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Abstract

In September 2022, the Structural Engineering Institute of the American Society of Civil
Engineers commenced a project under National Institute of Standards and Technology Contract
No. 1333ND22PNB730391 to develop workshops on Advancement in Computational Wind
Engineering and Advancement in Performance-Based Wind Design. This report documents the
results of the workshop on Advancement in Performance-Based Wind Design. The workshop and
subsequent roadmap for the standardization and application of performance-based wind design is
to be developed by wind engineering practitioners and researchers for buildings.

Keywords

Components and cladding; Design; Performance-based wind design; System reliability; Wind
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Preface

In September 2022, the Structural Engineering Institute (SEI) of the American Society of Civil
Engineers (ASCE) commenced a project under National Institute of Standards and Technology
(NIST) Contract No. 1333ND22PNB730391 to develop workshops on Advancement in
Computational Wind Engineering and Advancement in Performance-Based Wind Design. This
report documents the results of the workshop on Advancement in Performance-Based Wind
Design. The workshop and subsequent roadmap for the standardization and application of
Performance-Based Wind Design is to be developed by wind engineering practitioners and
researchers for buildings.

The impetus for the project was the extensive casualties and property losses that have occurred
over the last several decades due to damaging hurricanes, tornadoes, and other wind events
affecting the United States. NIST has continued to research and provide leadership in the
advancement of knowledge of these hazards and to develop standards that will lead to more
resilient communities across the nation.

The workshop process included a review of the literature, which identified research needs in the
areas of Wind Climate Characteristics, Structural System Reliability, Wind-Structure Interaction,
Structural Analysis Techniques, and Structural Design. This review was followed by an
extensive workshop preparation process, a two-day workshop to obtain input from experts in
these areas, and report preparation and review.

The workshop identified a broad range of research and development activities to advance the use
of Performance-Based Wind Design with the goal of reducing the impacts of these severe wind
events. This report includes discussion and specific recommendations on the following 10 topics:

1. Development of main wind force resisting system reliability;

Development of components and cladding reliability;

Integration of performance between the building structural system and the cladding;
Characterization of engineering properties of thunderstorm and tornado wind events;
Characterization of the wind hazard and loads for short and long return periods;
Improvement of the understanding of structural and material properties;

N o g bk N

Improvement of physics-informed, computationally efficient methods for nonlinear
analysis of wind response over long-period durations;

8. Static pushover for wind engineering to quickly evaluate nonlinear structural
performance;

9. Development of wind loading protocol for experimental quantification of system
performance in wind; and

10. Economic study to identify existing buildings at risk.

SEI is indebted to the leadership of Don Scott, who served as the Workshop Director; the ASCE
staff—especially Bianca Augustin, who served as the Workshop Coordinator, and Amber Davis,
who served as the Conference Center Manager—the Workshop Steering Committee members
Melissa Burton, Roy Denoon, Russell Larsen, Seymour M.J. Spence, and Teng Wu for their
contributions in putting the workshop together and development of this report; and the Workshop
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Steering Committee scribes Wenbo Duan, Workamaw Warsido, Juliana Rochester, Srinivasan
Arunachalam, and Baichuan Deng for helping to document the discussions and prepare the final
report.

Appreciation is also extended to the many individuals who participated in the workshop.
Appendix D lists the names and affiliations of all who contributed to this report.

SEI also gratefully acknowledges Long Phan, Marc Levitan, Therese McAllister, and DongHun
Yeo from NIST for their input and guidance in the development of the workshop and in
preparation of the report.

Jennifer Goupil, P.E., F.SEIl, F.ASCE

Managing Director Structural Engineering Institute and American Society of Engineers Chief
Resilience Officer

July 1, 2023
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1. Introduction

The National Institute of Standards and Technology (NIST) has a long history of research
and development in the area of windstorm engineering and is the lead agency for the
National Windstorm Impact Reduction Program (NWIRP). This focus recently led to the
development of the first-ever tornado design provisions in the 2022 edition of ASCE/SEI 7,
Minimum Design Loads and Associated Criteria for Buildings and Other Structures
(ASCE/SEI 7; ASCE 2022). To continue with the efforts of windstorm impact reduction
one of NIST’s strategies is to further develop the use of Performance-Based Wind Design
(PBWD). The workshop on Advancement in Performance-Based Wind Design held on
February 23-24, 2023, and this resulting report provide a focus on the research and
development efforts needed over the next decade to enable standardization and application
of PBWD techniques in design practice.

2. Background

2.1. Workshop Purpose and Scope

The purpose of the workshop was to assess the current state of the art in PBWD and to support
the future development of a Measurement Science Roadmap for advancing the knowledge in this
area and its application in practice.

The workshop scope covered the broad subject area of PBWD methodologies and two associated
sub-topics:

Subject Area: Performance-based wind design (PBWD)
e Sub-Topic 1: Review of Current state-of-the-art on PBWD

e Sub-Topic 2: Identification of research needs and prioritization for
standardization and application in practice.

2.2. Workshop Development Process

The development of this workshop began with the selection of the Workshop Steering
Committee (WSC) consisting of leading experts in the wind engineering field who have been
involved in the development of previous PBWD documents. Those selected to serve on the WSC
were Dr. Roy Denoon of CPP Wind Engineering Consultants, Dr. Melissa Burton of Arup, Dr.
Seymour M.J. Spence of the University of Michigan, Dr. Teng Wu of the University at Buffalo,
and Russell Larsen of Magnusson Klemencic Associates. Each WSC member also invited a
young professional to participate in the workshop and report development process: Wenbo Duan
at Arup, Workamaw Warsido at CPP Wind Engineering Consultants, Juliana Rochester at
Magnusson Klemencic Associates, Srinivasan Arunachalam at University of Michigan, and
Baichuan Deng at University at Buffalo (Fig. 2-1).
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Fig. 2-1. Workshop Steering Committee.

The WSC started meeting in November of 2022 to begin developing the content of the workshop
and to select the leaders in this field to invite to participate. The WSC decided on the following
topics as the most critical issues to be addressed at the current time and the participants were
selected based upon their expertise in these areas:

e Wind Climate Characteristics,

e System Reliability,

e Wind-Structure Interaction,

e Structural Analysis Techniques, and
e Design.

To help understand the current state of the art of PBWD the WSC developed a reading list of
relevant documents to share with workshop participants, see Appendix B.4. As a result of
developing the reading list, the WSC determined that the ASCE/SEI Prestandard for
Performance-Based Wind Design Version 1.1 (Prestandard; ASCE/SEI 2023) was the only
current design document available to the profession and thus represented the state of the art.
These documents were used to formulate the workshop sessions.

The two-day workshop was convened on February 23-24, 2023, to identify the highest-priority
needs that form the basis of this report. The WSC, industry-leading experts, academics, and
representatives from key government agencies attended the workshop, which was also open to
members of the public. The workshop was held at the headquarters of the American Society of
Civil Engineers (ASCE) in Reston, Virginia (Fig. 2-2).
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Fig. 2-2. Participants at the NIST/SEI PBWD workshop on February 23, 2023.

The design of the NIST/SEI PBWD workshop enabled all 53 participants to contribute in
multiple ways. The workshop began with several state-of-the-practice presentations and included
time for the participants to ask questions. The participants were then divided into breakout
groups based upon the five workshop topics selected by the WSC. In these breakout groups the
participants were given four tasks: to define the current state of the art in each topic, to define the
future vision for the use of PBWD, to determine the research needs required to progress from the
current state of the art to the future vision for their topic, and to prioritize the research and
development needs for their breakout group topic.

Each breakout group then reported back to all the workshop participants in a general session and
described their prioritized research and development needs. Following these presentations and
subsequent discussions, all the workshop participants prioritized the separate breakout group
research and development needs. Section 6 lists the top identified research needs, and Appendix
A contains a further discussion of these research needs.

2.3. Workshop Framework

The framework adopted during the workshop to advance PBWD into practice consisted of deep
consideration of five key areas essential to the overall design process and verification. These
areas include determining the wind climate characteristics, determining the overall structural
system and building envelope reliabilities, understanding the wind-structure interaction,
identifying structural analysis techniques, and determining the design methodologies for the
overall building. The following briefly describes each of these areas.
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Wind Climate Characteristics: To progress PBWD into practice, a need exists to examine the
current state of knowledge regarding characteristics of different windstorm types including
synoptic gales, hurricanes (tropical cyclones), thunderstorms, and tornadoes. A basis for
consideration of the effects of different storm types as they relate to PBWD is also essential.
Research to codify unknowns need to be identified and prioritized.

System Reliability: Another key need in advancing PBWD is understanding the current state of
the art and prioritizing future research needs for the reliability estimation (or probability of
failure) of the main wind force resisting system (MWFRS) of engineered buildings subject to
extreme winds. This need extends to the envelope systems® of engineered buildings the reliability
of which is generally coupled with that of the MWFRS. Areas of focus include fragility analysis,
computational approaches for reliability/failure probability estimation (e.g., variance reduction
schemes, machine learning accelerated uncertainty propagation, etc.), loss and consequence
analysis, and wind demand characterization. Fragility analysis encompasses both experimental
and computational approaches for characterizing the damage susceptibility of both the MWFRS
and envelope components. Similarly, loss and consequence analysis are required to characterize
repair costs, downtimes, and functional recovery of both the MWFRS and envelope system and
may require a coupled analysis due to the interdependence of the two systems. Wind demand
characterization for the MWFRS is primarily concerned with the characterization of the overall
wind loads, while, for the envelope system, it requires the characterization of the wind-borne
debris risk, local net pressures, wind-driven rain, etc.

Wind-Structure Interaction: The ultimate goal of PBWD is to result in a building that better
addresses key goals of performance over the building’s full life cycle. In a broad sense, wind
loads on buildings are dealt with in two ways: low and medium-rise buildings with relatively
rigid structural systems react to the wind loads in a static way; tall buildings, however, tend to
interact with the wind in a more dynamic fashion and can be significantly more complex to
predict and manage. Research is needed to enable better quantification of both the reactive
behavior and the interactive (in some cases aeroelastic) feedback behavior between structural
response and wind excitation.

Structural Analysis Techniques: A need exists to understand the current state of the art of
nonlinear structural modeling and analysis techniques, especially those used for effectively
addressing the challenges associated with aerodynamic loading (such as large mean load
component and long durations) that are not present in seismic design. Research needs to perform
nonlinear structural analysis (along with modeling of deformation-controlled elements) more
efficiently and accurately under extreme wind events need to be evaluated, including efficient
incremental dynamic analysis (IDA) for PBWD, development of loading protocols, efficient
approaches for collapse analysis, and degradation in element strength or stiffness.

Design: To advance PBWD, a review of the current state of practice for design—specifically the
current understanding of the apparent reliability of the building envelope (walls and roofing)—
and the apparent reliability and performance of the MWFRS is needed. Techniques or strategies
to make buildings more resilient and/or lessen uncertainty regarding performance outcomes in
high winds need to be evaluated. Performance outcomes considered must include wind-borne
debris impact, water ingress, and structural system damage caused by extreme wind events

! This document uses the term “building envelope” to refer to the envelope system on the walls and roof of a structure, which are intended to
prevent transfer of water and thermal energy to the building interior. ASCE 7 (ASCE 2022) refers to these Systems as “cladding.”
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(tornado, hurricane, thunderstorm, etc.). The techniques and strategies may include
enhancements to building codes, enhanced testing, enhanced detailing or toughness, enhanced
performance objectives, and leveraging of databases or datasets not presently in common use.
The necessary research needs to enhance understanding in these areas need to be identified and
prioritized.

2.4. Workshop Report Organization

Following Section 1, Introduction, and Section 2, Background, the workshop report is organized
as follows:

e Section 3 describes the current state of the art of PBWD and the long-term vision for the
use of PBWD.

e Section 4 describes the current challenges in using PBWD, as identified during the
workshop by workshop participants.

e Section 5 describes the recommended research needs that were identified during the
breakout sessions.

e Section 6 provides a description of the Prioritized Research Needs by the overall
workshop participants, along with a summary of each research need that includes
anticipated timelines and relative costs associated with each of the associated projects.

e Sections 7 and 8 provide a list of acronyms and abbreviations and references.

The report also includes four appendices. Appendix A includes additional discussion about the
highest priority research needs identified during the workshop. Appendix B contains the
workshop agenda, presentations, breakout session participants, and workshop reading list.
Appendix C provides the priority research needs, as identified by the workshop participants,
mapped to the initial set of workshop sessions and NIST programs. Appendix D lists the
workshop participants alphabetically.

3. Vision for the Use of Performance-Based Wind Design

3.1. Current State of the Art

In developing the key topics for the workshop and examining key documents and compiling
them into a reading list, the WSC came to a consensus that the current state-of-the-art document
for design practice is the ASCE/SEI Prestandard for Performance Based Wind Design
(ASCE/SEI 2023).

3.1.1. Wind Climate Characteristics

The current state of the art in defining wind climate characteristics—on which the Prestandard
(ASCE/SEI 2023) is based—is to use statistical wind climate models based on a combination of
historical surface data and, where appropriate, Monte Carlo simulations of hurricane (tropical
cyclone) events. The most common approach is to use a Type 1 Extreme Value (Gumbel) fit to
data to extrapolate to extreme events in each storm type, although versions of Weibull



NIST GCR 23-045-updl
November 2023

distributions may also be used, particularly for shorter mean recurrence interval (MRI) events.
Separate fits are made to each storm type, and their probabilities are combined to determine
relationships between wind speed, direction, and MRI. These data are then used in different ways
(e.g., sector analysis, multisector analyses, storm passage analysis, or up-crossing) in analyzing
wind tunnel data to provide the wind loading data that are the basis for design.

Current practice assumes that individual windstorms have stationary, directionally invariant
boundary-layer characteristics. While this may be reasonable for long-duration storms such as
synoptic gales, the duration of peak wind speeds in hurricanes may be much shorter, and other
storm types, such as thunderstorms and tornadoes, have very different temporal and spatial
characteristics that wind design does not currently account for. The only exceptions to this are
some limited cases in which thunderstorms have been excluded from the wind climate data used
to analyze serviceability responses of supertall buildings because the limited duration and lower
elevation of peak wind speeds in the storms may limit their ability to generate the peak responses
of interest.

3.1.2. System Reliability

Over the past decade, significant progress has been made in developing general PBWD
frameworks for the probabilistic assessment of building systems subject to extreme winds. Major
breakthroughs have been achieved in modeling structural and nonstructural damage and loss
through probabilistic system-level metrics associated with repair costs, downtime, life-cycle
costs, and occupant comfort. While many of these frameworks were initially inspired by the
damage/loss modeling approaches based on fragility/consequence functions that were introduced
by the Pacific Earthquake Engineering Research Center (PEER) framework (Yang et al. 2009),
they have since evolved to include additional metrics, such as life-cycle costs (Cui and
Caracoglia 2020); a wind-specific performance criterion associated with, for example, occupant
comfort (Bernardini et al. 2015); envelope damage (lerimonti et al. 2019; Ouyang and Spence
2020); inelasticity in the structural system (Mohammadi et al. 2019; Arunachalam and Spence
2022); and coupled envelope and structural system assessment (Ouyang and Spence 2021a).

3.1.3. Wind-Structure Interaction

Current design practices in wind engineering primarily focus on a singular occurrence interval,
or return period, for a design event, which may lead to both overly conservative and simplified
solutions. PBWD aims to consider the entire design space across different occurrence intervals
and for varying design events, enabling the development of more resilient structures that
consider this full design space. The Prestandard (ASCE/SEI 2023) serves as a summary of state-
of-the-art practices and provides a nonprescriptive guide for carrying out wind-structure analysis
to achieve specific performance goals.

Despite these advancements, challenges and uncertainties remain from baseline structural
property assumptions, from the methodology of applying the wind load effects to structures
through to establishing inspection regimes to improve performance in existing building stock.

At present, the wind engineering community is working to develop comprehensive
methodologies for accounting for wind structure interaction in PBWD (Ciampoli et al. 2011,
Bezabeh et al. 2020). Collaborative efforts to engage interdisciplinary research support from
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fields such as urban planning, architecture, materials science, and economics are in progress, as
the benefit of PBWD clearly stretches beyond engineered structures and has the potential to
create long-term resilience for communities. Further work is needed to raise awareness, attract
funding, and promote the adoption of PBWD among practitioners and policymakers. Addressing
challenges and concerns in the approaches to considering wind structure interaction is necessary
to achieve this ambition.

3.1.4. Structural Analysis Techniques

Currently, the literature has limited information on performing nonlinear analysis of structures
subject to wind loads. The nonlinear modeling and analysis techniques for structures under wind
loads mainly refer to the guidelines and publications for performance-based seismic engineering
(e.g., NIST 2010; ASCE 2017; NIST 2017; PEER 2017). However, the modeling and analysis
details of structural systems may need changes according to the unique characteristics of wind
loads. For example, the demand-to-capacity ratio (DCR) for deformation-controlled actions is
limited to 1.25 (Method 1) or 1.5 (Method 2 and 3) in the Prestandard (ASCE/SEI 2023) partially
due to the long duration of wind loads. As for the envelope system, the state-of-practice methods
adopted in the analysis of high-rise buildings are mainly based on structural response (e.g., peak
interstory drifts or accelerations). Although some recent studies have embedded the envelope
system into the analysis model during the response history analysis (Chen et al. 2023), the
envelope component mechanism properties need further investigation (Bedon et al. 2018; Wang
et al. 2021).

3.1.5. Design

3.1.5.1. Design of the Main Wind Force Resisting System

PBWD design tasks require the engineer to assess the time-variable load effects established by
analysis of structural components such as walls, beams, columns, and foundations. The engineer
must further assess the motions (drifts, accelerations, and strains) associated with the analysis
findings of the structural and nonstructural components of the structure. Assessment of the
capability of structural components to accept the demands revealed by analysis requires
understanding the strength, stiffness, and durability of chosen structural and nonstructural
components. As of the date of this report, PBWD relies heavily upon the performance
capabilities assessed for seismic motions from the Applied Technology Council (ATC) and
Federal Emergency Management Agency (FEMA) FEMA P-58 program, Development of Next
Generation Performance-Based Seismic Design Procedures for New and Existing Buildings, and
the many component tests underpinning the PEER Tall Buildings Initiative publications.
Additional PBWD component tests have been conducted by Wallace (2023), Abdullah et al.
(2020a,b; 2021), and Motter (2019), with further testing currently underway. The findings and
recommendations from these initial PBWD-specific studies have just begun making their way
into research literature and practicing engineering as of early 2023.

At the time of this report, one tower in Austin, Texas, has been designed using the Prestandard
(ASCE/SEI 2023). The tower design is based on Prestandard Method 1 and is expected to be
completed in late 2024.
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The authors of this report are not aware of specific projects that have yet utilized the component
and cladding/building envelope procedures of the Prestandard.

