 11.8 | 1.33 | 2.06 1.56 Pass
Mean of Performance Group: 2.00 1.41 1.96 Fail

Performance Group No. PG-2S

S4 8 High Dimax 189 | 131 64 | 135 | 176 1.56 Pass
S5 12 High Dimax 161 | 194 | 146 | 147 | 2.84 1.56 Pass
Mean of Performance Group: 1.75 2.30 1.96 Pass

Performance Group No. PG-3S

S6 1 High Dmin 1.62 1.04 13.3 | 1.14 1.19 1.56 Fail
S7 2 High Duin 2.61 1.92 14.4 | 1.14 2.18 1.56 Pass
Mean of Performance Group: 2.12 1.69 1.96 Fail

Performance Group No. PG-4S
S8 4 High Dmin 1.65 165 | 28.4 | 1.14 1.88 1.56 Pass
S9 8 High Drmin 193 | 163 | 7.1 | 1.25 | 2.03 156 | Pass
S10 12 High Dmin 1.68 2.07 | 16.0 | 1.37 2.84 1.56 Pass

Mean of Performance Group: 1.75 2.25 1.96 Pass
Performance Group No. PG-5S

S11 1 Low Drmax 1.84 0.52 5.2 1.26 0.66 1.56 Fail
S12 2 Low Drmax 1.82 1.71 8.3 1.33 2.27 1.56 Pass
S13 4 Low Dimax 1.73 165 | 11.3 | 1.33 2.19 1.56 Pass
Mean of Performance Group: 1.80 1.71 1.96 Fail
Performance Group No. PG-6S
S14 8 Low Dimax 1.59 1.31 | 13.6 | 1.40 1.82 1.56 Pass
S15 12 Low Drmax 1.47 194 | 428 | 1.47 2.84 1.56 Pass
Mean of Performance Group: 1.53 2.33 1.96 Pass
Performance Group No. PG-7S
S16 1 Low Dmin 1.62 1.04 | 133 | 1.14 1.19 1.56 Fail
S17 2 Low Dmin 1.80 238 | 144 | 1.14 2.71 1.56 Pass
Mean of Performance Group: 1.71 1.95 1.96 Fail

Performance Group No. PG-8S
S18 4 Low Dmin 1.41 1.65 | 29.0 | 1.14 1.88 1.56 Pass
S19 8 Low Dmin 1.64 1.63 | 17.7 | 1.26 2.05 1.56 Pass
S20 12 Low Dmin 1.46 2.13 | 20.7 | 1.37 2.92 1.56 Pass

Mean of Performance Group: 1.50 2.28 1.96 Pass
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Table 3-11 Summary of Collapse Performance Evaluations of Ordinary
Reinforced Masonry Shear Wall Archetypes

Computed Overstrength and Acceptance
Collapse Margin Parameters Check

Gravity Static Accept| Pass/

Performance Group No. PG-10

Design Configuration

o1 1 High Crnax 2.33 1.77 2.7 1.08 1.91 1.69 Pass
02 2 High Crmax 1.44 1.06 1.5 1.04 1.10 1.66 Fail
Mean of Performance Group: 1.89 1.51 2.23 Fail
Perfor e
03 4 High Crnax 1.94 1.18 2.4 1.07 1.26 1.69 Fail
o4 8 High Crnax 2.21 1.45 3.8 1.09 1.57 1.76 Fail
05 12 High Cmax 209 | 142 | 94 | 127 | 1.80 1.76 | Pass
Mean of Performance Group: 2.08 1.54 2.38 Fail

Performance Group No. PG-30

06 1 High Chin 1.36 | 1.56 15 [ 1.04 | 1.63 1.66 Fail
o7 2 High Chin 146 | 1.23 15 [ 1.04 | 1.28 1.66 Fail
Mean of Performance Group: 1.41 1.46 2.16 Fail

Performance Group No. PG-40

08 4 High Chin 1.63 1.48 1.5 1.04 1.54 1.66 Fail
09 8 High Chin 2.07 1.79 53 1.17 2.09 1.76 Pass
010 12 High Chin 226 | 181 | 56 | 124 | 224 1.76 | Pass
Mean of Performance Group: 1.99 1.96 2.38 Fail

Performance Group No. PG-50

0o11 1 Low Cnax 233 | 177 27 1108 | 191 1.69 Pass
012 2 Low Crmax 149 | 1.97 15 | 1.04 | 2.05 1.66 Pass
Mean of Performance Group: 1.91 1.98 2.23 Fail