3.1.5.2. Design of Envelope Systems

To date, PBWD for envelope systems has concentrated on reducing envelope damage and losses
observed during extreme wind events. This concentration was motivated by damage assessments
following Hurricanes Andrew and Hugo (Smith 2022) that revealed unacceptable losses caused
by breaches or removal of envelope components by wind suction, tear-off, or debris impact. The
result of these breaches is direct damage to the structure envelope and interior and rainwater
penetrating the structure and causing further internal water and mold damage.

In terms of the current state of the art in envelope construction techniques, the following
constitute the distilled best practices according to the experience of the workshop members:

e System design: per Chapter 8 of the Prestandard (ASCE/SEI 2023);

e Good workmanship during installation and a suitable amount of inspection during
application, coupled with applicable field testing;

e Adequate maintenance after installation; and

e Replacement of the system prior to the end of its effective service life.
3.2. Long-Term Vision for Performance-Based Wind Design

3.2.1. Wind Climate Characteristics

The long-term vision for optimal use of PBWD approaches requires accurate matching of wind
effects to the performance goals. This may mean that different wind climate models are used for
different goals for the same building, while different wind characteristics and models may be
required for different buildings on the same site. The end goal is a framework to assess the
effects of different wind types and to model these appropriately through the design process using
readily available techniques.

3.2.2. System Reliability

The long-term vision for PBWD and reliability foresees the integrated assessment of the
MWEFRS and the envelope system through computational frameworks based on the coupled and
progressive probabilistic assessment of the cladding and structural system (holistic performance
assessment). This will include the development of computational models for the rapid
characterization of the nonlinear response of the MWFRS and the estimation of the cladding
performance through the development of wind-specific fragility functions. Methods based on
surrogate modeling, artificial intelligence (e.g., machine learning), and uncertainty propagation
through stochastic simulation are predicted to be central to the computational approaches that
will enable rapid and integrated (coupled) estimation of the reliability of the MWFRS and the
envelope system. The performance of the envelope system will be addressed through holistic
(multi-demand) fragility functions developed for a full range of nonstructural components. Wind
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demands will consider the explicit estimation of wind-borne debris risk through analytical
models and approaches based on computational fluid dynamics. Reliability will be estimated for
a full range of probabilistic performance matrices that go beyond the traditional definition of
reliability and will enable a full characterization of the resilience of the system, a concept that
holistically encompasses the design, reliability/risk assessment, and repair/recovery of the
system. Within the computational environments developed for estimating the probabilistic
performance matrices, simulation of fully nonstationary and non-straight-line wind events will
become commonplace, as will the incorporation of nonstationary wind risk in models of climate
change.

3.2.3. Wind-Structure Interaction

The long-term vision for PBWD revolves around an exhaustive understanding of the intricate
feedback systems between tall building response and windstorm excitation and the reactive
response of low- and medium-rise buildings to wind loads. To achieve this goal, our current
understanding of structural uncertainties, wind demand characterization, load application to
structural models, and the impact that aeroelastic effects have on structural demands must
advance. To attain this understanding, systematic testing is necessary to dissect the complexities
of structural and material properties, in conjunction with a universally adopted set of design
assumptions, whether they are parametric or based on specific scenarios. Workshop participants
envision the enhancement of wind tunnel testing methodologies that can capture the subtle
variations in the flow behavior surrounding intricate structural forms and characterize wind load
demand under many scenarios. The development of both simplified and comprehensive
modeling techniques will be instrumental in transcribing this wind demand onto the structural
models and in comprehending the impact of aeroelastic effects on the responses of tall buildings
and special structures to wind loads.

A holistic approach to PBWD is also required to address the needs of communities that live in
vulnerable, nonengineered low- and medium-rise buildings. These are often situated on the
outskirts of cities, where the most devastating losses—in terms of both financial and community
impact—typically occur. This will be augmented by thorough documentation of the performance
of various existing building archetypes following severe windstorms, facilitating improvements
in design and policy. Policies encompassing inspection and approval will be implemented, with
an aim to mitigate the economic impact of such events, particularly in wind-vulnerable
communities. Ultimately, this long-term vision seeks not only to enhance scientific and
engineering knowledge, but also to safeguard communities and promote their resilience in this
era of increasing climate uncertainty.

3.2.4. Structural Analysis Techniques

In the long-term vision of structural modeling and analysis techniques in PBWD, an ideal goal is
to develop more accurate component nonlinear models and more efficient nonlinear analysis
methods under wind loads (for both structural and envelope systems) to facilitate the
implementation of analysis tools that enable practicing engineers to incorporate PBWD
routinely. To accurately model the component nonlinear behavior under wind loads, the wind-
specific datasets of the component behaviors are expected to be established, either through
component tests under well-designed wind loading protocols (for various types of windstorms)
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or through extrapolation of the available datasets in seismic engineering with the help of high-
fidelity finite element models. To realize efficient wind nonlinear response history analysis, the
development of fast integration algorithms and the implementation of surrogate models and
artificial intelligence techniques show great potential. The development of efficient and accurate
tools for structural modeling and analysis will improve reliability, reduce the time costs, and
facilitate PBWD implementation.

3.2.5. Design

3.2.5.1. Main Wind Force Resisting System

The long-term design objective of PBWD is to allow the designer/engineer to use scientifically
valid methods to predict the most likely response of structures and building envelopes to the
demands caused by common and extreme wind demands.

Higher-quality engineering predictions provided by more complete building component
performance models, building damage prediction models, and models considering indirect
impacts to building users enable the designer to make value-based design decisions considering
expected loss and expected repair given defined performance requirements such as movement,
acceleration, safety reserve, and financial loss targets.

Through these higher-fidelity engineering methods, the design team can allocate structural
materials (e.g., rebar, concrete, steel, etc.) to maintain or exceed safety targets while minimizing
initial financial, environmental, and time costs.

3.2.5.2. Building Envelope Systems

The long-term vision for PBWD of envelope systems matches the basic vision for the building
MWERS. Specifically, designers wish to reduce losses and hindrances to society as measured
through financial, environmental, and quality-of-life metrics.

As of early 2023, the structural engineering community is concerned that the level of damage
protection offered by envelope systems is not achieving the expected performance implied by
ASCE/SEI 7 (ASCE 2022) target reliabilities. Consequently, too many buildings and facilities
are taken offline, damaged, and in some cases destroyed because of the envelope system
permitting wind-borne debris damage in wind events less severe than those prescribed by
ASCE/SEI 7. These observations form the basis for the need for long-term building envelope
system improvement.

The following topics were identified to support the long-term vision:

e Formal evaluation through testing of envelope systems to quantify performance with
respect to wind effects and water infiltration,

e Reassessment of envelope testing methods to ensure the testing methods adequately
predict in-place performance,

e Generation of additional performance test metrics to assess failure modes not currently
tested,

10
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e Enhancement of current testing methods deemed to fall short of desired envelope
performance outcomes,

e Formal requirement for envelope system installation and in situ testing, and

e Development of methods to assess the efficacy of envelope components years to decades
after installation.

4. Challenges in the Use of Performance-Based Wind Design

4.1. Wind Climate Characteristics

The key challenges in terms of wind climate characteristics are primarily associated with the
differing levels of knowledge of the structures and characteristics of different windstorm types.

While ASCE/SEI 7 (ASCE 2022) gives single nondirectional wind and tornado speeds, PBWD
needs separate directionality and speed characteristics for different storm types, including
tropical and extratropical storms, thunderstorms, and tornadoes. These characteristics include
spatial and temporal characteristics and recurrence probabilities. At present, PBWD has been
based on the assumption of stationary windstorm characteristics like those of a classical synoptic
storm with a turbulent boundary layer generated by surface roughness effects.

Knowledge associated with each windstorm type can be summarized as follows:

e Tropical storms (hurricanes): Good data combined with Monte Carlo modeling exist to
define these reasonably well, but design does not currently account for the effects of air
density variations during these events. More data are needed from dropsondes to refine
the radius of maximum winds and atmospheric pressure wind relationships, and the
hurricane boundary-layer characteristics.

e Extratropical storms: Data sets are generally good with availability (in the United States)
of daily summaries and more detailed hourly data.

e Thunderstorms: Knowledge of the lateral extent, vertical profiles, and durations of
different thunderstorm types is very limited. While most research has concentrated on
downbursts, recent damage from derechos (gust front thunderstorms) has highlighted that
characteristics of extreme events may be different. The vertical profiles of derechos may
resemble a classical boundary layer, but no field data are available to confirm this.

e Tornadoes: Knowledge of tornado wind structure and the significance of multi-vortex
tornadoes is very limited.

Another challenge that has been inadequately addressed in the past is the transfer of wind speeds
and directionality from the locations at which they have been measured to sites of interest. The
Deaves and Harris model (Deaves and Harris 1978), as adopted by ESDU and incorporated into
ASCE/SEI 7 (ASCE 2022), is generally used for all storm types even though it was developed
for extratropical storms. Its applicability to other storm types has not been fully investigated.

In addition to the characteristics of different windstorm types, and with respect to influences on
design, the ways the intensities, frequencies of occurrence, or attributes of windstorm types
might alter as a result of climate change will also be important to understand in coming years.

11
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While moderate knowledge exists about this for extratropical storms and hurricanes, the effects
of climate change on thunderstorms and tornadoes are much less certain.

4.2. System Reliability

Current challenges of many frameworks developed for the implementation of PBWD include the
comprehensive inclusion of damage to the envelope system due to the direct action of local net
wind pressure and wind-borne debris and the inelastic (or nonlinear) modeling of the MWFRS
within the setting of general uncertainty. Nonetheless, notable advances have been made.

4.2.1. Envelope

With respect to envelope systems, extensions of the Florida Public Hurricane Loss Model to
mid-rise residential buildings (e.g., Pita et al. 2016) have enabled various demands to be
considered. Nevertheless, the intent of the Florida Public Hurricane Loss Model is the
performance assessment of portfolios of buildings. The detail with which each building is
modeled is not, therefore, at the level of PBWD, where the focus is on the performance
assessment of individual buildings.

Explicitly focusing on individual buildings, Ouyang and Spence (2019) introduced fragility-
based progressive damage models in which each component of the envelope system was
modeled as susceptible to multiple coupled damage states characterized through suites of
fragility functions. These models considered various wind demands, including local dynamic net
pressure, interstory drifts, and wind-driven rain modeled through Eulerian multiphase models. To
efficiently propagate uncertainty, the approach was embedded with stratified sampling schemes
(Arunachalam and Spence 2023) and through the use of consequence analysis, the possibility of
characterizing system-level performance of the envelope through decision variables such as
repair costs and ingressed water was demonstrated (Ouyang and Spence 2020).

This approach has recently been extended to illustrate how nonlinearity in the MWFRS can also
be considered (Ouyang and Spence 2021a), as can more complex representations of the wind
hazard, i.e., the nonstationary/non-straight-line/Gaussian stochastic wind pressures (Ouyang and
Spence 2021Db).

4.2.2. Structural System

One challenge of including nonlinearity in the MWFRS can be traced back to the long duration
(on the order of hours) of typical wind load histories, which creates a computational barrier to
evaluation of probabilistic metrics, including reliability indices, related to the nonlinear
performance of the system. Another challenge concerns the complexities of modeling the
nonlinear response of the MWFRS in the presence, for certain wind directions, of a substantial
mean wind load component, which can create theoretical challenges in applying state-of-the-art
nonlinear modeling approaches developed for seismic loads without a mean load component.

These issues can also complicate the exploration of energy dissipation through nonlinear material
behavior since potential difficulties can arise due to the lack of a complete internal force reversal

in the structural elements and the potential susceptibility of the components to low cycle fatigue.

Nevertheless, including nonlinear behavior and damage is central to the probabilistic/reliability

12
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evaluation of the MWFRS, which aims to characterize the system’s performance over a full
range of hazard intensities.

Motivated by this, several researchers and practitioners have pioneered approaches that explicitly
treat damage through nonlinear modeling. Within the setting of probabilistic PBWD, two
approaches have essentially been investigated, with the first focused on the application of the
theory of dynamic shakedown (Tabbuso et al. 2016; Chuang and Spence 2017, 2019, 2020,
2022) and the second focused on applying nonlinear modeling approaches based on direct
integration (Judd and Charney 2015; Mohammadi et al. 2019; Nikellis et al. 2019; Ghaffary and
Moustafa 2021; Ouyang and Spence 2021a; Arunachalam and Spence 2022; Huang and Chen
2022). The fundamental idea underpinning the first approach is to rapidly identify a region in
which controlled inelasticity can occur. The computational efficacy of the algorithms developed
to evaluate the state of dynamic shakedown enables the evaluation of many probabilistic
performance metrics through methods based on robust direct stochastic simulation (Chuang and
Spence 2022). The key advantage of the second approach is the modeling flexibility it provides.
The major challenge is the huge computational effort that is generally necessary to propagate
uncertainty and therefore estimate the system-level damage/loss metrics that are core to
probabilistic PBWD.

4.3. Wind-Structure Interaction

A primary goal of PBWD is to design efficient systems that make the best use of all the
structural material; therefore, the ideal scenario is that the refinement of structural loading across
the full building life cycle should result in a system in which material is introduced in locations
where needed and a higher utilization of structural members is targeted, thereby ensuring no
material wastage. When pushing structures to this higher utilization, more sophisticated analysis
in the design stages is required. Typically, this comes in the form of nonlinear modeling.
However, to capture a structure’s key responses in nonlinear time history analysis an implicit
understanding of each structure’s unique sensitivity to wind-structure interaction is needed.

The application of time history wind loading to highly dynamic structures is complex. A great
deal of care is needed to make certain the wind loading is appropriately applied to the structural
model to ensure the accurate distribution of load and that the intended response of the structure is
achieved. With taller buildings, small changes to dynamic characteristics (such as damping level
or natural frequency) can lead to significant changes in behavior in the wind. Capturing this
inherent uncertainty in structural modeling is challenging due to poor understanding of the
magnitude of potential uncertainty, and a lack of component-level testing and system-level
performance monitoring.

The analysis models and load application are easier with a more straightforward building layout;
however, it is uncertain that the current methodology will hold true with a structure that has
complex features or is located in complex surroundings. These complexities could further affect
the critical wind profile and loading necessary to capture the peak response of the structure.
Layering on top the fact that cities evolve and change over time, an approach that accounts for
this natural evolution and change in wind load effects must be considered.

Applying wind loading to a structure requires applying varying load time histories up the height
of the structure, which in turn requires mapping of floor-by-floor loading to relevant structural
members at floor levels. Once mapped accurately, the length of the analyses required is

13
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considerable. For reference, a five-minute seismic event is toward the upper end of what would
typically be considered for performance-based seismic design, whereas PBWD can require a
suite of analyses to be completed with input time histories of three hours or more. The
computational power and storage space for running this quantum of analyses is significant. The
analysis time grows, or compresses based on the magnitude of nonlinearity in the system.

Tangential to the application of the load is the development of the wind loading time histories.
Inherent to the Prestandard methodology is ensuring the “critical loading scenarios” are used in
the analyses. The development of these scenarios and time histories is based on the dynamic
properties of the structure. Therefore, this process might become iterative if significant changes
are made to the structural design after the wind load time histories are developed, or if system
nonlinearity alters the directional response sensitivity of the structure.

The exact point at which the peak demand occurs within the time histories can also have a
significant effect on the predicted performance of the structure. A nonlinear response at the
beginning of the time history forces the structure to cope with this behavior for a longer response
time and may lead to fatigue issues or ratcheting that could be uncaptured if the peak demand
occurs later in the applied time history.

The current Prestandard methodology focuses mostly on the design of tall buildings where the
over (or in some cases under) design of structures may happen under the existing prescriptive
procedures. A similar focus on structures where the most damage occurs, and failures arise
during significant windstorms, is needed. These structures are often low-rise structures,
potentially nonengineered or engineered but with no post-construction inspection, or existing
structures that were designed using outdated codes of practice. Simplified design procedures that
incorporate the PBWD philosophy is needed to better capture the reactive behavior of these
structures to wind loads.

Applying PBWD for tornadoes presents unique challenges. Tornadoes exhibit complex and
highly localized wind fields, with rapidly changing intensities and directions. Consequently,
accurately modeling tornado-induced loads and capturing their effects on structures requires
tools that can account for these complexities.

4.4. Structural Analysis Techniques

Structural nonlinear modeling and analysis under seismic loads have been under development for
many decades. The related challenges that this report discusses mainly concern the differences
between wind loads and seismic loads, including the long duration of wind loads, the complexity
of wind loading, and the importance of the envelope system.

e The long duration of wind loads: This characteristic makes low cycle fatigue a
significant failure mode for structures with nonlinear behaviors. Long wind duration will
also lead to different degradation properties. Current structural degradation modeling
under wind loads mainly refers to the backbone curve developed for performance-based
seismic design. The specific backbone curve for component modeling under wind loads
is still unavailable and a better understanding of the component behavior under wind
loads is critically required. A large number of component tests under wind loading
protocol are needed for establishing a comprehensive structural component database for
PBWD.
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In addition, the long duration of wind loads will lead to difficulties in developing
nonlinear response history analysis. The currently utilized nonlinear response history
analysis algorithms or methods for seismic engineering are time consuming when applied
to wind engineering, given that the durations of seismic and wind loads are respectively
on the order of minutes and hours. Figure 4-1 presents examples of wind speed time
histories that have been applied in nonlinear structural response history analysis. More
efficient nonlinear response history analysis methods and collapse analysis methods are
needed.

60 :

I Wind speed
50 | | == Time-variant trend 50 }
| |
g a0t — 2T L 1z}
g £
3 30 ' . . 5 304
2 ! " ! g
& 20 ./:M/:,_VJ_ _\...k_\':—; . & 201
! I sl AN
10 | | 10 |
0 L 1L . 1 Ll . 0
0 2 4 6 8 10 12 14 0
Time (h) Time (h)

(a) Ritat (2005) as a pass-by hurricane (b) Wilma (2005) as a go-through hurricane

Fig. 4-1. Examples of wind speed time history applied in nonlinear structural response history analysis

Source: Wang and Wu (2022). Reprinted from Journal of Wind Engineering and Industrial
Aerodynamics, 221, 104908, H. Wang and T. Wu, “Statistical Investigation of Wind Duration Using a
Refined Hurricane Track Model,” © 2022, with permission from Elsevier.

The complexity of wind loading: The along-wind and across-wind excitation
mechanisms and their associated responses differ significantly. While the failure
mechanisms initiated by along-wind loading can include along-wind (drift) ratcheting in
addition to member-specific failure mechanisms, across-wind loading with a near-zero
mean is in a sense closer to the cyclic loading of seismic design. This complexity of wind
loads can lead to special behaviors of buildings under investigation. For example, the
structural responses may be larger at lower MRI wind speeds due to vortex-induced
vibrations.

The importance of the envelope system: Damage to the envelope system of buildings
under wind loads may result in large economic losses due to wind-driven rain. Therefore,
performance analysis of the envelope system becomes more critical in wind engineering
than in seismic engineering. Although the external wind loads directly impact the
envelope system, the current practice for damage assessment of the envelope system is
based on the structural drift of the lateral system. More comprehensive analyses of the
envelope system under wind loads that consider the correlations among wind pressure,
wind-induced drift, and wind-driven rain are needed. Further research to develop
practical methods for assessing the performance of the envelope system under wind loads
and to identify design strategies to mitigate wind-induced damage is also needed.
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4.5. Design

4.5.1. Main Wind Force Resisting System

As of early 2023, the state of the art in PBWD of building lateral systems is based on a limited
set of structural component tests that have investigated the demands caused by multi-cycle wind
effects by Wallace (2023), Motter (2019), Abdullah et al. (2020a,b; 2021), and Sharooz (2019).
Beyond these specific test series, the remainder of material understanding depends on available
traditional monotonic load assessment (i.e., testing for permanent loads such as dead and live),
high cycle fatigue assessment (e.g., bridge fatigue), or high ductility assessment (e.g., seismic
performance).

However, wind loading into the yielding range of a structure differs from traditional testing
assessments in that storm passage is expected to cause a limited number of cycles greater than
yield among many cycles of demand below the yield point of the structure. Thus, the tests of
monotonic load, high cycle fatigue, and seismic loading likely do not adequately evaluate the
low cycle fatigue demands on the primary structural system of a building that are specific to
PBWD . Figure 4-2 illustrates an example design space between cycle count and demand level.
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Fig. 4-2. Load Cycle versus Strain Design Space.

4.5.2. Building Envelope Systems

The current state of the art in envelope system design constitutes an assemblage of code, industry
group, and best practice documents, including the International Building Code (ICC 2021) and
the Fenestration and Glazing Industry Alliance (FGIA 2008). Additional resources and standards
include various ASTM (ASTM International), Factory Mutual, and Underwriters Laboratories
standards for the testing of envelope systems including water and air penetration, load resistance
testing, and roofing adhesion and integrity testing.
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Project implementation of these standards does not appear consistent throughout practice and
certainly varies depending on geographic region, project type, and, to a degree, the design team
and developer of a project.

Looking ahead, the challenge for PBWD of envelope systems revolves around many envelope
systems that exist among the many types of construction in the United States. The workshop
participants recommended that focusing on a select set of performance metrics can meaningfully
improve envelope performance and reliability despite the many nuances of envelope design.

5. Recommendations for Research and Development Tools

5.1. Introduction

The participants were divided into smaller breakout groups that coincided with their expertise in
one of the five workshop topics. These breakout groups discussed the challenges in their specific
topic and what would be required to advance PBWD from the current state of the art to the long-
term vision for PBWD. Each group discussed the research needs and then prioritized them in
their breakout session (Table 5-1).

Table 5-1. Breakout Session Research Needs, as Identified by Workshop Participants.

No. ‘ Research Needs

Wind Climate Characteristics

Thunderstorm/tornado characterization

Performance-based multi-meteorological (wind/hail/rain) design

Risk mapping for different building stock types

Redo Deaves and Harris model

A
B
C Transferring non-atmospheric boundary layer winds to practice in testing
D
E
F

Extratropical simulations/climate modeling

System Reliability

A Integrate performance between structural system and cladding and generate structural
and nonstructural damage functions that are component-specific

Al Address special design needs through probability: wind-borne debris, water penetration,
progressive failure, and components and cladding testing

B Improve physics-informed, computationally efficient models for nonlinear analysis of wind
response over long-period durations

C Characterize hazard and load for short and long return periods

D Define probability-based and life-cycle cost metrics and limit state(s) of interest

D1 Consider damage, repair, and recovery, and account for impeding factors

D2 Differentiate PBWD needs for low-rise vs. high-rise building (MWFRS, components and
cladding)

D3 Organize and standardize reliability targets (benchmarking ranges)

Wind-Structure Interaction
A Improving the understanding of structural and material properties
B Challenges with nonlinear time history analysis
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Performance of existing structures

Economic study identifying existing buildings at risk in vulnerable communities

Policies around inspections and approvals

Promoting wind engineering education and funding curriculum

Structural Analysis Techniques

Development of wind loading protocols for experimental quantification of system
performance in wind

Lab tests of various components, e.g., slab-to-column connections, walls, steel joints, etc.

Guidance for selection of extreme values in nonlinear response history analysis

High-fidelity finite element models to calibrate component modeling along with available
database

Testing beyond yielding to understand the effects of strong nonlinearity in wind-induced
response

Improved understanding and quantification of inherent damping

Leveraging the high efficiency of Method 3 of the Prestandard to study various archetype
buildings to facilitate its application in design

Static pushover for wind engineering to quickly evaluate nonlinear structural performance

Theory-guided, data-driven approaches for efficient nonlinear analysis

Gather more full-scale structural response data

A

Improved understanding of the benefits of considering the nonlinear behavior of various
foundation types

Design

Re-evaluation of envelope test methods

Field diagnostic tests for envelope component integrity

Development of wind component—specific fragility curves

Further structural MWFRS PBWD testing

mim Ol W >

Further MWEFRS reliability studies

Workshop participants then voted on these research needs to prioritize the top 10 research needs
for PBWD discussed in Section 6.2.

5.2. Priority of Wind Climate Characteristics Topics

The breakout was composed of the following members:

Moderator:
Scribe:
Reporter:
Participants:

Roy Denoon
Workamaw Warsido
Peter Vickery

John Kilpatrick
Greg Kopp

Frank Lombardo

Marc Levitan
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Brian Skourup
Jason Smart
Antonio Zaldivar

The breakout group worked through a range of key topics within the field that contribute to
reliability of design and identified strengths and weaknesses in the current state of the art.

5.2.1. Level of Knowledge of Different Storm Types and Climate Characteristics

While reasonable knowledge of the structure and properties of extratropical storms and tropical
cyclones (hurricanes) exists, knowledge of tornadoes and thunderstorms is much sparser. In
particular, no good engineering models of thunderstorms can as yet be applied to design for taller
buildings. One specific area identified is the potential differences between isolated downburst
thunderstorms (the subject of most of the limited research to date) and gust front thunderstorms
such as those connected to the derecho events that have caused widespread damage in recent
years.

While reasonable confidence exists about the influence of climate change on tropical and
extratropical storms, confidence for thunderstorms and tornadoes is much lower. These effects
also need to be translated to engineering models. The importance of combined wind/rain and
wind/hail effects must be emphasized.

5.2.2. Translation of Wind Data to the Information Needed for Design

In terms of the ability to predict extreme windstorms, the Type 1 probability distribution is
considered reasonable, but tails can be refined with the application of superstation techniques
where possible. However, this does not address the difference between extreme windstorm
characteristics and extreme wind effects on buildings and structures. The need to combine hazard
and responses is critical considering the structural analysis demands of a reasonable number of
wind time histories.

The Deaves and Harris model (Deaves and Harris 1978), as adopted by ESDU and incorporated
into ASCE/SEI 7 (ASCE 2022), is generally used for all storm types even though it was
developed for extratropical storms. In regions where local surface data are scant, weather
research and forecasting models may be used for larger-scale events.

Large full-scale field experiments will be needed to look at both the Deaves and Harris model
and thunderstorm characteristics as they might apply to design. This would assist in more clearly
defining which storm types will govern which design objective and in developing methods of
modeling these in wind tunnels.

Topographic effects are very simplified, have not been revisited in many years and would benefit
from refinement with more experimental data to support computational fluid dynamics (CFD)
modeling.
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5.2.3. Significance of Different Storms Type for Load Effects

Different storm types will influence load effects differently on various buildings. The temporal
effects of thunderstorms and tornadoes may limit their ability to generate large resonant
responses in tall buildings. To date, vertical profiles of thunderstorms have also been assumed to
be less influential on the loading and responses of supertall buildings, but this was based on the
information about downburst characteristics and less so on derechos and gust front
thunderstorms.

Thunderstorms are likely to govern wind loads for cladding on almost all building types. Again,
water penetration following wind damage is likely to be the primary cause of loss. A suggestion
was made to use PBWD savings on the primary structural system to improve the building
envelope.

Risk mapping of the building stock across the United States could be used to refine the differing
PBWD significance in different areas and hence the value of different components (e.g.,
structural vs. envelope) across the country.

5.2.4. Review of State of the Art for Testing

Boundary-layer wind tunnel testing is the current standard. Facilities capable of accurately
modeling the characteristics of nonstationary storms are scarce, and therefore their use in design
is limited. The ability to model the effects of different storm types on existing facilities is
needed. To do this requires greater understanding of the characteristics that need to be replicated.
CFD can be used to further investigate storm structures. There is a lot of work needed to be able
to implement this with confidence.

5.2.5. Identified Research Needs

Key issues were grouped together and voted on in terms of their importance for PBWD (Table 5-
2).

Table 5-2. Key Research Needs for Wind Climate Characteristics

Priority based on votes | Topic (votes)

Thunderstorm/tornado characterization (14)

Performance-based multi-meteorological (wind/hail/rain) design (11)
Transferring non-atmospheric boundary layer winds to practice in testing (10)
Risk mapping for different building stock types (3)

Redo Deaves and Harris model (2)

Extratropical simulations/climate modeling (2)

mTmgoOw >

5.3. Priority of System Reliability Topics

The breakout was composed of the following members:
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Moderator: Seymour M.J. Spence
Scribe: Srinivasan Arunachalam
Reporter: Luca Caracoglia
Participants: Michele Barbato

Xinzhong Chen
Do-Eun Choe
Greg Deierlein
Jeff Dragovich
Terri McAllister
Chris Raebel
John Wallace

The main topics discussed were associated with the state of the art, the long-term vision, and
research needs for estimating the reliability of the MWFRS (structural system) and the
components and cladding (C&C) (envelope system). The discussion revolved around the
computational modeling required to enable the reliability estimation of both the structural and
the envelope systems, the need for holistic computational modeling (involving both the structural
and the envelope systems) in estimating the reliability of building systems, the need to develop
target reliabilities for various archetype systems, the need for wind-specific fragility functions to
characterize the wind-damage susceptibility of typical structural and nonstructural components
composing the building system, and the need for better modeling of the nonstationary
characteristics of wind loads at aerodynamic and climatological levels.

5.3.1. A. Integrate Performance between Structural System and Cladding and
Generate Structural and Nonstructural Damage Functions that Are
Component-Specific

Estimating the reliability, or more generally the probability of failure, of the structural system is
central to implementing PBWD for maximum benefit. The Prestandard (ASCE/SEI 2023)
reflects this, suggesting three analysis methods for PBWD implementation. The methods, termed
Methods 1, 2, and 3, range from simplified approaches that rely on several prescriptions (Method
1) to approaches based on the direct estimation of the reliability of the structural system (Method
3).

While Method 3-type analysis will afford the greatest design freedom—and therefore the
innovations in design that can lead to advances in sustainable design, economic savings, and
predictable performance in extreme events—several challenges to its implementation were
identified, including the need for integrated probabilistic performance assessment frameworks
that holistically treat the structural and envelope system through two-way coupled (“feedback”
system) modeling based on component-specific structural and nonstructural fragility functions.

In addition, the need to understand the reliability of buildings designed to current codes and
standards is a fundamental step in advancing codes and standards on PBWD. Such assessments
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should treat the systems as a whole and therefore consider the reliability of both the structural
and the envelope systems at the component and system levels. Ideally, such assessments should
be carried out over suites of archetype buildings that accurately represent the current state of
practice.

5.3.2. Al. Address Special Design Needs through Probability: Wind-Borne Debris,
Water Penetration, Progressive Failure, and Components and Cladding
Testing

The envelope system is central to the performance of a building subject to extreme winds.
However, this system is scrutinized less than the structural system. Moving to a PBWD paradigm
necessitates the holistic treatment of the structural and the envelope systems, which constitutes a
two-way coupled system (feedback system) that experiences progressive damage during extreme
winds.

Fundamental to such a paradigm is the need for wind-specific component fragility functions for a
wide array of typical envelope components. These fragility functions should take a form similar
to those developed in performance-based seismic design and the FEMA P-58 procedure (FEMA
2016) but be specific to wind and therefore capture aspects such as the progressive and coupled
nature of envelope damage in moderate to extreme winds. The development of such fragility
functions will require a combination of experimental and computational methods and should
result in databases of fragility functions that can be used in probabilistic performance assessment
frameworks. Questions that require addressing in developing the fragility functions include
identifying appropriate damage states and considering a full range of wind demands, e.g., wind-
borne debris, local net pressure, and dynamic story drift.

The need for greater transparency and information on existing fragilities used to characterize the
damage susceptibility of envelope systems was also recognized. Fundamental questions
discussed included how to accommodate for established limit states the long-duration and
progressive nature of wind damage mechanisms, for example, for a given amount of drift and
how much capacity does an envelope component lose by withstanding dynamic net pressure. The
need for local building officials to require the results of envelope tests, thereby gradually
collecting data on the current performance of envelope systems, was seen as a step that would
help demystify the performance assessment of envelope systems.

5.3.3. B. Improve Physics-Informed, Computationally Efficient Models for
Nonlinear Analysis of Wind Response over Long-Period Durations

Estimating probabilistic metrics, such as reliability, probability of failure, or future metrics based
on the decision-making process, generally requires the direct propagation of uncertainty by
stochastic simulation. Even for the most efficient stochastic simulation schemes, this requires
repeated evaluation of the system, necessitating rapid nonlinear time history analysis, especially
considering the typical long duration of extreme windstorms (several hours). Directions
discussed by the breakout group included approaches based on machine learning (ML), massive
parallelization using graphics-processing units (GPUSs), supercomputing, reduced order
modeling, and surrogate/metamodeling approaches.
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5.3.4. C. Characterize Hazard and Load for Short and Long Return Periods

Currently, performance assessments are carried out under the assumption of a stationary
(invariant) wind climate. To better leverage the capacity of structural systems to resist extreme
wind events through PBWD, and therefore controlled inelastic design, accounting for the
potential increase in severity of future wind events over the design life span is essential.
Consequently, accounting for climate change is necessary in assessing the reliability of structural
systems over the time horizons inherent to the current codes and standards, e.g., 50 to 100 years.

In addition, a need exists for stochastic models capable of rapidly generating realizations of fully
nonstationary and non-straight wind load records to be used in nonlinear time history analysis.
While methods based on modeling the joint probability between wind speed directions, or the
use of sector-by-sector approaches, can be adequate, it is generally recognized that modeling the
actual time-varying wind speed and direction would increase the fidelity of the probabilistic
metrics estimated from a reliability/probabilistic analysis. The possibility of harnessing CFD is a
long-term goal, while the use of wind tunnel data to calibrate future models is a short-term goal.

5.3.5. D. Define Probability-Based and Life-Cycle Cost Metrics and Limit State(s)
of Interest

The Prestandard (ASCE/SEI 2023) identifies three methods of analysis for carrying out PBWD.
However, these analysis methods do not map to the nonstructural system, in particular the
envelope system, even though the envelope system is recognized as key to the performance of
the buildings. This results in the need for performance objectives that better integrate the desired
performance of the envelope and the structural systems by defining new wind-specific
probabilistic limit states that are related to metrics that enhance the sustainability of the building
system (e.g., life-cycle analysis).

5.3.6. D1. Consider Damage, Repair, and Recovery, and Account for Impeding
Factors

As PBWD moves into the future, the use of probabilistic performance metrics to characterize the
performance of building systems that go beyond traditional reliability is essential. Consequently,
a need exists for probabilistic performance-based design frameworks that foresee the integrated
and coupled damage and loss assessment of the envelope and the structural systems through
metrics that are related to the decision-making process, e.g., repair costs and downtime
(including impeding factors).

5.3.7. D2. Differentiate PBWD Needs for Low-Rise vs. High-Rise Buildings
(MWFRS, Components and Cladding)

To date, PBWD has focused primarily on highly engineered high-rise structures. Nevertheless,
the possibility of applying it to low-rise buildings could significantly reduce the massive
damages and losses that occur to low-rise residential buildings during extreme windstorms.
While many concepts and methodologies translate from highly engineered high-rise systems to
low-rise buildings, for the application of PBWD to low-rise buildings to succeed, differentiating
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the needs of low-rise building from the needs of highly engineered (high-rise) buildings is
necessary. This differentiation should occur for both the structural and the envelope systems.

5.3.8. D3. Organize and Standardize Reliability Target (Benchmarking Ranges)

The full acceptance of PBWD requires an understanding of the performance of building systems
built to current codes and standards in terms of the probabilistic metrics that will characterize
PBWD in the future. In the breakout discussion, participants felt that there is less of a need for
target reliabilities than there is a need for system metrics that enable decision-making based on
benchmarking of the metrics for buildings that satisfy current codes and standards.

In addition, the development of rating systems that promote the enhanced performance of
buildings designed following PBWD procedures was identified as a means to encourage the
adoption of PBWD in practice. For example, the Leadership in Energy and Environmental
Design rating system has become very successful in promoting greater sustainability. A similar
system could be developed to promote greater resiliency in design. Such a system would be
related to the probabilistic PBWD metrics associated with a holistic characterization of the
building performance, e.g., repair cost, recovery time, and life-cycle costs.

5.4. Priority of Wind-Structure Interaction Topics

The breakout was composed of the following members:

Moderator: Melissa Burton

Scribe: Wenbo Duan

Reporter: Jason Garber

Participants: Ramon Gilsanz
Larry Griffis
Wendy Reyes
Ahmad Rahimian
Dan Rhee

The workshop participants brainstormed many ideas for research that is needed to address the
challenges identified during the workshop discussion. In analyzing the information gathered
during the breakout session, participants developed research ideas on sticky notes that were then
mapped to a list of generalized research needs. The workshop participants then voted on these
research needs. The following subsections discuss the top five research needs. A final suggestion
identifying the importance of education in overarching performance-based design was also
highlighted.
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5.4.1. A.Improving the Understanding of Structural and Material Properties

A more comprehensive understanding of structural and material properties is crucial for the
successful implementation of PBWD. To elucidate the impact of wind-structure interaction and
accurately model the behavior of structures under wind loading, several research directions can
be explored. First, a need exists to understand and quantify inherent damping properties across
existing building stock, ideally from tall buildings through to supertall buildings. Second,
understanding and quantifying structural parameters like stiffness and the impact that cracking
has on changing stiffness of various structural systems will provide confidence and inform
modeling assumptions. Building a consensus regarding analysis model assumptions is essential
for consistent practice. Research on nonlinear analysis of concrete buildings and the behavior of
structural members in different building systems will provide insights into their responses to
wind loads. The impact of these parameters can significantly influence the wind-structure
interaction. Addressing challenges due to uncertainties in structural properties, lack of
component testing, and system-level performance monitoring is essential.

5.4.2. B. Challenges with Nonlinear Time History Analysis

Applying time history wind loading to highly dynamic structures is a complex process that
requires careful consideration of structural models for accurate load distribution and intended
interaction response. Standardizing wind tunnel testing techniques and characterizing wind load
response time series formats can ensure consistency and accuracy in application of wind loads to
structural models. Assessing the impact of changes in the structure’s surroundings on wind loads,
including documenting assumptions in surrounding models, is important. Analyzing structures
with complex features or surroundings may necessitate investigating wind design restrictions on
seismic design and exploring methods for integrating both approaches. The development of
critical loading scenarios and time histories, based on a structure’s dynamic properties, may
become iterative, especially if significant design changes occur. With nonlinear time history
analyses for PBWD requiring significant computational power and storage space the desire to
limit the conditions considered is natural but given some of the uncertainties listed previously
doing that poses a risk. Ultimately, developing an understanding about some of these concerns
will help refine the requirements for an adequate time history suite for PBWD applications.