Performance Group No. PG-60
013 4 Low Chnax 1.68 1.65 1.5 1.04 1.72 1.66 Pass
014 8 Low Crnax 1.70 217 | 10.2 | 1.20 2.60 1.76 Pass
015 12 Low Chax 1.63 295 | 106 | 1.27 3.74 1.76 Pass

Mean of Performance Group: 1.67 2.69 2.38 Pass
Performance Group No. PG-70

016 1 Low Crin 1.36 | 1.56 15 | 1.04 | 1.63 1.66 Fail
017 2 Low Chmin 1.37 | 215 15 | 1.04 | 2.24 1.66 Pass
Mean of Performance Group: 1.37 1.94 2.16 Fail

Performance Group No. PG-80
018 4 Low Chin 1.45 1.85 9.8 1.04 1.92 1.76 Pass
019 8 Low Chin 1.65 321 | 174 | 1.21 3.90 1.76 Pass
020 12 Low Chin 1.82 289 | 246 | 1.29 3.74 1.76 Pass

Mean of Performance Group: 1.64 3.19 2.38 Pass
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The mixed performance of ordinary RMSW archetypes can also be attributed to two
factors. One is lower quality ratings, as compared to special RMSW archetypes,
caused by additional uncertainty in design requirements and test data for ordinary
walls. The other is lower ductility capacity of ordinary walls, which was the
controlling factor affecting the values of ACMR for ordinary RMSW archetypes. For
the 1- and 2-story archetypes, collapse was signaled by diagonal shear failure. In the
4-, 8-, and 12-story archetypes, collapse was signaled by excessive crushing of the

masonry.

Table 3-12 Summary of Results by Performance Group for Special

PG-1S

PG-2S

PG-3S

PG-4S

PG-5S

PG-6S

PG-7S

PG-8S

Cantilever

Reinforced Masonry Shear Walls

Performance Group Summary

Grouping Criteria

Design Load Level Period PerfRogéE?tnce
Gravity Seismic Domain
Short Fail
SDC Dax
Long Pass
High
Short Fail
SDC Dmin
Long Pass
Short Fail
SDC Dax
Long Pass
Low
Short Fail
SDC Dmin
Long Pass

Table 3-13 Summary of Results by Performance Group for Ordinary

Reinforced Masonry Shear Walls

Performance Group Summary

Grouping Criteria

. Performance
Design Load Level Period Result
Gravity Seismic | Domain
PG-10 Short Fail
SDC Cax
PG-20 Long Fail
High
PG-30 Short Fail
SDC Chin
PG-40 Long Fail
Cantilever
PG-50 Short Fail
SDC Cax
PG-60 Long Pass
Low
PG-70 Short Fail
SDC Chin
PG-80 Long Pass
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Performance evaluation results by performance group are summarized in Table 3-12
for special RMSW archetypes and Table 3-13 for ordinary RMSW archetypes. To
pass the performance evaluation criteria, the adjusted collapse margin ratio (ACMR)
averaged across all archetypes in a performance group must exceed ACMR 1.

For special RMSWs, long-period performance groups passed this criterion while
short-period performance groups did not. In the case of ordinary RMSWs, long-
period, low axial load performance groups passed this criterion while the long-period,
high axial load performance groups did not. Additionally all short-period ordinary
RMSW performance groups failed the criterion.

3.8  Evaluation of System Overstrength

In the Methodology, the system overstrength factor, £, is taken as the largest
average value of the overstrength factor, £2, computed for each performance group.
Values of overstrength for individual archetypes and average values for each
performance group are shown in Table 3-10 and Table 3-11. Calculated values of (2
were 2.12 for special RMSWs and 2.08 for ordinary RMSWs. These values are
smaller, but on the same order of magnitude as the value of 2.5 provided for both
systems in ASCE/SEI 7-05.

Reinforced masonry shear wall archetypes were deliberately configured to minimize
the potential for overstrength. The close agreement between calculated and code-
specified values of £ is likely related to this design objective.

3.9 Observations and Recommendations

3.9.1 Observations on System Performance

Neither the special RMSW archetypes nor the ordinary RMSW archetypes evaluated
in this trial application fully met the acceptance criteria of the Methodology. System
overstrength factors obtained in this study, however, are comparable to values
provided for both systems in ASCE/SEI 7-05. Differences in observed performance
for the two systems can be largely attributed to full versus partial grouting of the
masonry cells. If special RMSW archetypes were partially grouted, which is
permitted by the code but uncommon in practice, their assessed performance would
have been less favorable.