5.4.3. C. Performance of Existing Structures

Comparative studies of buildings constructed over previous decades, such as the 1960s, 1980s,
and 2000s, which were designed using varying codes and standards, can provide valuable
insights into the overall performance and effectiveness of code changes in improving wind
resistance. Funding research for wind event monitoring, improved documentation of damage and
building details, and continued support for initiatives like Structural Extreme Events
Reconnaissance (STEER) can help drive advancements in wind engineering and promote the
development of resilient communities. This research need is linked to research needs 1 and 6
described in Section 6.
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5.4.4. D. Economic Study Identifying Existing Buildings at Risk in Vulnerable
Communities

Conducting comprehensive studies that demonstrate the wide-ranging benefits of PBWD,
including economic, sustainability, comfort, safety, recoverability, and equity aspects, can help
build a strong case for its implementation and prioritize retrofitting and adaptation efforts for
high-risk structures in vulnerable communities. ldentifying potential improvements for existing
building stock, in building performance and long-term resilience, and providing a funding
mechanism to embrace these enhancements could be persuasive for building owner participation.
Such incentives could potentially involve tax breaks or subsidies, or rebate programs to support
the funding of performance or resilience improvement. This exercise could extend beyond
engineered structures and into communities requiring the biggest resilience-based engineering
retrofits.

Proposing feasible adaptation measures; considering structural, economic, social, and equity
factors; and investigating opportunities to convert building usage to more resilient or lower-risk
functions can enhance community resilience while preserving the value of existing buildings.
Exploring resilience opportunities during re-cladding processes and assessing the potential
benefits of incorporating wind-resistant features can lead to improved building performance.
Funding research for wind event monitoring, improved documentation of damage and building
details, and continued support for initiatives like STEER can help drive advancements in wind
engineering and promote the development of resilient communities.

5.4.5. E. Policies around Inspections and Approvals

Developing effective policies for inspections and approvals is crucial for ensuring the successful
implementation of PBWD in practice. The following research ideas were discussed during the
workshop to address these needs:

e Developing special inspection requirements and standardized cladding and building
envelope detailing can help ensure structural integrity and safety during wind events.

e Engaging with policymakers and local jurisdictions, promoting the benefits of PBWD,
and providing educational resources can facilitate its incorporation into local codes and
regulations.

e Collecting and analyzing data on construction methods used across different regions can
help identify best practices and areas for improvement, informing the development of
region-specific guidelines and recommendations for building construction and inspection
while considering the unique characteristics of various building materials and designs.

5.4.6. F. Promoting Wind Engineering Education and Funding Curriculum

The workshop emphasized the importance of increasing awareness and knowledge about wind
engineering among professionals such as engineers, architects, contractors, building officials,
and inspectors. Creating a series of educational webinars tailored to different professionals in the
building industry can help disseminate knowledge about wind engineering principles and
practices, covering topics ranging from basic concepts to advanced design methodologies.
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To encourage attendance and engagement in these webinars, offering incentives for participation
is essential, which could include continuing education credits, professional development hours,
or even financial rewards for attending the webinars and implementing the learned concepts in
participants’ work. Collaborating with professional organizations and industry associations can
further increase the reach of these educational efforts, as leveraging the networks and resources
of these organizations enables the wind engineering community to effectively promote the
adoption of advanced wind design practices and foster a culture of continuous learning among
industry professionals.

5.5. Priority of Structural Analysis Technique Topics

The breakout was composed of the following members:

Moderator: Teng Wu

Scribe: Baichuan Deng
Reporter: Ricardo Medina
Participants: Kevin Aswegan

Scott Erickson
Jennifer Goupil
Hitomitsu Kikitsu
Marcos Martinez
Viral Patel

Juan Paulino
Donghun Yeo

The breakout session participants first reviewed and formed a consensus on the current state of
the art in structural modeling and analysis techniques. As the Prestandard (ASCE/SEI 2023)
states, the literature has little information on performing nonlinear analysis of structures
subjected to wind loads. Hence, the current structural analysis techniques are essentially based
on information related to performing nonlinear analysis under seismic loading. However, the
breakout session participants agreed that these techniques need to be revisited due to the
significant differences between wind and seismic loads. Then, the research needs and priorities
discussed centered on two aspects, namely structural modeling and structural analysis. Finally,
the breakout group proposed the following 11 research needs and priorities.

5.5.1. A. Development of Wind Loading Protocols for Experimental Quantification
of System Performance in Wind

To develop the component backbone curve and refine the DCR limitations for deformation-
controlled components, it is important to establish a comprehensive procedure to evaluate current
loading protocols for extreme wind performance cyclic testing of MWFRS members and, if
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needed, adjust the currently used loading protocols. Several key features need to be identified,
such as the number, amplitude, and sequence of cycles.

5.5.2. B. Lab Testing of Various Components, e.g., Slab-to-Column Connections,
Walls, Steel Joints, etc.

Similar to the component model development process in seismic engineering, lab tests of various
components under rational wind loading protocols are required to develop the backbone curve of
various components, e.g., columns, beams, slab-to-column connections, shear walls, and steel
joints.

5.5.3. C. Guidance for Selection of Extreme Values in Nonlinear Response History
Analysis

Proper treatment of extreme values in wind loading time history records is very important. In the
wind tunnel test, peaks always occur due to the random nature of wind pressure. These peaks
will directly lead the force-controlled element to exceed acceptance criteria while this
phenomenon will rarely lead to component failure. The selection and post-processing methods
for wind loading records require further study.

5.5.4. D. High-Fidelity Finite Element Models to Calibrate Component Modeling
along with Available Database

The large-scale component lab test is time consuming and requires a large amount of financial
support. High-fidelity finite element models provide an alternative way to estimate and calibrate
parameters to construct numerical models of structural components under wind loading
protocols. Current practice is based on the available database developed under seismic loading
protocols.

5.5.5. E. Testing beyond Yielding to Understand the Effects of Strong
Nonlinearity in Wind-Induced Response

Currently, the allowed nonlinear behaviors during wind design are very limited (DCR<1.5) in the
Prestandard (ASCE/SEI 2023). To better understand the components’ behavior in wind-induced
response, the strong nonlinear behaviors can also be included in lab tests.

5.5.6. F. Improved Understanding and Quantification of Inherent Damping

The understanding of inherent damping is significant in estimating wind-induced structural
performance because it contributes to significant energy dissipation due to limited
nonlinearity/ductility in the response.
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5.5.7. G. Leveraging the High Efficiency of Method 3 of the Prestandard to Study
Various Archetype Buildings to Facilitate Its Application in Design

The fully coupled uncertainty assessment is challenging for PBWD due to the large
computational costs. Rapid methods are proposed such as the dynamic shakedown and reduced-
order model, but these methods are mostly validated with limited archetype buildings. It is
necessary to validate and extend the applications of these methods.

5.5.8. H. Static Pushover for Wind Engineering to Quickly Evaluate Nonlinear
Structural Performance

Static pushover is a classical method suggested in seismic engineering, but current wind
engineering practice barely uses it. Introducing static pushover to the nonlinear structural
analysis under wind loads provides a way to develop efficient estimation for nonlinear structural
behaviors.

5.5.9. I. Theory-Guided, Data-Driven Approaches for Efficient Nonlinear Analysis

With the recent development of artificial neural networks and other ML techniques, a promising
way to efficiently get the structure response is based on data-driven models. While the limited
physical meaning of the “black-box” surrogate models poses an obstacle to implementing them
in the structural performance evaluation, theory-guided, data-driven approaches (e.g.,
knowledge-enhanced machine learning) provide an alternative way to improve the performance
of the surrogate model and make it more reliable for application in engineering practice.

5.5.10. J. Gather More Full-Scale Structural Response Data

Although modern structural wind engineering has been developed for decades, real field
measurement data remain limited (e.g., the wind pressure applied to real buildings and the
structure responses under wind loads). To validate analysis results of PBWD, more full-scale
structural response data and on-site wind pressure measurements are needed.

5.5.11. K. Improved Understanding of the Benefits of Considering the
Nonlinear Behavior of Various Foundation Types

Research on the nonlinear behaviors of various foundation types and their effects on wind-
excited tall buildings is very limited. It is important to explore the nonlinear behaviors of various
foundation types in evaluating controlled inelastic responses of wind-excited tall buildings.

In addition to the aforementioned topics discussed during the breakout session, the modeling and
analysis of envelope systems are also considered very important. Therefore, high-fidelity finite
element models of the envelope system need to be developed for effective characterization and
quantification of the damage it sustains during various windstorms (along with water penetration
amount). Some research tools are also needed to better understand the interaction between the
main wind force resisting system and the envelope system.
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5.6. Priority of Design Topics

The breakout was composed of the following members:

Moderator: Russell Larsen
Scribe: Juliana Rochester
Reporter: Juliana Rochester
Participants: David Bott
Mehedy Mashnad
Angela Mejorin
Long Phan
Don Scott
Pataya Scott
Tom Smith

The breakout session participants identified five overarching areas of design-related research
needs. The following discusses each area. The order in which they are presented reflects the
breakout participants’ view of relative importance to the advancement of building performance,
from critically important to important.

5.6.1. A. Re-Evaluation of Envelope Test Methods

Entry of water into the interior of a building as a result of wind-driven rain or breaches of the
building envelope (by wind-borne debris impact or wind pressure) greatly magnifies the degree
of loss brought about by severe weather. Current envelope testing methods do not apply wind
pressures as large as those required for structural design. These tests, including water plus wind
testing, wind-borne debris impact testing, and the loading regimen of each should be reassessed
for their effectiveness in managing loss.

5.6.2. B. Field Diagnostic Tests for Envelope Component Integrity

The ability of an envelope system to successfully resist the demands of severe weather depends
in large part on quality installation and compatible details. Assessment of installation quality
relies on mock-up tests or in-field nondestructive tests. Not all envelope components have
standardized nondestructive tests, and mock-ups, while best practice, are not required. Additional
nondestructive tests, industry group guidance for mock-up testing, and assessment of newer
construction performance in high winds would provide evidence of when envelope systems are
installed well and what envelope systems perform well.
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5.6.3. C. Development of Wind Component-Specific Fragility Curves

The FEMA P-58 initiative (FEMA 2016) generated fragility curves for building components
responding to seismic demands. Similar curves need to be generated for wind demands. Many of
the seismic fragility findings can be recalibrated or extended to wind response. Wind-specific
damage states considering, for example, wind pressure damage and debris impact need to be
developed.

5.6.4. D. Further Structural MWFRS PBWD Testing

As of early 2023, no traditional structural steel assemblies have been evaluated for the expected
low cycle fatigue cyclic loading in PBWD. Seismically detailed assemblies may be assessed
using strain-based methods such as Coffin-Manson relationships (Coffin 1954; Manson 1953).
While testing has been carried out on non-seismically detailed structural concrete assemblies, no
similar non-seismically detailed structural steel assemblies have been tested. These structural
steel assemblies include non-seismically detailed (R=3) braced frame connections and non-
seismically detailed (R=3) moment frame connections.

5.6.5. E. Further MWFRS Reliability Studies

Formal adoption of PBWD in the ASCE/SEI 7 standard (ASCE 2022) requires assessment of
PBWD protocols relative to the safety (reliability) targets expressed in Chapter 1 of ASCE/SEI 7
(ASCE 2022). The present Chapter 1 reliability targets are based on component response in lieu
of global system reliability. PBWD requires consideration of the overall margin of safety
achieved by a structural system, and hence research and review are required to determine
appropriate building global reliability targets that agree with the present levels of safety achieved
by ASCE/SEI 7.

6. Prioritization and Benefits of Recommended Research Topics

6.1. Prioritization of Research Topics by Workshop Participants

Following the breakout sessions, the workshop participants reconvened into a single group and
reviewed the recommended research needs from each breakout session. Table 5-1 summarizes
the breakout session research needs. After the breakout session reporters presented and described
their sessions’ research needs, the full group of participants voted to prioritize the research
recommendations from all breakout sessions.

6.2. Overview of Recommended Research Topics, Activity Costs, and Time
Requirements

Based on participant votes and the combination of similar research needs by the Workshop
Steering Committee, the research priorities were selected and the most urgent needs identified
(Table 6-1). The table shows the order of priority, the Priority Research Need, and its estimated
cost and time. Section 6.3, Summaries of Research Priority Needs, describes the needs in greater
detail. These summaries include a description, estimated cost, estimated time, measurement
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science challenges and potential solutions, stakeholders and roles, and impacts on
standardization and application in practice. Sections 6.4 and 6.5 describe the comprehensive
schedule, costs, and benefits.

The Workshop Steering Committee provided the cost estimates, based upon its members’
knowledge of costs of similar research efforts. Estimated costs for each research topic are
provided using one of the following ranges: less than $1,000,000 (low cost); $1,000,000—
$3,000,000 (moderate cost); and more than $3,000,000 (high cost).

Similarly, the Workshop Steering Committee estimated the time requirements to properly
address each research topic, based on member experience with comparable research efforts.

Estimates are provided using the following time period ranges: 1-2 years (short time period), 2—

5 years (moderate time period), and 5-10 years (long time period).

Table 6-1. Priority Research Needs, as Voted on by the Workshop Participants and then Grouped by the

Workshop Steering Committee.

Rank Priority Research Needs Estimated Estimated
Cost Time
1 Development of Main Wind Force Resisting System Moderate cost | Short and
Reliability moderate time
periods
2 Enhancement of components and cladding reliability High cost Long time
through re-evaluation of testing period
3 Integrate performance between structural system and High cost Moderate time
cladding period
4 Characterization of engineering properties of High cost Moderate to
thunderstorm and tornado wind events long time
period
5 Characterize hazard and loads for short and long return | Moderate cost | Moderate time
periods period
6 Improve understanding of structural and material Moderate cost | Long time
properties period
7 Improve physics-informed, computationally efficient High cost Long time
methods for nonlinear analysis of wind response over period
long-period durations
8 Static pushover for wind engineering to quickly Low cost Moderate time
evaluate nonlinear structural performance period
9 Development of wind loading protocol for Low cost Moderate time
experimental quantification of system performance in period
wind
10 Economic study to identify existing buildings at risk High cost Long time
period

As noted previously, some of the research needs identified in the individual breakout sessions
were similar in scope, and thus the Workshop Steering Committee combined similar research
needs. These research needs were then prioritized based on votes from the workshop
participants. The following summarizes how these research needs were combined.
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Priority Research Need 1: Development of main wind force resisting system reliability: This
research need was identified in the Design breakout session and was brought to the top of the list
because one of the main goals of the workshop was to identify needs that would allow PBWD to
be standardized in practice. An understanding of the structural reliability of the MWFRS as
provided by current code-/standard-conforming designs compared with an understanding of the
structural reliability provided by the Prestandard (ASCE/SEI 2023) are essential to progress
PBWD procedures to a consensus-based standard.

Priority Research Need 2: Enhancement of components and cladding reliability through re-
evaluation of testing: This research need was identified in the Design breakout session as its
number 1 and number 2 priorities. The research need was determined from combining the
research needs (A) Re-evaluation of envelope test methods and (B) Field diagnostic tests for
envelope component integrity.

Priority Research Need 3: Integrate performance between structural system and cladding:
This research need was identified in the System Reliability breakout session as (A) Integrate
performance between structural system and cladding and generate structural and nonstructural
damage functions that are component-specific and combined with (C) Development of wind
component—specific fragility curves from the Design breakout session.

Priority Research Need- 4: Characterization of engineering properties of thunderstorm and
tornado wind events: This research need was identified as the top priority in the Wind Climate
Characteristics breakout session.

Priority Research Need 5: Characterize hazard and loads for short and long return periods:
This research need was identified as priority | in the System Reliability breakout session.

Priority Research —Need 6: Improve understanding of structural and material properties: This
research need combines priorities (A) Improving the understanding of structural and material
properties from the Wind-Structure Interaction breakout session and (F) Improved understanding
and quantification of inherent damping from the Structural Analysis breakout session.

Priority Research —Need 7: Improve physics-informed, computationally efficient methods for
nonlinear analysis of wind response over long-period durations: This research need aims to
reduce the computational time required for nonlinear analysis for wind response of structures and
combines the priorities identified in the System Reliability breakout session, (B) Improve
physics-informed, computationally efficient models for nonlinear analysis of wind response over
long-period durations, and the Structural Analysis breakout session, (I) Theory-guided, data-
driven approaches for efficient nonlinear analysis.

Priority Research Need 8: Static pushover for wind engineering to quickly evaluate nonlinear
structural performance: This research need was identified as (H) in the Structural Analysis
breakout session.

Priority Research —Need 9: Development of wind loading protocol for experimental
quantification of system performance in wind: This research need was identified as priority (A)
in the Structural Analysis breakout session.

Priority Research Need 10: Economic study to identify existing buildings at risk: This research
need combines the priorities identified in the Wind-Structure Interaction breakout session, (D)
Economic study identifying existing buildings at risk in vulnerable communities, and the Wind
Climate Characteristics breakout session, (D) Risk mapping for different building stock types.
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Section 5 describes in further detail the priorities identified by the breakout groups, which were
combined to form the Priority Research Needs in Table 6-1.

6.3. Summaries of Research Priority Needs

The Workshop Steering Committee developed the following in-depth summaries of the Priority
Research Needs identified in Section 6.2, which include a description, estimated cost, estimated
time, measurement science challenges and potential solutions, stakeholders and roles, and
impacts on standardization and application in practice.
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Priority Research Need 1: Development of Main Wind Force Resisting System
Reliability

Description

Identification of the collapse reliabilities associated with building systems designed to comply
with the current provisions of the Prestandard (ASCE 2023) and knowledge of how these
reliabilities compare with those associated with buildings designed to satisfy current prescriptive
standards and codes is critical to advance performance-based wind design (PBWD) into
structural engineering practice.

For this research topic, collapse reliability should be characterized both at the component level,
which is consistent with Table 1.1-3 of the design standard ASCE/SEI 7(ASCE 2022), and at the
system level. In estimating reliability, a full range of uncertainties must be considered to ensure
consistency with the reliability underpinning current codes and standards. Modeling of the main
wind force resisting system will be carried out using nonlinear finite element approaches that
fully capture all effects generated by large deformation and material nonlinearity. The collapse
reliability will be estimated for a full range of limit states and over a comprehensive set of
archetype buildings that adequately represent current building practices in terms of materials and
systems. A second, smaller scoped research initiative supports current assessments of structural
reliability associated with stress, drift, and avoidance of incipient collapse limit states modeled
using simplified approaches for building systems designed to comply with the current provisions
of ASCE/SEI 7 (ASCE 2022).

Estimated Cost

1.1. Collapse assessment: $1,500,000-$3,000,000
1.2. ASCE/SEI 7 system reliability review: $600,000

Estimated Time

1.1. Collapse assessment: 3-5 years
1.2. ASCE/SEI 7 system reliability review: 2-3 years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Need for a large suite of archetype buildings that are Engagement of practicing engineers
representative of current building practices

The significant computational resources (at the The use of computer clusters
supercomputer level) necessary to run the reliability

analysis

Stakeholders and Roles

| Stakeholder | Role
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Universities/Research Organizations Conduct research and identify the reliabilities of the
buildings built to current codes and standards
Industry Provide the suite of archetype buildings, advise on
limit states, and review results
Standards Organizations Adopt the identified reliabilities as targets

Impacts on Standardization and Application in Practice

e Determines the reliability of buildings built to current codes and standards.

e Provides the fundamental knowledge and critical data for understanding PBWD
reliability to advance the standardization and application of PBWD for practice.

References

ASCE. (2022). ASCE/SEI 7, Minimum Design Loads and Associated Criteria for Buildings
and Other Structures. Reston, VA: American Society of Civil Engineers.

ASCE/SELI. (2023). Prestandard for Performance-Based Wind Design Version 1.1. Reston,
VA: American Society of Civil Engineers.
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Priority Research Need 2: Enhancement of Components and Cladding Reliability
through Re-Evaluation of Testing

Description

This combined category stems from the observation that modern structural systems stand up well
to high winds. Unfortunately, envelope systems—which are the first defense against wind
forces—often fail. That failure then leads to internal building damage and in some cases
structural failure. This research priority stresses the critical need to improve the reliability of the
components and cladding (C&C) systems to take advantage of the benefits of performance-based
wind design (PBWD). The following subtopics have also been identified: improvement of
current envelope system tests (for walls and roofs) to identify weak points of cladding testing
before installation, generation of new or more stringent performance requirements to overcome
these weak points, and creation or confirmation of in situ testing methods to demonstrate
satisfactory in-place/as-installed performance.

Estimated Cost

2.1. Extend FEMA P-58 (FEMA 2016) fragility dataset: $100,000-$500,000

2.2. Components and cladding water infiltration study: $3,000,000

2.3. Create field diagnostic in situ tests for components and cladding: $100,000-$500,000
2.4a. Develop site-specific wind-borne debris impact design framework: $500,000-$1,000,000
2.4b. Derive roof tile wind uplift loads: $1,000,000-$3,000,000

2.4c. Evaluate envelope for multi-meteorological event: $3,000,000

2.5. Reassessment of existing envelope testing for wind pressure: $100,000-$500,000

2.6. Evaluation of current components and cladding testing methods: $100,000-$500,000

Estimated Time

2.1. Extend FEMA P-58 (FEMA 2016) fragility dataset: 1-2 years

2.2. Components and cladding water infiltration study: 3-5 years

2.3. Create field diagnostic in situ tests for components and cladding: 1-2 years
2.4a. Develop site-specific wind-borne debris impact design framework: 1-2 years
2.4b. Derive roof tile wind uplift loads: 2-5 years

2.4c. Evaluate envelope for multi-meteorological event: 2-5 years

2.5. Reassessment of existing envelope testing for wind pressure: 1-2 years

2.6. Evaluation of current components and cladding testing methods: 1-2 years
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Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions
Consideration of water intrusion Early inclusion of envelope manufacturers
Creation of useful testing techniques Early inclusion of contractors using the tests

Stakeholders and Roles

Stakeholder Role

Universities/Research Organizations Assess wind/rain application histories to understand
appropriate test wind pressures, rain pressures, and
application times

Continued assessment of post-disaster performance of
cladding, specifically, looking for evidence of
particularly good or particularly poor performance of
buildings constructed in the last +/- 20 years

Industry Collection of best practices to inform standard
development
Standards Organizations Tightening of standards to inhibit water intrusion

Impacts on Standardization and Application in Practice

e Reduce losses from moderate wind hazards by confirming the building envelope can
remain functional with the building movements and external wind pressures required by
PBWD.

e Confirm the reliability required by PBWD by comparing the design intent and in-place
performance of envelope components.

Reference

FEMA. (2016). FEMA P-58, Seismic Performance Assessment of Buildings. Washington,
DC: Federal Emergency Management Agency.
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Priority Research Need 3: Integrate Performance between Structural System and
Cladding

Description

The performance-based wind design frameworks of tomorrow will require the explicit treatment
of uncertainty and damage to both structural and nonstructural components and the consideration
of the interdependent (feedback system) and progressive nature of wind damage accumulation.
This research topic encompasses research into novel computational modeling frameworks that
respond to this need and the characterization of the wind damage susceptibility of structural and
nonstructural components. This can be achieved by developing appropriate fragility functions
through the extension of the FEMA P-58 (FEMA 2016) seismic fragility dataset to consider wind
damage and consequence. This extension is expected to encompass repurposing some existing
FEMA P-58 seismic fragilities while developing new fragilities that explicitly consider wind-
specific damage (such as wind-induced pressure damage, water intrusion, and damage due to
cyclic long-duration effects).

Estimated Cost

$3,000,000-$6,000,000, including the development of computational frameworks and
physical/computational testing of dozens of archetype envelope components

Estimated Time

3-6 years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Computational modeling will be multi-hazard, coupled, | Use of disparate simulation methods and advances in

and progressive uncertainty propagation

Many envelope systems are proprietary Some fragilities may be generic, as was done with
FEMA P-58

Water intrusion likely requires physical testing/multi- Conduct physical testing first and use multi-physics

physics modeling due to the complexity of modeling in the computational frameworks

air/water/cladding interaction

Stakeholders and Roles

Stakeholder Role
Universities/Research Organizations Develop holistic computational modeling frameworks

Assemble existing testing data and reassess FEMA P-
58 fragility dataset for wind

Advise on sensible wind pressure/rain intensity rates
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Carry out physical/computational testing of envelope
components to determine damage states and demand
parameters

Industry Assemble repair time, repair cost, and casualty risk
datasets

Standards Organizations Enable code-based fragility assessment benefits within
standards

Impacts on Standardization and Application in Practice

e Enable the introduction of a new generation of holistic (combined structural and
nonstructural) performance objectives.

e Enable data-driven, value-based, and risk mitigation design decisions.

e Reduce high wind damage to future building stock and/or refurbished facilities following
the generated guidelines.

Reference

FEMA. (2016). FEMA P-58, Seismic Performance Assessment of Buildings. Washington,
DC: Federal Emergency Management Agency.
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Priority Research Need 4: Characterization of Engineering Properties of
Thunderstorm and Tornado Wind Events

Description

The temporal and spatial characteristics of large-scale storms is relatively well known. For much
of the United States, however, the strongest wind events (as measured at 33 ft.) are governed by
thunderstorms and tornado events. Their structure is much less well understood. This research
topic requires gathering field data to build engineering models of these storms. These storms can
then be incorporated into design methodologies so that their effects can be more appropriately
considered during design to optimize performance of building structures and envelope systems.
This research topic is critical because no time history data are available for a performance-based
wind design (PBWD) analysis for regions of the country where these non-synoptic storm types
govern design wind speeds.

Estimated Cost

4.1. Field instrumentation, deployment, and measurements: More than $5,000,000
4.2. Development of implementation methodologies: $1,000,000

Estimated Time

4.1. Field instrumentation, deployment, and measurements: 3-5 years
4.2. Development of implementation methodologies: 1-2 years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Capturing enough field data Funding for sufficient instrumentation in enough
locations

Integration of findings into design processes Use modifications to existing methodologies, whether
analytical or experimental

Stakeholders and Roles

Stakeholder Role

Universities/Research Organizations Gather field data and develop engineering models of
smaller-scale storm types

Industry Investigation of effects of new engineering storm
models on design reliability

Standards Organizations Provide standardized methods for integration of new
knowledge into the design process

Impacts on Standardization and Application in Practice

e Provides understanding of wind profiles that allow for standardization of wind hazard
time histories to be used in PBWD and other designs.
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e Provides critical data to include dominant storm types for many regions of the United
States, which is needed to execute PBWD in these regions.
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Priority Research Need 5: Characterize Hazard and Loads for Short and Long
Return Periods

Description

The state of the practice for defining wind loads to be used in implementing performance-based
wind design (PBWD) is based on idealizations of the local wind climate and the aerodynamic
loads impacting the building. Current practice assumes winds to be straight (including no change
of wind direction) and stationary (including no change of wind speed) for a duration of 1 hour or
longer.

PBWD centers on leveraging the inherent capacity of the system by permitting inelasticity
during extreme wind events. Greater emphasis must therefore be placed on the detailed modeling
of the local wind climate and the associated aerodynamic loads. Capture of the nonstationarities
in the wind climate (including climate change) and aerodynamic loads (including changing wind
speeds and directions during the wind event) is necessary to execute PBWD. Methods that can
leverage existing climatological data, downscaling of global weather models, and standard
boundary-layer wind tunnel data have potential for immediate impact on design practice.

Estimated Cost
$1,000,000-$2,500,000

Estimated Time

3-5 years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Modeling of extreme wind events, including Use of state-of-the-art wind tunnel

nonstationarity, utilizing standard wind tunnel facilities | facilities/computational methods

Uncertainty in future weather predictions Identify the key climatological parameters affecting the
building response

Stakeholders and Roles

Stakeholder Role

Universities/Research Organizations Develop and validate the nonstationary wind climate
and aerodynamic load models

Industry Provide insight into the current capabilities of state-of-
the-art wind tunnel facilities

Standards Organizations Incorporate provisions for nonstationary wind climates

Impacts on Standardization and Application in Practice

e Develops estimations of the inelastic performance of buildings subject to extreme winds
with high confidence.

43



NIST GCR 23-045-updl
November 2023

e Develops recommended selections of wind records for time history analysis that are
needed for PBWD analysis.

e Creates models for enabling climate impacts to be incorporated in standards.
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Priority Research Need 6: Improve Understanding of Structural and Material

Properties

Description

A comprehensive understanding of structural and material properties is crucial for the successful
implementation of performance-based wind design, as the uncertainties in the modeling
assumptions around these parameters can often overwhelm the changes in the wind load effect at
various performance levels. To improve the identification of the wind-structure interaction and
accurately model the behavior of structures under wind loading, several research directions can
be explored, for example, quantifying inherent damping properties across all building types,
understanding structural parameters like stiffness, and assessing the impact of component
cracking on these properties. Building consensus on analysis model assumptions and researching
nonlinear material behavior will provide valuable insights. Addressing uncertainties in structural
properties, component testing, and system-level full-scale monitoring are essential for consistent
practice and enhanced wind-structure interaction understanding.

Estimated Cost

$500,000-$3,000,000

Estimated Time

2—6 years

Measurement Science Challenges and Potential Solutions

Challenges

Potential Solutions

Difficult to get access to existing buildings for full-
scale monitoring

Strengthen collaboration among stakeholders such as
property owners and local authorities

Large quantity of components/material to study

Start with components/materials that are most used in
the industry and most sensitive to long-duration wind
loads and build a network of researchers to tackle
different categories

Stakeholders and Roles

Stakeholder

Role

Universities/Research Organizations

Develop framework and tools for full-scale monitoring
of existing buildings

Develop methodology to quantify structural properties
for different building materials

Industry

Provide feedback on the developed framework
Develop relationships with property owners

Identify opportunities for full-scale monitoring (could
be short-duration monitoring around storm chasing or
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long-duration monitoring, which would provide insight
in how properties change over time and post
cumulative storm events)
Standards Organizations Incorporate the outcomes of the monitoring into

standards

Define structural property assumptions to be made in
design

Impacts on Standardization and Application in Practice

e Enables designers to assess the structural performance of buildings in design consistently
using accurate modeling assumptions.

¢ Reduces the uncertainty in structural performance modeling and optimizes building
designs.

e Standardizes the approach to addressing risk of nonlinear behavior in taller buildings.
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Priority Research Need 7: Improve Physics-Informed, Computationally Efficient
Methods for Nonlinear Analysis of Wind Response over Long-Period
Durations

Description

Performance-based wind design (PBWD) is based on evaluation of the nonlinear dynamic
response of the main wind force resisting system. The need to estimate the performance of the
main wind force resisting system in terms of probabilistic performance metrics—both traditional,
such as reliability, and future metrics, such as repair costs and time—generally requires the
propagation of uncertainty through nonlinear finite element models that are subject to long-
duration dynamic wind loads (on the order of several hours), which are generally characterized
as nonstationary vector valued stochastic processes.

This presents a significant computational burden (weeks of computational time on current
supercomputers for each time history of interest) that cannot be overcome by simply using
additional computational resources. This challenge can only be overcome by developing new
computational methods and strategies based on, for example, metamodeling, reduced order
modeling, data-/physics-informed artificial intelligence (such as machine learning), and novel
strategies based on leveraging graphics-processing unit computing and massive parallelization.

Estimated Cost
$2,500,000-$5,000,000

Estimated Time

3-6 years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions
To have practical significance the Ensure the algorithms are developed with input from
algorithms/approaches must be capable of handling the industry

general problems

Ensuring methods based on artificial intelligence have | Partnering with industry to solve problems of practical
buy-in from industry interest

Stakeholders and Roles

Stakeholder Role

Universities/Research Organizations Conduct research and develop the necessary algorithm
advances

Industry Provide the practical problems to solve

Standards Organizations Endorse the use of new technologies
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Impacts on Standardization and Application in Practice

e Creates a method to rapidly carry out nonlinear response history analysis required for
PBWD.

e Provides the fundamental knowledge necessary to standardize methods based on explicit
nonlinear time history analysis and uncertainty propagation needed for PBWD.
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Priority Research Need 8: Static Pushover for Wind Engineering to Quickly
Evaluate Nonlinear Structural Performance

Description

This research establishes a comprehensive framework for inelastic static pushover (SPO)
analysis in wind engineering. In performance-based wind design (PBWD), the computational
demands for nonlinear response history analysis are extremely high. As an alternative method,
SPO analysis shows potential to provide an efficient way to quickly assess the structure’s
performance with respect to the performance objectives required in PBWD. No codes and
standards in wind engineering incorporate SPO analysis, and the research on PBWD using SPO
is mainly based on the seismic assessment framework. Establishing wind SPO analysis for
PBWD will provide an efficient method of acquiring wind force and deformation demands for
performance evaluation of structures under extreme winds.

Estimated Cost

$500,000-$1,000,000

Estimated Time

2-3 years

Measurement Science Challenges and Potential Solutions

Challenges

Potential Solutions

Lateral loading profile considering nonlinear structural
behaviors

Adaptive loading distribution

Interaction between along-wind and crosswind
responses

Multidirection SPO

Connection between SPO and incremental dynamic
analysis

Comprehensive simulation and validation

Stakeholders and Roles

Stakeholder Role
Universities/Research Organizations Develop analysis tools
Industry Validate the performance of the proposed wind SPO

analysis framework in engineering practice

Provide feedback on the quality of the methods

Standards Organizations

Adopt wind SPO analysis in standards
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Impacts on Standardization and Application in Practice

e Provides an alternative efficient method to assess structural performance.

e Promotes the implementation of PBWD with efficient, practical tools.
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Priority Research Need 9: Development of Wind Loading Protocol for
Experimental Quantification of System Performance in Wind

Description

This research develops rational loading protocols for extreme wind performance cyclic testing of
deformation-controlled main wind force resisting system members. While the nonlinear response
history analysis is introduced to performance-based wind design (PBWD), the current backbone
curve used in component modeling is mainly based on research in seismic engineering, with the
exception of recently published PBWD-specific research (Abdullah et al. 2020, Motter 2019,
Sharooz 2019). To develop wind-specific backbone curves for deformation-controlled members,
well-designed (or confirmed) testing protocols are needed. Present loading protocols are based
on statistical analysis and are specific to reinforced concrete and structural steel. Further
statistical analysis is needed to extend loading protocols to wood structures and to assess
windstorm type—specific (synoptic and non-synoptic wind) effects. Upon completion, the
research will result in loading protocols that engineers can follow for pre-qualification of
component details to use in performance-based wind design of structural members.

Estimated Cost
$750,000-$1,500,000

Estimated Time

1-3 years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Loading protocols depend on windstorm types Generate intensity-duration-frequency curves for each
storm type and develop corresponding wind tunnel
facilities/techniques

Loading protocols depend on structural materials Develop high-fidelity finite element models
A large number of nonlinear structural analyses are Develop efficient computational algorithms or
needed approaches

Stakeholders and Roles

Stakeholder Role

Universities/Research Organizations Develop simulation and wind tunnel tests

Industry Review the proposed loading protocol

Standards Organizations Adapt wind-specific loading protocol in standards
Provide feedback
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Impacts on Standardization and Application in Practice

Provides a criterion for material-specific component tests to develop backbone curves required
for nonlinear analysis for PBWD.

References

Abdullah, S., K. Aswegan, S. Jaberansari, R. Klemencic, and J. Wallace. (2020).
“Performance of Reinforced Concrete Coupling Beams Subjected to Simulated Wind
Loading.” ACI Struct. J. 117: 283-295.

Motter, C. (2019). Charles Pankow Foundation Research Grant #06-19, “Nonlinear Wind
Design of Steel Reinforced Concrete (SRC) Coupling Beams.” Testing ongoing. Charles
Pankow Foundation, Haymarket, VA.

Sharooz, B. (2019). Charles Pankow Foundation Research Grant #05-19, “Steel Coupling
Beams in Low-Seismic and Wind Applications.” Testing ongoing. Charles Pankow
Foundation.
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Priority Research Need 10: Economic Study to ldentify Existing Buildings at Risk
and Risk Mapping for Different Building Stock Types.

Description

This research will quantify the economic impact of wind damage to existing buildings and the
potential benefits of implementing performance-based wind design measures, such as to enable
adaptation or change use of existing buildings. The risk mapping will help identify areas where
different types of buildings are most vulnerable to wind damage and provide guidance on the
most effective measures for mitigating damage of these buildings.

Estimated Cost

$3,000,000-$5,000,000

Estimated Time

5-10 years

Measurement Science Challenges and Potential Solutions

Challenges

Potential Solutions

Difficult to acquire damage observations on a large
scale that are representative of various existing
building types

Identify regions with diverse building typologies that
have experienced strong windstorm events

Collaboration between researchers and governmental
organizations to share data

Addressing the multiple vulnerabilities that may exist
across existing building stock

Separate existing building stock into subsets and
address the most typical points of failure or
vulnerability for the subset

Stakeholders and Roles

Stakeholder

Role

Governmental Organizations

Provide feedback and access to data on building stock
and classifications

Universities/Research Organizations

Conduct research
Develop methodology for data collection

Develop points of vulnerability for different building
types

Industry

Develop relationship between cost and damage for
different building types

Support the mapping of risk to vulnerable communities

Standards Organizations

Address code changes that specifically address
vulnerabilities in existing building stock
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Impacts on Standardization and Application in Practice

e Creates methodology for retrofitting and adaptation efforts using performance-based
wind design to reduce overall costs.

e Enables high-risk existing structures in vulnerable communities to consider cost-effective
options.
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6.4. Proposed Program Budget and Schedule for the First 10 Years

Based on the Priority Research Summaries provided in Section 6.3, Table 6-2 summarizes the
proposed program budget and schedule for the first 10 years. Effort was made to identify where,
and which, research efforts depend on or need subsequent efforts. These relationships are
explained in more detail following the table.