Although the individual pass/fail statistics were different between the special and
ordinary systems, taller archetypes, in general, were observed to pass the acceptance
criteria while shorter archetypes, in general, were observed to fail the criteria. This
result was not entirely unexpected, as differences in seismic response characteristics
between short-period and long-period systems are not specific to reinforced masonry
shear wall systems and have been well documented in the literature. This raises a
question as to whether or not low-rise RMSW buildings should have the same
seismic performance factors (e.g., R factor) as high-rise RMSW buildings.

GCR 10-917-8 3: Trial Application: Reinforced Masonry
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Additionally, these differences in performance also raise questions as to whether or
not the same collapse criteria are appropriate.

Observed results were sensitive to assumptions made about the collapse behavior of
reinforced masonry shear walls and decisions made in nonlinear modeling. Because
of difficulties in quantifying collapse for low-rise walls, it was decided that collapse
would be defined as excessive crushing of the masonry cross section or rupture of a
significant percentage of the vertical reinforcement. Neither of these conditions
would necessarily lead to collapse in a low-rise shear wall system. Rather, collapse
would more likely be expected to occur when drifts are so large that other gravity-
load carrying elements lose their ability to carry vertical loads.

Additionally, the fixed-base modeling assumption likely increased ductility demands
on low-rise walls. Because of the stiffness of low-rise shear wall systems, demands
on these structures can be more significantly influenced (i.e., lowered) through
consideration of soil-structure interaction effects, which were not accounted for in the
analyses. If the non-simulated collapse criteria were less conservative, and if soil-
structure interaction was considered in assessing the ductility demands on low-rise
walls, the performance of special RMSW archetypes would have likely been
significantly improved.

In the design of some archetypes, it was found that the special boundary element
requirements in the strength design provisions of the MSJC code do not adequately
control the maximum compressive strain induced by combined flexure and axial
load. The ductility of some high-rise ordinary RMSW archetypes would have been
further reduced if the maximum stress limit specified in the allowable stress design
provisions of the code were not imposed. To improve the performance of ordinary
shear wall systems, partial grouting should be avoided unless more experimental data
are obtained to demonstrate that partially grouted walls have sufficient ductility
capacity to perform satisfactorily.

Although some archetype designs were initially controlled by drift, the story drift
limit in ASCE/SEI 7-05 did not seem to be closely related to the performance of a
cantilever wall system. In such systems, a large portion of the drift in an upper story
could be caused by rigid-body rotation of the wall about a plastic hinge formed at the
base.

3.9.2 Observations on the Methodology

The Methodology provides a systematic and rational procedure to determine the
seismic performance factors for structural systems. However, it relies on the ability
of an analytical model to simulate the collapse state of a structural system with
reasonable accuracy. In the case of low-rise shear wall systems, total collapse is rare
and difficult to define. A sudden drop in strength caused by rupture of flexural
reinforcement might not necessarily lead to collapse in such systems. Additionally,
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the reliability of an analytical model in simulating the response of a low-rise shear
wall system close to collapse requires special attention because of numerical issues
related to softening of a very stiff structural system and the importance of modeling
assumptions.

Values of the period-based ductility, 4 , calculated for some of the special RMSWs
are very large. In many cases, this is due to the very small effective yield drifts, 5,  ,
calculated using the equation provided in the Methodology. This equation utilizes
the structural period (taken as the larger of the code-based period and the
fundamental period determined by eigenvalue analysis) divided by the total weight.
When the code-based period controls the effective period, the calculated value of
period-based ductility is insensitive to the weight of the archetype, and structures
with different weights have the same calculated effective yield point and values of
period-based ductility. The code based-period was found to control for most of
archetypes. This results in a situation where a structure with a larger weight tends to
have a lower J, . , implying a higher equivalent stiffness, which is counter-intuitive.
Very large values of 4 , however, do not have a major impact on the spectral shape
factor, SSF, because there is a low saturation point in the relation between z and

SSF.

The Methodology requires consideration of the performance of structures subjected
to earthquake ground motions exceeding the Maximum Considered Earthquake
(MCE). While stringent criteria can be justified for assuring a uniform risk of
collapse, this is especially demanding on less ductile systems that are not
appropriately detailed for severe seismic loading. This might be a contributing factor
as to why the ordinary RMSW archetypes generally failed the performance
evaluation criteria.