Table 6-2. Proposed Program Budget and Schedule for the First 10 Years (Amounts Shown in Thousands

of Dollars).
Rank Priority Research Needs Year Year Year Year Year Year Year Year Year Year
No. 1 2 3 4 5 6 7 8 9 10 Total
1 Development of Main Wind Force Resisting
System (MWFRS) reliability.
1.1 Collapse assessment $600 $600 $600 $600 $600 $3,000
1.2 ASCE/SEI 7-22 system reliability review $200 $200 $200 $600
Enhancement of Components and Cladding
2 {C&C) reliability through re-evaluation of
testing.
2.1. Extend FEMA P-58 fragility dataset $250 $250 $500
2.2. C&C water infiltration study $600 $600 $600 $600 $600 $3,000
2.3. Create field diagnostic in-situ tests for
C&C components $250 $250 $500
2.4a. Develop site-specific wind-borne debris
impact design framework $500 $500 $1,000
2.4b. Derive roof tile wind uplift loads $600 $600 $600 $600 $600 $3,000
2 .4c. Evaluate envelope for multi-
meteorological event $600 $600 $600 $600 $600 $3,000
2.5. Reassessment of the existing envelope
testing for wind pressure $1,500  $1,500 $3,000
2.6. Evaluation of current C&C testing
methods $600 $600 $600 $600 $600 $3,000
3 Integrate performance between structural
system and cladding. $1,000 $1000 S1,000 S1,000 $1,000  $1,000 $6,000
4 Characterization of engineering properties of]
thunderstorm and tornado wind events.
4.1 Field instrumentation, deployment, and
measurements $1,000 $1,000 $1,000  $1,000 $1,000 $5,000
4.2 Development of implementation
methodologies $500 $500 $1,000
5 Characterize hazard and loads for both short
and long return periods. $500 $500 $500 $500 $500 $2,500
6 Improve understanding of structural and
material properties. $500 $500 $500 $500 $500 $500 $3,000
Improve physics-informed, computationally
7 efficient methods for nonlinear analysis of
wind response over long-period durations. $833 5833 5833 5833 5833 5833 $5,000
Static pushover for wind engineering to
8 quickly evaluate nonlinear structural
performance. $333 $333 $333 $1,000
Development of wind loading protocol for
9 experimental quantification of system
performance in wind. $500 $500 $500 $1,500
Economic study to identify existing buildings
10 at risk and the risk mapping for different
building stock types. $500 $500 $500 $500 $500 $500 $500 $500 $500 $500 | $5,000
Total Research Estimated Costs: $9,200 $9,200 $6,700 $6,000 $7,333 $3,667 $2,667 $2,167 $1,833 $1,833 | $50,600

6.4.1 Interrelationship of Research Activities

Tables 6-1 and 6-2 list the top 10 research needs identified during the workshop. Each of these
research needs seeks to improve the built environment by maintaining or enhancing safety,
reducing loss, and minimizing resource allocation when challenged by extreme weather events.
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Consequently, completion of certain research needs will depend on the status, development, and
perhaps completion of other research needs. The Workshop Steering Committee offers the
following commentary regarding the likely interrelationships of the research needs.

Priority Research Need 1 can proceed immediately with the understanding that present wind
engineering is based on wind engineering protocols developed for synoptic- and hurricane-
dominated wind risks. Priority Research Need 1 can begin with evaluation of present design
performance achieved by national design standards (e.g., ASCE/SEI 7 (ASCE 2022), AISC 360
(AISC 2022), and ACI 318 (ACI 2019)) with the objective of finding appropriate building
system-—based reliability targets.

Priority Research Needs 2 and 3 pertain to reduction of undue damage observed in envelope
systems. Launch and completion of Priority Research Needs 2 and 3 can and should take place
concurrently with the other research needs.

Current non-PBWD design is also developed on assumptions of synoptic- and hurricane-
dominated wind fields, hence once the study of Priority Research Needs 4 and 5 are complete
and published, updates to the Prestandard (ASCE/SEI 2023) and PBWD engineering practice can
be pursued by the various national design standards. Priority Research Needs 4 and 5 can likely
proceed in parallel.

Priority Research Need 9 considers the appropriate application of loads and deformations to
laboratory tested components subject to wind demands. Until a consistent loading history is
agreed upon (or at least followed) within the testing community there is a risk of incompatible or
conflicting findings within the work of Research Needs 6, 7, and 8.

Priority Research Needs 6 and 7 consider methods to expand or make structural components,
analysis techniques, or design approaches more efficient. These initiatives must either begin after
Priority Research Needs 1 and 9 or must be conducted so as to avoid relying upon the present
assumptions or the current state of practice with regard to structural system safety (Priority
Research Need 1) or the specific level of loading (cyclic or otherwise) of Priority Research Need
9. Hence, NIST is advised to require researchers evaluating Priority Research Needs 6 and 7 to
conduct their work either with knowledge of the outcomes or directions of Priority Research
Needs 1 and 9, or in such a way that would accept future refinements of Priority Research Needs
land 9.

Priority Research Need 8 represents a simplified solution to full nonlinear time history
evaluation of system safety. Consequently, Priority Research Need 1 must be complete (and
preferably codified) before similar implementation of Priority Research Need 8. Additionally, it
would be helpful for Priority Research Needs 6 and 7 to be underway or complete before
codification of Priority Research Need 8. Finally, outcomes of Priority Research Needs 4 and 5
could notably affect Priority Research Need 8.

Priority Research Need 10 can commence immediately as it primarily serves to inform national
codes and standards. Existing post-disaster reconnaissance reports contain sufficient guidance
that Priority Research Needs 2 and 3 can proceed independently of Priority Research Need 10.
Ideally the findings of Priority Research Need 10 can be provided in stages to provide those
findings more quickly to designers, researchers, and policymakers.
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6.5. Benefits of Implementing Research Activities for Performance-Based Wind
Design

The benefits of the recommended research program include

e Fundamental knowledge and critical data for understanding PBWD reliability to advance
the standardization and application of PBWD in practice;

e Reduction of high wind damage to future building stock and/or facilities refurbished
utilizing PBWD methodologies;

e Lower initial and retrofit costs related to wind-resistant construction;
e Increased reliability of buildings with minimized overdesign;

e Increased confidence in the estimation of the inelastic performance of buildings subjected
to high winds;

e Fewer lives lost in destructive windstorms (especially tornadoes); and
e Better written, more easily understood codes and standards.

For the nation, implementation of the proposed research program will yield the following major
benefits:

e Reduction in traumatic life loss, injury, damage, and economic impacts when windstorm
events occur;

e Rapid recovery and restoration of physical communities and economic activities
following a significant windstorm event; and

e Reduced initial investments required to achieve risk-consistent design and construction of
buildings subjected to wind events.

Benefits will accrue to design practice almost immediately after this program begins because the
Prestandard (ASCE/SEI 2023) is currently utilized for the design of buildings and results from
the recommended program can be implemented immediately. Researchers and design
practitioners in the wind engineering community have been requesting research help for these
technical issues, particularly as they relate to envelope system design and installation, for many
years now. Implementation of the proposed research program will immediately signal an
important positive change to the profession and research communities that should yield new
enthusiasm for pursuing worthy research and developmental efforts that will improve current
knowledge about windstorm hazards and ways to significantly reduce impacts felt from these
events.

7. Acronyms and Abbreviations

ANN artificial neural network

ASCE American Society of Civil Engineers
ASTM ASTM International

ATC Applied Technology Council
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building envelope  assemblage of wall and roof coverings providing resistance to air and

water infiltration

C&C components and cladding

CFD computational fluid dynamics

DCR demand-to-capacity ratio

FEMA Federal Emergency Management Agency

GPU graphics-processing unit

IDA incremental dynamic analysis

LIDAR light detection and ranging

LSTM long short-term memory

MDOF multi degree of freedom

ML machine learning

MPA modal pushover analysis

MRI mean recurrence interval

MWEFRS main wind force resisting system

NIST National Institute of Standards and Technology

NWIRP National Windstorm Impact Reduction Program

PBD performance-based design

PBWD performance-based wind design

PEER Pacific Earthquake Engineering Research Center

Prestandard ASCE/SEI Prestandard for Performance-Based Wind Design Version 1.1
(ASCE/SEI 2023)

SEI Structural Engineering Institute of ASCE

SHM structural health monitoring

SDOF single degree of freedom

SODAR sonic detection and ranging

SPO static pushover

SPO2IDA static pushover to incremental dynamic analysis

STEER Structural Extreme Events Reconnaissance

WSC Workshop Steering Committee
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Appendix A. Further Discussion of Priority Research Needs from Section 6

A.l. Priority Research Need 1: Development of Main Wind Force Resisting
Systems Reliability

ASCE/SEI 7 (ASCE 2022) defines the minimum required building loading for code-compliant
structures in the United States. At the heart of the ASCE/SEI 7 standard is the objective of
protecting the life safety of building occupants. A single table in Chapter 1 of ASCE/SEI 7
summarizes this objective, which is expressed as the reliability against failure of various
structural components with respect to different limit states of increasing severity. This table is
predicated upon the idea that if all the structural components of a building respond with a certain
reliability (margin of safety against collapse, failure, etc.), then the entire building (considered as
a system) will achieve that reliability. Reliability as defined in the table is, therefore, not defined
in terms of the overall reliability of the structure, nor do the values directly consider global
building responses, such as stability and drift, or the possibility of load redistribution through
damage, e.g., yielding and/or buckling.

The design community recognizes that the main objective of PBWD, namely the explicit
estimation of damage, risk, and overall performance, can only truly be achieved through treating
the building as a whole (i.e., as a system composed of multiple components that interact in
determining the overall performance of the structure). System reliability represents a means to
this end by providing a holistic understanding of performance while allowing system-based
choices when allocating material and development resources.

Motivated by system reliability, researchers and practitioners have over the past five years
pioneered approaches that explicitly treat damage through nonlinear modeling within the context
of system reliability. These include approaches based on the application of the theory of dynamic
shakedown (Chuang and Spence 2022; Spence et al. 2022) and the application of nonlinear
modeling approaches based on direct integration (Arunachalam and Spence 2022; Xu and
Spence 2022). The fundamental idea underpinning the first approach is to rapidly identify a
region in which controlled inelasticity can occur. The computational efficacy of the algorithms
developed to evaluate the state of dynamic shakedown enables the direct evaluation system
reliability by robust direct stochastic simulation (Chuang and Spence 2022). The key advantage
of the second approach is the modeling flexibility it provides. The major challenge is the huge
computational effort that is generally necessary to propagate uncertainty and therefore estimate
system-level reliability. Notwithstanding, the use of supercomputers and specialized uncertainty
propagation schemes (Arunachalam and Spence 2023) has allowed progress in this direction
(Arunachalam and Spence 2022; Xu and Spence 2022).

As a direct consequence of the fundamental and immutable importance of safety to the
ASCE/SEI 7 (ASCE 2022) standard, no progress in the implementation of PBWD can be
achieved until the system reliability of buildings designed to current codes and standards is
understood over an adequate number of archetype structures that properly represent current
practices in the design of steel, reinforced concrete, and hybrid MWFRS. The ASCE/SEI 7 and
research communities are beginning to evaluate suites of structures for system reliability.
Extension of this work to more building types, geometries, and lateral system configurations is
needed. A robust evaluation of the forms of structures being designed will enable not only an
educated and appropriate update of the component reliabilities within ASCE/SEI 7 but also the
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fundamental extension to building system reliability. The participants of the workshop are aware
that efforts are underway within the Structural Engineering Institute of ASCE to address system
reliability and that progress is being made. Research and review continue to be needed. NIST
resources, if applied soon, would accelerate this critical need.

A.2. Priority Research Need 2: Enhancement of Components and Cladding
Reliability through Re-Evaluation of Testing

This research category aims to improve the observed poor performance of envelope systems to
high winds. Several initiatives were identified with the common goal of reducing the economic
and societal losses attributed to failure of the envelope system to prevent damage to the internal
areas of buildings due to wind-borne debris, water intrusion, or wind pressures.

As voiced by nearly all workshop participants, the penetration of water and moisture into a
building through breaches or failures of the envelope endangers the internal contents and
continued use likelihood of nearly all building types. While life safety is the stated design
objective of model codes (i.e., the International Building Code (ICC 2021) and ASCE/SEI 7
(ASCE 2022)), the economic and societal penalties when a building is taken offline following
modest storms or hurricanes is not in keeping with the level of performance expected by
ASCE/SEI 7. Put simply, the workshop participants feel the degree of envelope damage and or
internal damage initiated by envelope damage observed following modest winds is too great
considering the satisfactory performance of the main structural systems of the same facilities. In
the hopes of rectifying this disconnect in performance level, the workshop participants suggest
advancement in the following areas:

e Re-Evaluation Area 1: Creation and adoption of the formal evaluation, through testing,
of envelope systems to quantify performance relative to wind effects with water
infiltration.

e Re-Evaluation Area 2: Requirement for water intrusion resistance of envelope systems at
pressures commensurate with the pressures mandated within ASCE/SEI 7 (ASCE 2022).
At present water intrusion pressure testing occurs at 6% to 12% of the allowable stress
design pressures mandated for structural design.

e Re-Evaluation Area 3: Reassessment of envelope testing methods to ensure the testing
methods adequately predict in-place performance coupled with expansion of testing
during envelope installation.

e Re-Evaluation Area 4: Establish if present wind-borne debris impact testing is
representative of true impact risks and generates the desired level of performance in situ.
Further details of this initiative are provided subsequently.

e Re-Evaluation Area 5: Reassessment of the frequency, magnitude, and duration of air
pressure applied during ASTM E 331 (ASTM 2016) and AAMA 501.1 (AAMA 2017b)
testing.

e Re-Evaluation Area 6: Comprehensive review of testing methods relative to
contemporary envelope systems, materials, and location. The workshop participants
specifically suggest the various segments of the building envelope industry should be
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tasked with evaluating their existing test methods and developing a priority list for re-
evaluation.

A.2.1. Detailed Commentary on Re-Evaluation Area 1

The FEMA P-58 (FEMA 2016) research initiative provided the design community with a
scientifically based method to assess likely damage, facility use interruption time, and risk to
occupants (casualties) as a function of seismic hazard and the specific structural and
nonstructural composition of a facility. With the methods of the FEMA P-58 initiative, designers
can inform building users of the likely result of design decisions insofar as future risk. With
respect to predicting seismic damage, the heart of the FEMA P-58 method is a suite of fragility
curves. Each curve is specific to a building component or building content object (e.g., beams,
columns, connections, mechanical objects, pipes, bookshelves, stairs, interior walls, etc.), and
these fragilities have been used at the research level to consider likely building outcomes in high
wind scenarios.

The fragility predictions offer for a suite of building components and systems the most likely
consequences from the most relevant sources of loss, which are

e Direct damage (damage to materials),

e Indirect damage (damage due to water leaks and internal mechanical systems),
e Facility downtime (time and cost to repair), and

e Risk to occupants (risk of casualties).

Several limitations exist when attempting to transcribe the seismic fragilities into wind response,
including the following:

e Seismic fragilities were created with seismic response in mind. Consequently, the
goodness of fit between the raw data and the fitted fragilities was biased toward the levels
of response seen in earthquakes. Consequently, for example, not all the cladding
fragilities fit the lower magnitude interstory displacements expected in wind versus much
higher displacements observed in seismic response.

e The FEMA P-58 (FEMA 2016) fragility curves did not consider damage mechanisms
outside of seismic response. Low or high cycle fatigue was not a testing or failure
condition of envelope systems or internal walls or components. The long duration and
multi-cycle realities of wind response motivate additional damage and repair states when
extending the present seismic fragilities to wind response.

e Wind-specific response was not considered by the seismic FEMA P-58 initiative (FEMA
2016). Consequently, the FEMA P-58 fragilities lack wind-borne debris impact or air
pressure—based damage predictions. Addition of air pressure and wind-borne debris-
based damage states to the envelope fragilities is critically important.

e Addition of water infiltration damage states. This damage state is the specific risk of
water forcing its way through the envelope at door and window joints, louvers and vents,
or any other avenue of entry not brought about by cladding breach (i.e., debris breaking
glass, puncturing walls, roof tear-off, etc.).
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Much of the FEMA P-58 (FEMA 2016) fragility dataset can be leveraged for wind engineering.
The damage metrics associated with interior building damage from broken water pipes can be
directly applied to water intrusion damage caused by cladding breaches. Furthermore, the cost
and consequence data of FEMA P-58 is equally applicable to wind damage as it is seismic
damage.

Nevertheless, to make valid predictions of building performance, the design community needs
data linking building engineering parameters (drift, lateral acceleration, wind pressure, and wind-
borne debris density) to building damage and consequence metrics (cost, downtime, and societal
impact). With these links a designer, policymaker, or user can make value- and outcome-based
decisions.

A.2.2. Detailed Commentary on Re-Evaluation Area 2

Water entering a building initiates a damaging chain of loss beginning with direct water damage,
which potentially leads to mold and decay of interior building contents. This loss risk is
compounded in storms in which wind-borne debris breaches the envelope system either directly
(e.g., breakage of windows), or indirectly through tears or dislocation of envelope components
that lead to water intrusion. Furthermore, large storms may disable or destroy mechanical
systems or city utilities. Loss of building environmental control (i.e., HVAC systems) increases
the risk of mold or decay in cases where humidity control is lost, thus allowing moisture to
persist. Finally, in the largest storms the building occupants may have relocated due to the storm
risk and will be unable to conduct timely cleanup of water within the building interior.

At present, Fenestration and Glazing Industry Alliance testing includes a suite of ratings for door
and window assemblies with respect to the resistance to water intrusion for increasing levels of
applied pressure (FGIA/AAMAV/I.S.2/A440). These tests assess water intrusion for wind
pressures between 6% and 12% of allowable stress design wind pressures with optional elevated
performance grades approaching structural design allowable stress pressures.

The workshop participants are concerned that the present water intrusion performance class tests
are allowed to assess wind risk disproportionately below the performance targets otherwise
required for cladding wind resistance. Given that nontrivial water intrusion through an envelope
can cause equal or greater overall building use interruption and/or loss than outright damage to
that same envelope, the workshop participants feel an unacceptable disconnect exists between
the pressures an envelope system must resist for safety purposes versus the level of pressure an
envelope system must resist for water resistance purposes.

Consequently, the workshop participants recommend that NIST and/or the design and standards
communities formally assess (and seek to improve) the present water intrusion testing metrics
applied to residential-, commercial-, and architectural-grade envelope systems.