3.9.3 Recommendations for Further Investigation

This study focused on rectangular cantilever wall systems, but masonry buildings can
have many different wall configurations, including flanged walls and coupled walls.
Many masonry buildings are low-rise box systems with perforated shear walls of
many different and irregular opening sizes and arrangements. All these system
variations would need to be studied to fully characterize the seismic performance of
reinforced masonry structures and identify appropriate seismic performance factors.

Additional experimental data are needed to calibrate analytical models for different
wall systems. The modeling of perforated wall systems presents a major challenge,
and experimental data for wall components in such systems are extremely limited.
This study has indicated that even for cantilever walls, the current analytical
modeling capabilities with beam-column elements leave much room for
improvement. The reliability of an analytical model depends on a good estimate of
the effective plastic-hinge length in a flexure-dominated wall. Furthermore, reliable
analytical models are needed to simulate the shear failure of a wall system.
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Experimental data on this are limited, especially for walls with height to length ratios
greater than one.

Current code provisions do not adequately distinguish between the wide range of
performance characteristics of different masonry wall systems for which the use of
the same R factor might not be appropriate. In particular, current codes do not
account for the fact that the ductility demands induced by an earthquake ground
motion on low-rise walls and high-rise walls can be very different. Their ductility
capacities can be very different as well, so that different R factors may be needed for
low-rise and high-rise walls. Furthermore, the assessment of the ductility demands
and the collapse condition for low-rise walls requires additional information. Further
research is needed to clarify these issues and to provide general and consistent
guidelines for modeling of reinforced masonry shear walls.
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Chapter 4

Trial Application: Reinforced
Concrete Shear Wall Structures

4.1 Introduction

This chapter presents a trial application of the FEMA P-695 Methodology on special
reinforced concrete shear wall (special RCSW) and ordinary reinforced concrete
shear wall (ordinary RCSW) structures. It summarizes design requirements and
available test data for reinforced concrete shear walls, explains the development of
concrete shear wall archetype configurations, documents the nonlinear modeling
approach, presents the results of a performance evaluation, and summarizes
observations on the Methodology specific to reinforced concrete shear wall systems.

4.2  Overview and Approach

In this trial application, special and ordinary reinforced concrete shear wall systems,
as defined in ACI 318-08, Building Code Requirements for Structural Concrete
(ACI, 2008a), were considered as if they were new systems proposed for inclusion in
ASCE/SEI 7-05, Minimum Design Loads for Buildings and Other Structures (ASCE,
2006). Although the intent was to treat special and ordinary concrete shear wall
systems as if they were new systems, the purpose was not to re-derive or validate
seismic performance factors (R, €2, and C,) for these systems. Rather it was to
examine whether concrete shear wall systems would satisfy the acceptance criteria of
the FEMA P-695 Methodology, test the application of the Methodology with respect
to these systems, and identify possible improvements to the Methodology or current
concrete shear wall design provisions.

The system design requirements of ASCE/SEI 7-05, including minimum base shear
and story drift limits, were used as the basis for design, with the exception that Cyq
was taken equal to R, as specified in the FEMA P-695 Methodology. Values of R for
non-load-bearing special RCSW and ordinary RCSW systems are 6 and 5,
respectively.

Reinforced concrete shear wall systems can have many different configurations,
including pier-spandrel systems with regular or irregularly shaped openings,
cantilever or coupled wall systems, and walls with rectangular or flanged cross
sections. For practical reasons, the scope of the beta testing effort on reinforced
concrete shear walls was necessarily limited. A single wall configuration, cantilever
with rectangular cross section, was used to investigate results for a range of building
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heights and design parameters. The selection of this configuration, and the
development of corresponding index archetype designs for concrete shear wall
buildings, is described below.

4.3  Structural System Information

4.3.1 Design Requirements

Proportioning and detailing of reinforced concrete walls was based on ACI 318-08
requirements, subject to ASCE/SEI 7-05 Chapter 14 amendments. In the case of
special RCSWs, the requirements of ACI 318-08 Chapter 21 were applied. For
ordinary RCSWs, the requirements of Chapter 14 were applied.

Shear and anchorage requirements for web reinforcement were based on ACI 318-08
Chapter 21 for special RCSWs, and Chapter 14 (including Chapter 11 for shear
design) for ordinary RCSWs.

4.3.2 Quality Rating of Design Requirements

The quality of design requirements for special and ordinary walls varies significantly
depending on the design action. Determination of wall yield and nominal moment
strengths in the presence of relatively low levels of axial load (i.e., P <0.15A, f() are
generally within 10% of values determined from experimental tests on walls
governed by flexure. Test results for higher levels of axial load are not available.