Intrusion of water can also be traced to direct impingement through louvers, vents, and similar
openings through the envelope and through similar openings breached by the dislocation of
rooftop or similar equipment. Opportunities exist to assess, for example, louver systems that may
or may not close and seal against water intrusion. Other opportunities exist for further code
guidance for the attachment of ventilators, rooftop equipment, and other objects subject to
missile impacts that can dislodge objects. At present those objects are not required to have direct
missile impact energy force resistance.
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Finally, water intrusion can occur through tears, separations, or similar breaks in an envelope
system (e.g., roofing membrane, coping materials, gutter tear-offs, flashing uplift, etc.).
Educational materials, field testing methods, and where needed code requirements for the
securing and integrity of these elements appear overdue and useful.

A.2.3. Detailed Commentary on Re-Evaluation Area 3

During the Design breakout session, envelope system design practitioners and envelope system
researchers identified failure or damage mechanisms inherent to envelope systems that currently
lack assessment (testing) techniques readily available for field use. Thus, the following suggests
creation of evaluation techniques and/or design profession or standard community calls for the
testing of envelope components that are not assessed at present.

This category also includes continued assessment of newly constructed facilities that have been
subject to high winds to evaluate performance improvement brought about by recent code
revisions, industry changes, or elective performance enhancements.

e Create field diagnostic tests for envelope component integrity where deficiencies in
performance are found and assessment of the deficiency is not supported by inspection or
verification tests.

e Establish formal requirements for envelope system installation and in situ testing.

e Develop methods to assess the efficacy of envelope components years to decades after
installation. The workshop members are concerned that degradation of seal and jointing
materials is not quantified or well understood. Assessment is recommended around the
degradation of materials causing joints to open, seals to lose efficacy, and envelopes to
lose resistance.

e Implement an industry group evaluation of best practices, maintenance, and replacement
protocols or guidance relative to materials commonly utilized in the envelope system
community. Ideally such a group would produce nonbiased and freely available
educational materials for facility operators and owners speaking to the needs for
preventative maintenance and inspection of envelope system materials.

e Incentivize insurance premium rebates for developments that adopt envelope
performance improvements above code and industry group minimums.

e Assess newer existing structures that have been subject to high wind events and
determine whether impact-resistant design generates the desired level of performance in
situ.

A.2.4. Detailed Commentary on Re-Evaluation Area 4—Part |

Extreme wind events affect the urban environment, heavily damaging buildings. A major cause
of building damage is wind-borne debris impact, especially on the building envelope. Post-event
surveys highlight that even if the wind event does not affect the structure, if the building
envelope is breached serious consequences can occur, such as internal pressurization, water
infiltration, property losses, and fatalities, such as the 14 patients at the St. John Medical Center
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of Joplin, Missouri, in 2011. In such scenarios, the building envelope is the first barrier to protect
or at least mitigate against the effects of extreme wind events on people and property.

Current impact testing to certify glazed assemblies, sectional and rolling doors, and storm
shelters to resist wind-borne debris impacts are based on the following test methods:

e ASTM E1996 (ASTM 2020), Standard Test Method for Performance of Exterior
Windows, Curtain Walls, Doors, and Impact Protective Systems Impacted by Wind-Borne
Debris in Hurricanes;

e ASTM E1886 (ASTM 2019), Standard Test Method for Performance of Exterior
Windows, Curtain Walls, Doors, and Impact Protective Systems Impacted by Missile(s)
and Exposed to Cyclic Pressure Differentials;

e [CC 500 (ICC 2020), ICC/NSSA Standard for the Design and Construction of Storm
Shelters; and

e DASMA (2017), Standard Method for Testing Sectional Doors, Rolling Doors, and
Flexible Doors: Determination of Structural Performance Under Missile Impact and
Cyclic Wind Pressure

These methods adopt standard “missiles” and impact velocities. These consider the complete
failure of typical balloon frame construction—the flight of structural members (large missiles,
representative of the 2x4 in. section wood frame construction) and the roof aggregate (small
missiles)—to conduct impact tests on glazed assemblies. The current testing protocols, therefore,
also assume that wind-borne objects have these two features. Thus, the impact energies are not
based on the aerodynamics of wind-borne debris in local environments, nor is a database with
wind-borne debris speeds in windstorms of various intensities available. The weights and
velocity of the testing projectiles change according to the building’s wind zone and level of
protection (ranging from Wind Zone 1 to Wind Zone 4, following ASCE/SEI 7 (ASCE 2022)).
The design wind pressures (inward and outward) from the Building Code are therefore used to
determine the pressure cycling to be performed on the facade once the impact test passes. It is
necessary to do 4,500 cycles of positive and negative pressure, with each cycle lasting 1-3
seconds.

Through a process of consensus building, the ASTM E1886 (ASTM 2019) standard test method
was created with the participation of manufacturers, consultants, building code authorities, and
other specialists. The standard includes the permitted tolerances for the testing criteria for both
debris projectile impacts, develops the pressure cycle program, and defines the test loading
sequence and conditions. The performance requirements were developed through an empirical
approach.

ASTM E1886 (ASTM 2019) standard requirements give facade designers the opportunity to go
through engineering assumptions and calculations to develop ad hoc wind-borne debris impact
tests for their projects, using “other missiles” for the impact tests. This ability to adopt “other
missiles” allows impact testing that represents the local environment both in terms of debris type
and impact features on the building envelope (impact velocity, impact orientation, impact
locations, etc.). In extreme wind events, debris can originate from the failure of materials and
pieces from source buildings and other manmade structures.
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To perform wind-borne debris impact tests that represent the local environment, two design steps
should be conducted: debris failure wind speed assessment and wind-borne debris flight
trajectory assessment.

Debris failure wind speed assessment: Various methods are available to estimate the failure
wind speeds of an object. The failure of a building component is assumed to occur when the
aerodynamic force exceeds the total hold-down force on the debris element. The evaluations can
be conducted through a deterministic or a stochastic approach, or through a combination thereof.
Potential debris sources in the surroundings include surrounding buildings’ roof tiles, roof
aggregate, roof pavers, and other building envelope components.

To design such elements, peak pressure coefficients (ASCE/SEI 7) have been developed through
wind tunnel tests of different building geometries, terrain conditions, and directions. The code
requirements, therefore, have been maximized, considering the worst case in terms of
negative/positive pressures acting on the building envelope. The design (GCp) is identified for
various areas on the walls and on the roof slopes, for various building types. Even though this
outcome is conservative in terms of building envelope design (maximum and minimum pressure
to test the facade element), it does not accurately estimate the wind speed at which a component
of the building envelope might fail and thus become wind-borne debris. A larger localized
suction on the roof can occur at a lower than design wind speed, resulting in a localized building
component failure. Accordingly, if the failure occurs at a lower than design wind speed, in some
scenarios the designer can underestimate the problem of wind-borne debris.

Wind-borne debris flight trajectory assessment: The first wind-borne debris studies to assess
flight and trajectory were developed by Tachikawa (1983), who defined the equations of motion
for a general wind-borne debris object, in uniform flow. Debris failure is associated with wind
gusts, and Kordi et al. (2010) found that the 3-second gust failure wind speed represents a
practical and reasonable upper-bound wind speed to estimate the upper-bound flight trajectory,
but that it overestimates the mean trajectory.

Experimental results for plate-like debris showed that, considering numerical results to estimate
flight speeds, the ranges of debris speed are

e Between 40% and 120% of the 3-second gust wind speed at failure for roof shingles
(Kordi and Kopp 2011),

e Between 20% and 95% of the 3-second gust wind speed at failure for roof sheathing
panels (Kordi et al. 2010), and

e Between 30% and 60% of the 3-second gust wind speed at failure for roof tiles (Kordi
and Kopp 2011).

A.2.5. Detailed Commentary on Re-Evaluation Area 4-Part Il

Further research is needed to assess the near-roof surface flow to derive roof tile wind uplift
loads, the same way that Peterka et al. (1997) did for asphalt shingles. ASCE/SEI 7 (ASCE
2022) requirements extend wind-borne debris impact testing up to 1 mile (1.6 km) from an
Exposure D condition. It should be determined if rod-like wind-borne debris can reach greater
flight distances, based on the source location. Datasets to validate the numerical calculations of
wind-borne debris trajectory analysis are limited, and most studies do not consider real-world
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scenarios in which the wind-borne debris element originates from a source building. Developing
a wider database on various wind-borne debris types, based on various building components or
objects in the urban environment identified as prone to failure in extreme winds, would be
useful. Considering the source building, studying the failure and trajectory of wind-borne debris
elements from low-rise and high-rise buildings and for various roofing systems (roof tiles,
shingles, roof aggregate, roof pavers, green roof technologies, etc.) and roofing shapes
(gable/hip/flat roof types) would also be useful. Tall buildings have not yet been assessed
through wind tunnel experiments for wind-borne debris generation.

A.2.6. Detailed Commentary on Re-Evaluation Area 4—Part Il

With regard to performance-based multi-meteorological (wind/hail/rain) design, when a building
envelope fails under wind loads, the primary damage to the building and contents often results
from damage due to water infiltration. At present, joint probability models for wind and
precipitation are not readily available. A need exists to conduct these analyses to develop maps
for different MRIs across the United States. Incorporating such joint probabilistic analyses would
allow total reliability to be determined based on the watertightness and wind resistance of
different building envelope system types. As discussed elsewhere, consistent reliability across
components of a building is needed to ensure that the building meets its performance goals, and
this is currently missing. This research will be a major contributor to design and verification of
total building reliability in limiting losses due to wind effects.

A.2.7. Detailed Commentary on Re-Evaluation Area 5

Workshop participants voiced concern that tests for wind and pressure of cladding may not
recreate relevant real-world demands on cladding systems.

Water penetration testing of cladding commonly employs two test types: static water penetration
and dynamic water penetration.

ASTM E 331, Standard Test Method for Water Penetration of Exterior Windows, Skylights,
Doors, and Curtain Walls Uniform Static Air Pressure Difference (ASTM 2016), describes the
static testing method by which water is sprayed at a constant rate (5 gal/hr/ft?, corresponding to a
heavy rainfall of 8 in./hr) onto the exterior face of a cladding specimen while a pressure
differential is maintained across the specimen. The static test is meant to be performed for 15
minutes at a minimum pressure differential of 2.86 psf, but for the architectural cladding industry
it is more frequently conducted at a minimum pressure of 6.24 psf, or at greater pressures of up
to 12 or 15 psf (approximately equivalent to 50, 69, and 77 mph static wind pressures,
respectively). The AAMA 101 standard (AAMA 2022) recommends testing a minimum of 15%
of the positive design cladding pressure for residential and commercial windows, skylights, and
doors, and 20% of the positive design pressure for architectural grade cladding on buildings. The
AAMA 101 narrative also suggests that 15 psf should be the maximum pressure considered for
testing. Note also that AAMA states, “It is important to design and select products that will not
permit significant leakage under normal service conditions. It is generally accepted, however,
that water leakage can be tolerated during periods combining high winds and heavy rains. In
recognition of this, water resistance is generally determined at a pressure less than Design
Pressure.”
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AAMA 501.1, Standard Test Method for Water Penetration of Windows, Curtain Walls and
Doors Using Dynamic Pressure (AAMA 2017b), describes the dynamic testing method by
which water is sprayed at a constant rate (5 gal/hr/ft?) onto the exterior face of a cladding
specimen while a wind-generating device (i.e., airplane propellor) produces a dynamic velocity
pressure against the specimen. The test is performed for 15 minutes at a selected dynamic
pressure anywhere from 6.24 psf up to 15 psf (approximately equivalent to 50 and 77 mph
winds, respectively). Typically, both static and dynamic tests would be conducted at the same
pressure for a given project.

Both tests are intended to simulate storm conditions and evaluate the ability of the cladding
system to resist water penetration. Workshop participants are concerned that the duration of the
tests and test pressures utilized may not realistically recreate storm conditions that the cladding
may experience. In addition, the relatively high frequency of simulated air gust application
during the dynamic test may not represent the lower-frequency, longer-duration application of
wind and water demands during storm conditions. Longer-duration rain events and slower
variation of wind pressure (relative to pressures observed in the AAMA 501.1 test) may permit
greater levels of air and water infiltration than suggested by testing.

Workshop participants are also concerned that current testing does not consistently assess the
relationship between building movement (which displaces seals and joints) and simultaneous
application of wind and water loads. More extensive testing of the assembly under a realistic
displaced condition like testing per AAMA 501.4, Recommended Static Test Method for
Evaluating Curtain Wall and Storefront Systems Subjected to Seismic and Wind Induced
Interstory Drifts (AAMA 2017a), would be valuable.

A.2.8. Detailed Commentary on Re-Evaluation Area 6

Workshop participants voiced a desire for a comprehensive review of testing methods relative to
contemporary envelope systems, materials, and locations. The workshop participants specifically
suggested that various segments of the building envelope industry should be tasked with
evaluating their existing test methods and developing a priority list for re-evaluation. However,
the following selection of tests were highlighted for reassessment:

e ANSI/SPRI/FM 4435 ES-1, Test Standard for Edge Systems Used with Low Slope
Roofing Systems (ANSI 2017);

e ANSI/SPRI GT-1, Test Standard for External Gutter Systems (ANSI 2022);

e ASTM E907, Standard Test Method for Field Testing Uplift Resistance of Adhered
Membrane Roofing Systems (ASTM 1996); and

e Lab and field test methods for evaluating wind-driven rain resistance of glazed
assemblies.

Of this list, tests ES-1 and GT-1 are most in need of review, due to the many roof failures being
initiated with lifting of edge flashing, copings, or gutters.

Notably, these tests do not evaluate dynamic (cyclical) loading. Because these assemblies
typically use light gauge metals, which are susceptible to failure due to dynamic loading, urgent
testing may not adequately evaluate long-term performance.
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ASTM E907 (ASTM 1996) is an important test for evaluation of in-place membrane roofs.
However, it has several potential limitations. Finally, laboratory tests for wind-driven rain
resistance are generally lacking and do not assess sufficiently high pressures in view of the
workshop participants.

The enhancements to current envelope system design practices suggested here represent a
notable departure from current practice and represent a substantial research initiative to fully
implement. The workshop members suggest that industry groups with the support of NIST (or
other similar organizations) carry out many of these enhancements. Certain enhancements, such
as a requirement for structures to resist wind-driven rain, could be implemented by code changes
with little to no direct cost to NIST.

A.3. Priority Research Need 3: Integrate Performance between Structural
System and Cladding

Estimating the overall performance of building systems subject to extreme winds involves
estimating the performance of both the structural and the envelope systems. Both systems are
key to the overall integrity of the building. Because of the way in which wind damage occurs, the
performance assessment of the two systems cannot be separated from one another. They
comprise a two-way coupled system that is progressive in nature. For example, the dynamic net
pressure wind demand on the building envelope components is coupled with the damage
occurring in the envelope components themselves. In other words, a damage state that occurs in
an envelope component can cause an opening in the building envelope, thus dramatically altering
the internal pressure (which will, in general, become dynamic) and thereby changing the
dynamic net pressure wind demand on any envelope component that is affected by the change of
internal pressure. This can cause further damage and thus further changes in net pressure
demands.

In addition, a damage state that occurs in an envelope component can change the capacity of the
component to resist other wind demands. For example, envelope components are susceptible to
several damage states related to excessive dynamic interstory drift. The occurrence of one of
these damage states will, in general, affect the capacity of the envelope component to resist
dynamic net pressure, water penetration due to concurrent rain, and wind-borne debris.
Therefore, not only are wind demands often two-way coupled, but the damage states (which can
be initiated by various wind demands, e.g., dynamic net pressure, dynamic drift, and wind-borne
debris) are also coupled.

Note that wind damage is progressive in nature as it accumulates over the duration of the wind
event, i.e., identifying a single instant during the wind event in which the damage occurs is not
possible. This makes the simulation of wind damage a complex task. This is further complicated
if propagating uncertainty through the coupled and progressive damage process is desired to
estimate the probabilistic damage and loss metrics that are key to effectively communicating the
advantages of PBWD to decision-makers and stakeholders who may have various technical and
nontechnical backgrounds. These wind-specific aspects differentiate the development of
probabilistic performance-based wind frameworks from those for performance-based earthquake
engineering and, in particular, from the FEMA P-58 (FEMA 2016) procedure for the
implementation of second-generation, performance-based earthquake engineering that is based
on decoupling loss analysis from damage analysis, which in turn is decoupled from demand
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analysis, which is assumed independent of hazard analysis. This defines a Markov (Levin and
Peres 2017) model that substantially simplifies the implementation of performance-based
earthquake engineering.

Notwithstanding the differences between the evaluation of damage and loss between wind and
seismic engineering, recently several researchers have taken the basic framework underpinning
the FEMA P-58 procedure (FEMA 2016), i.e., the probabilistic framework developed by the
PEER center (Yang et al. 2009), and applied it to performance-based wind design (Ciampoli et
al. 2011; Spence and Kareen 2014). Notably, over the past five years, significant steps have been
taken to explicitly account for the two-way coupling and progressive nature of wind damage
accumulation and loss estimation (Bernardini et al. 2015; Chuang and Spence 2017; Cui and
Caracoglia 2018; Judd 2018; lerimonti et al. 2019; Mohammadi et al. 2019; Ouyang and Spence
2019; Cui and Caracoglia 2020; Ouyang and Spence 2020; Ghaffary and Moustafa 2021,
Ouyang and Spence 2021a,b; Arunachalam and Spence 2022; Chuang and Spence 2022).
Nevertheless, much work remains before probabilistic frameworks are available that enable the
holistic estimation of wind damage and losses in terms of a class of wind-specific probabilistic
metrics related to aspects such as repair costs, downtime (including impeding factors), injuries,
and life-cycle costs. This list of metrics will likely expand as more fundamental research is
carried out in this area.

In developing probabilistic frameworks that enable the estimation of probabilistic metrics related
to the holistic performance of the building system (structural and nonstructural), a key concept
that requires attention is the development of databases of fragility functions describing the
damage susceptibility of typical structural and nonstructural (with particular emphasis on the
envelope) components to extreme winds. Indeed, fragility functions are a key component of a
probabilistic damage assessment framework. To date, fragility functions used in performance-
based wind design frameworks have been based on simply adopting the fragility functions
developed for seismic engineering. While this has allowed the concept of PBWD to be
demonstrated, the next step is to begin creating wind-specific fragilities that account for the
multiple demands a component will generally experience during a windstorm. For example, an
envelope component may be exposed to interstory drift demands, net pressure demands, and
impact demands coming from wind-borne debris. To bridge this gap, both experimental testing
of typical wind components (structural and nonstructural) computational modeling are necessary
for developing fragility functions (or surfaces) that relate wind-specific damage states (e.g.,
water penetration, wind-borne debris penetration, and cracking due to excessive pressure/drift) to
component wind demands (e.g., wind-borne debris impact energy, dynamic net pressure, and
dynamic wind drift). While characterizing the fragility functions of envelope components will
likely provide the largest advances in the development and practical application of probabilistic
PBWD frameworks, testing of structural components to wind-specific loading protocols and
damage states is also fundamental.