Code provisions for shear strength are generally quite conservative and can
significantly underestimate actual shear strength. ACI 318-08 provisions for shear
strength of special RCSWs have been shown to provide essentially a lower-bound
estimate of shear strength (Wood, 1990; Orakcal et al., 2009), with mean shear
strength on the order of 1.5 times the code nominal strength. The ACI 318-08
equation for shear strength of special RCSWs does not account for the effects of axial
compression or well-confined boundary zones on shear strength. Test results
(Wallace, 1996; Orakcal et al., 2009) have shown that both of these factors can
measurably increase shear strength.

Recommendations for effective bending, shear, and axial stiffness generally specify a
single value to reflect the cracked stiffness of a wall section (e.g., E. lesr = 0.5E¢ I ).

It has been well documented in the literature (e.g., Wallace, 2007) that bending
stiffness varies with moment yield strength and axial load, and that a single value is
not appropriate in all cases. In consideration of the above limitations, a quality rating
of (B) Good was assigned to the design requirements for special and ordinary
RCSWs.

4.3.3 Test Data

Comparisons between test data and model results were used to help determine
appropriate modeling parameters for material relations and failure modes (e.g.,
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crushing, buckling). Modeling parameters associated with axial-bending behavior
were based primarily on test data reported by, or summarized in, Orakcal et al.
(2004), Orakcal and Wallace (2006), and Wallace (2007). Additional information for
relatively slender walls was taken from Corley et al. (1981), Oesterle et al. (19786,
1979), Shiu et al. (1981), Aktan et al. (1985), Goodsir (1985), Wallace (1996),
Thomsen and Wallace (1995, 2004), and Waugh et al. (2008). Test data for low-rise
walls were taken from Wood (1990), Massone et al. (2006), Massone (2006),
Wallace (2007), Orakcal et al. (2009), and Massone et al. (2009).

The tests conducted by Corley et al. (1981), Oesterle et al. (1976, 1979), and Shiu et
al. (1981), address the influence of shear on the behavior of relatively slender walls
(most with aspect ratio of 2.4), including the impact of shear stress level on wall
deformation capacity and web crushing failures. The upper-bound ACI 318-08 wall
design shear stress limit of 10\/f_c' is based on these tests.

The results reported by Thomsen and Wallace (2004), Orakcal and Wallace (2006),
Wallace (2007), and Waugh et al. (2008) were used to define modeling and material
parameters for axial-bending behavior, such as uniaxial material stress-strain
relations for concrete and reinforcement. Where uniaxial material relations are used,
the bending stiffness and yield moment vary with axial load per the defined material
relations. Modeling of confined concrete behavior, tension-stiffening, and the impact
of surrounding concrete on the yield strength of longitudinal reinforcement are based
on well-established research results. Comparisons between experimental and
analytical results based on these material parameters indicate that overall load versus
deformation response of walls dominated by nonlinear flexural responses is well
captured (Orakcal and Wallace 2006); however, additional comparisons were
performed to assess how best to define modeling parameters within the OpenSees,
Open System for Earthquake Engineering Simulation (OpenSees, 2007) analysis
platform used in this study.

4.3.4 Quality Rating of Test Data

Although available test results provide useful data to help define modeling and
material parameters for axial-bending behavior and shear strength, the number of
tests that have been conducted is generally insufficient to assess uncertainty and the
range of variability in design limits. They do not enable determination of lateral
strength degradation or collapse as influenced by, for example, concrete crushing,
rebar buckling, and rebar fracture. Nor are they sufficient for characterizing behavior
of walls loaded with significant axial stress. In general, tests were stopped after only
modest to moderate levels of lateral strength degradation was observed, so they do
not provide data for determining residual strength or collapse (e.g., loss of axial load
capacity). In consideration of the above limitations, a quality rating of (B) Good was
assigned to the test data for special and ordinary RCSWs.
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4.4  Archetype Configurations

The design space for reinforced concrete shear wall systems includes many different
configurations. Possible configurations include cantilever walls, coupled walls, core
walls, and perimeter walls. For each of these configurations, various wall cross
sections are possible, including rectangular, T-shaped, C-shaped, and barbell. Each
of these can be perforated wall systems, with regular or irregular openings, and can
be strongly or weakly coupled with adjacent walls in the system.

In coupled wall systems, the degree of coupling can vary substantially. For example,
slabs typically provide only minor coupling. Coupling beams with aspe