A.4. Priority Research Need 4: Characterization of Engineering Properties of
Thunderstorm and Tornado Wind Events

Thunderstorms and tornadoes cause the highest design wind speeds for significant parts of the
building stock throughout much of the United States. However, current design processes are
based on characteristics gathered from much larger-scale storms. Examples of characteristics that
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do not necessarily apply to thunderstorms and tornadoes are the assumptions of boundary-layer
wind speed profiles and turbulence intensities (and length scales) that are a function of upwind
terrain roughness. The characteristics are also assumed to be fundamentally self-stationary in
terms of wind speed and directionality over time periods long enough to generate peak loads and
responses of buildings and structures subject to resonant dynamic responses.

Current wind climate models used in engineering are based, with the exception of hurricanes, on
historical data typically measured at 33 ft above ground. Since Automated Surface Observing
System implementation this has become the standardized measurement height in the United
States, and recorded data on both mean and gust wind speeds are available. Other meteorological
data gathered at the same time can help identify the storm types associated with each wind
record. However, full time histories are generally unavailable, and information is lacking on the
variation of the wind speeds and directionality with height.

Some very limited data are available on tornado wind speed profiles, which were used in
developing the current ASCE/SEI 7 Chapter 32 tornado profile (ASCE 2022). The data on which
this profile was developed showed a very large degree of variation over the small number of
measured tornado profiles (fewer than 30 field radar snapshots and eight radar averages) on
which they were based. The existing data are not sufficient for the development of reliable
engineering models. Large assumptions were made in the incorporation of what is intended to be
a conservative profile in ASCE/SEI 7. Much less data are available on thunderstorms.

However, difficulties exist in gathering more field data. These are events that, as well as being
far more limited in extent and duration, are not as forecastable as larger-scale storms such as
hurricanes. So, measurement instrumentation must be distributed across areas where these storms
are likely and where both temporal and spatial attributes of the storms can be captured. This type
of work has been done, and continues to be executed, for hurricanes and larger-scale storms with
the use of arrays of mobile masts that are deployed across regions in advance of incoming
storms. However, these masts are of limited height and so only provide information in the lowest
100 ft or so of the storm profile. This may provide much of the information needed for low-rise
buildings but not for high-rise structures. Larger masts with permanent instrumentation to greater
heights are present in a few locations, such as at the Wind Engineering Research Field
Laboratory at Texas Tech University. However, consistent data in severe storm events from
locations like this are very limited, as the storm must pass over the site to be recorded. To obtain
data higher above the ground, other mobile technologies will need to be employed.

To obtain the necessary information erecting masts is not possible, and hence nonphysical
approaches will be required, such as radar, sonic detection and ranging (SODAR), and light
detection and ranging (LIDAR). SODAR is a good technology for obtaining vertical profiles at a
site but is limited in the extent of its measurements and frequency responses at greater heights.
LIDAR is the technology that is most likely suited to most of this work as it can provide data at a
greater range of heights and over a larger area. Where necessary, this can be supplemented by
other instrumentation.

To develop engineering models of the windstorm characteristics, locating instrumentation in
regions where this type of storm is common and then deploying it based on weather forecast and
radar predictions will be necessary. In the case of thunderstorms, the goal must be to capture
sufficient information on all types of thunderstorms. Most of the work to date has been on
downburst events, but in recent years significant damage has occurred due to derecho-type
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events where lines of thunderstorms are translated on a gust front. Workshop participants posited
that these derecho events may have structures more similar to boundary-layer events with higher
wind speeds at upper levels, but little data are available to support this at the present time.

The end goal of this work will be to develop modifications to engineering models of wind
characteristics that can be incorporated into codified methods to better assess the effects of
different storm types on different building components. This will aid in increasing building
resiliency while decreasing materials usage and construction costs.

To do this, developing alternative methodologies for physical or numerical predictions of the
effects of different storm characteristics on building performance will be necessary, in addition
to codified approaches. One main outcome will be the development of methods using existing
technology and facilities to ensure that new knowledge can be widely implemented to improve
design.

A.5. Priority Research Need 5: Characterize Hazard and Loads for Short and
Long Return Periods

The assessment of structures for wind loads has traditionally been carried out using idealizations
of the wind hazard, which involves idealizations of the local wind climate and the aerodynamic
loads impacting the building. Current wind practices for characterizing these aspects are based
on many years of accumulated knowledge and best practices that have been developed based on
available knowledge, computational resources available to practicing engineering and
researchers alike, and experimental methods. The resulting state of practice is generally based on
assuming winds to be straight (i.e., no change of wind direction) and stationary (no change of
wind speed) over a duration of 1 hour (a duration that can find its roots in the spectral gap in the
Van der Hoven spectrum; Van der Hoven 1957).

While this situation reconciles relatively well with classic wind design approaches based on
elastic response analysis, PBWD seeks to push the structure beyond the elastic state with the aim
of producing innovative designs that are more sustainable without loss of reliability.
Consequently, emphasis needs to be placed on modeling the local wind climate and the
associated aerodynamic loads in greater detail, especially given that inelastic analysis, unlike
elastic analysis, is path-dependent and therefore inherently sensitive to the evaluation of the wind
loads impacting the building system. In practical terms, this means that the evolution of the wind
direction and wind speed occurring during a wind event may well be critical in driving the
performance of the system.

Even wind events associated with large weather fronts can have wind direction changes of up to
180 degrees during their passage (Cook 1982), and hurricanes and tornadoes are characterized by
major swings in wind direction throughout their duration and major changes in wind speed. The
capture of these phenomena requires a far more complex characterization of the underlying
stochastic process governing the evolution of these events. Indeed, the assumption of a stationary
and straight-line wind event greatly simplifies the probabilistic modeling of wind loads not only
in an experimental setting, i.e., wind tunnels, but also in a computational setting. While
experimental and computational efforts to explore approaches for better characterizing the
nonstationarity and non-straight-line nature of wind events are growing in number, much
remains to be done, especially if robust models and methodologies are to be defined for use with
confidence in probabilistic frameworks for the implementation of PBWD.
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From a climatological standpoint, another major issue associated with nonstationarity relates to
climate change. Once again, the desire in PBWD to achieve designs that seek to push the
building system to the limit of capacity through rational design procedures, ultimately leading to
greater sustainability through reduced use of materials, requires the wind loads used in assessing
performance to account for any likely increases over the next century or more (Esmaeili and
Barbato 2022). The continued use of traditional approaches that are predicated on a stationary
wind climate over long time horizons (i.e., maximum design wind speeds characterized by
stationary probability distributions) risks leading to systems that are underdesigned if the wind
hazard increases in intensity as many climate models predict. Therefore, investigating this issue
as it pertains to PBWD is imperative.

A.6. Priority Research Need 6: Improve Understanding of Structural and
Material Properties

Several factors including shape, stiffness, mass, and damping govern the dynamic response of
tall buildings. A thorough understanding of structural and material properties, such as structural
stiffness, material strength, and inherent damping, is essential for accurate structural modeling
and analysis. This is true for both traditional design and for performance-based approaches.

Damping accounts for energy dissipation within the structure due to material and geometric
nonlinearities. The damping level has been shown to vary with the material used in design, with
the amplitude of the response, and with building height. In current structural modeling, damping
is commonly applied using estimates and recommendations that have become standard best
practice using values formulated from a very small research sample (Davenport and Hill-Carroll
1986; Kareem and Gurley 1996; NRCC 2015). The damping estimates used in practice vary
significantly around the globe and among design firms. The selection of appropriate damping
ratios for these analyses is often based on empirical relationships or simplified assumptions
derived from past experiences, laboratory tests, and theoretical models. However, this approach
may not accurately capture the changes in damping levels arising from wind-induced
nonlinearities or other complex behaviors (Charney 2008). The possibility to experimentally
determine damping characteristics from full-scale measurements has been investigated over the
years (Jeary 1996; Tamura and Suganuma 1996; Kijewski-Correa et al. 2006; Guo et al. 2012).
Although there are many measurements of damping under low wind speeds, there are very few
under the wind speeds considered for service conditions, let alone ultimate conditions (Smith
2016). Several damping models have been proposed for damping estimation from measurement
data; however, many in the literature are inappropriate for tall buildings (Bashor et al. 2005).
Actual energy dissipation in buildings is very complex and has been observed as being
amplitude-dependent, deformation history—dependent, and frequency-independent (Spence and
Kareem 2014).

In addition to research aimed at better understanding the damping levels assumed in design,
frequencies derived during structural analysis in the design stage require further study because
they often differ from the actual frequencies of motion measured in buildings. In most cases,
full-scale studies reveal higher frequencies (indicating stiffer structures) than those assumed in
the design. Typically, this would result in a reduced resonant wind load, but in some cases
negative effects can occur at MRIs of interest in the assessment of performance goals. However,
for very tall or very slender buildings, the increased frequencies may result in vortex-induced

81



NIST GCR 23-045-updl
November 2023

vibration being exhibited under higher wind speeds and thereby the wind load effect increasing
beyond that considered in design. In some rare instances, frequencies measured in taller
buildings are lower than the design frequencies. This has the inverse effect to that previously
described. The mismatch between design frequencies and full-scale frequencies has been
attributed to multiple factors, such as connection detailing, modeling assumptions (e.g., rigid
diaphragms or levels of cracking), material properties, and foundation stiffness.

The development of advanced monitoring and sensing techniques, such as structural health
monitoring (SHM) systems, can provide real-time data on structural performance and material
properties during and after extreme loading events. The integration of SHM systems into the
design process can help engineers better understand the actual behavior of structures under
various loading conditions.

In summary, undertaking a wide-reaching, full-scale SHM monitoring campaign that includes
the deployment of suitable motion-monitoring devices in taller buildings (either a short-term
storm-chasing campaign, or a long-term campaign) would enable better assumptions to be made
in the design stage. Better assumptions in the design stage lead to a more accurate assessment of
the wind load effect and an enhanced ability to represent taller buildings in nonlinear modeling
approaches used in PBWD.

A.6.1. Material Testing to Further Develop Understanding of Material Properties

Material properties and component strength are typically determined through laboratory testing
of small-scale specimens, which may not fully represent the complexities of full-scale structures.
Factors such as manufacturing processes, aging, and environmental conditions can introduce
variability in material properties, potentially affecting the accuracy of structural performance
predictions. One commonly used approach to address these complexities is the application of
stiffness modifiers. Stiffness modifiers have long been used in elastic analysis methods to
capture the effective stiffness of cracked concrete elements, permitting the adoption of simple
linear material models that neglect the initial uncracked stiffness of concrete. However, the
elastic stiffness modifiers applied to core walls, coupling beams, basement walls, and
diaphragms vary widely in practice.

Despite the extensive laboratory testing and research conducted over the past few decades on
material properties and nonlinear behaviors under loading protocols, most of these studies have
focused on short-duration, high-intensity loads typical of seismic zones. Very little research has
looked into long-duration loading protocols that are more representative of wind loading
(Abdullah et al. 2020, 2021). Considering that wind events can last for several hours, this could
potentially induce a distinct type of response in components exhibiting nonlinear behavior and,
in some cases, may lead to low cycle fatigue.

Workshop participants suggest that researchers address these limitations and uncertainties related
to material properties under wind loading protocols by developing comprehensive testing
regimes, similar to those undertaken in recent years for seismic loading (Golestani et al. 2023), to
better understand the impact of nonlinear behavior in structures subjected to wind loads. This can
be achieved through advanced experimental techniques, such as large-scale testing and hybrid
testing, and computational methods that better characterize material behavior, including
nonlinearities under various loading conditions.
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A.6.2. Standardization of Assumptions across Design Firms

Several years ago, the American Concrete Institute undertook a study to survey design firms
across the United States that were designing tall buildings at that time. The survey reviewed
typical assumptions made in the design of this building typology: levels of cracking assumed,
foundation stiffness included, levels of damping assumed, etc. The results were staggering,
demonstrating the lack of consistency in the assumptions made. Given that accurate
characterization of wind loading and responses hinges on these fundamental assumptions, clear
value exists in not just refining the understanding of the dynamic response of taller buildings
under wind loads but also in standardizing a baseline for assumptions to be included in design.
Even if these assumptions need to be parametric or scenario-based bringing forward some
consistency to the approach has value.

Potentially quantifying the impact of current simplified (or conservative) assumptions on
predicted wind effects would provide engineers with a better understanding of the underlying
uncertainty when employing these assumptions. Comparative analysis between simplified
models and those derived from more advanced models and experimental data can help identify
areas where simplified assumptions may lead to significant discrepancies in structural
performance predictions.

The development of probabilistic models for material properties and damping levels could be
another avenue for enhancing the reliability of structural designs. These models can account for
the inherent variability and uncertainties in material properties and damping levels, allowing
designers to assess structural performance under possible scenarios. Incorporating these findings
into the design process will allow designers to account for variability in material properties and
damping levels, resulting in more accurate structural performance predictions and optimized
building designs.

A.7. Priority Research Need 7: Improve Physics-Informed, Computationally
Efficient Methods for Nonlinear Analysis of Wind Response over Long-Period
Durations

A key foundation of PBWD is the potential to design buildings that take full advantage of the
inherent capacity of the structural system through explicit nonlinear analysis. This will lead to
systems with not only increased sustainability and design innovation due to greater material
efficiency and freedom from prescriptive requirements but also increased reliability due to
explicit modeling of system response over a full range of wind events. Central to this vision is
the possibility to estimate system performance by evaluating many probabilistic metrics
associated with wind-specific design variables. This will generally include traditional metrics,
such as structural system and component system reliability, and new metrics, such as repair
costs, downtime, and life-cycle costs.

Within the paradigm of PBWD, all these metrics require the estimation of inelastic responses
over suites of dynamic wind load histories derived from appropriate wind tunnel records or
stochastic wind load models. While estimating probabilistic metrics through specialized
algorithms and schemes for efficient propagation of uncertainty is possible and encouraged,
hundreds, if not thousands, of nonlinear time history analyses are generally required. In
recognizing that typical windstorms have durations on the order of hours, the computational
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burden required for propagating uncertainty and estimating the probabilistic metrics becomes
clear. It is important to underline how the use of nonlinear analysis will make the problem path-
dependent, i.e., the response used to estimate the metrics will depend on the record-to-record
variability inherent to different wind load histories. This eliminates the ability to apply many of
the general methods used for probabilistically characterizing the response of wind-excited
systems that are founded on an elastic system and therefore path-independent responses.

These issues have been recognized recently with various approaches proposed for modeling the
inelastic response of structural systems subject to long-duration wind loads. However, most work
to date has primarily focused on establishing the feasibility of carrying out nonlinear wind
analysis and is based on direct integration approaches developed in seismic engineering. While
recent advancements have occurred in this area—for example, the suite of methods that combine
direct stochastic simulation with dynamic shakedown (Chuang and Spence 2019, 2020, 2022),
the approaches based on reduced order models (Wu 2013; Wu and Kareem 2015; Zhao et al.
2019; Li et al. 2021; Li and Spence 2022a,b,c), and the methods that leverage machine learning
(Li and Spence 2022a; Preetha Hareendran et al. 2022)—much work remains to solve the
problem of rapidly evaluating the nonlinear response of wind-excited structural systems in ways
that are both robust to the complexity of the computational models that describe the nonlinear
response of systems and compatible with general purpose uncertainty propagation schemes.
Areas with promises in this respect are those related to metamodeling/surrogate modeling,
reduced-order modeling, methods for leveraging massive parallelization through GPUs and
supercomputing, and methods that leverage artificial intelligence (e.g., physics-informed and/or
data-driven machine learning).

While the physics-based reduced-order models have performed well in the nonlinear dynamics’
simulations of selected structures, the numerical and/or experimental identification of their
parameters remains quite challenging (Wu 2013; Wu and Kareem 2015). However, data-driven
reduced-order models have recently become a popular choice for modeling complex nonlinear
dynamics, due partially to the emergence of numerous well-designed training/learning
algorithms (e.g., Peherstorfer and Willcox 2015). Among the data-driven models, the artificial
neural network (ANN) associated with the rapid development of machine learning techniques
shows great promise in modeling nonlinear structural responses (Wu and Snaiki 2022). While
ANN models have been used extensively to analyze the response of structures, their application
to tall buildings has been limited due to the large number of degrees of freedom involved, which
makes training the models computationally intensive. Preetha Hareendran et al. (2022) recently
investigated the use of a long short-term memory (LSTM) architecture to predict the story
displacement and acceleration of a 150 m tall steel building under wind loads while Li and
Spence (2022a,b,c) combined LSTM architectures with reduced-order modeling in defining a
global LSTM network capable of predicting the time history response of all degrees of freedom
of high-dimensional systems from a single LSTM network. However, further research is needed
to fully explore the feasibility and accuracy of data-driven methods for tall buildings.

While ANN models have become popular for structural analysis, they are often viewed as
“black-box”” models due to their lack of interpretability and reliance on labeled data. This can
lead to reduced accuracy and generalizability, especially when data are scarce, incomplete, or
noisy. To address this limitation, scientific principles such as partial differential equations and
boundary conditions can be incorporated into deep neural networks to ensure compliance with
physical laws. Wang and Wu (2020) proposed a knowledge-enhanced deep learning model for
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wind-induced nonlinear structural dynamic analysis, leveraging machine-readable knowledge in
the form of physics-based equations and semi-empirical formulas to enhance the regularization
mechanism during deep network training.

To efficiently estimate nonlinear structural responses, reduced-order modeling methodologies
using either physics-based analytical models or data-driven metamodels have been widely
employed. Wu (2013) utilized the truncated Volterra model to predict nonlinear wind-induced
bridge deck response. The statistical linearization approach, where the nonlinear system is
represented by an equivalent linear system, has been utilized by Di Matteo et al. (2014), Feng
and Chen (2017; 2018), and Saitua et al. (2018). Recently, Zhao et al. (2019) combined the
proper orthogonal decomposition with statistical linearization to efficiently estimate nonlinear
structural response under nonstationary excitation. Li and colleagues (Li et al. 2021; Li and
Spence 2022a,b) effectively combined proper orthogonal decomposition for model order
reduction with both nonlinear autoregressive exogenous models and LSTM networks for the time
history response estimation of wind and seismically excited multi-degree-of-freedom systems.

A.8. Priority Research Need 8: Static Pushover for Wind Engineering to Quickly
Evaluate Nonlinear Structural Performance

Static pushover analysis, developed in seismic engineering, aims to efficiently approximate
structural response under external dynamic excitation. Saiidi and Sozen (1981) simplified a
structure to a single-degree-of-freedom (SDOF) system and applied incremental static loading to
estimate the structural capacity. Krawinkler and Seneviratna (1998) provided a comprehensive
review of SPO and pointed out its assumptions: a) a single mode controls the response of the
structure and b) the mode shape remains constant throughout the time history response. Despite
these two strong assumptions, several studies have shown that SPO can provide good predictions
of the structural responses for multi-degree-of-freedom (MDOF) structures (Lawson et al. 1994;
Miranda and Bertero 1994).

In the mid-1990s, the rapid development of performance-based seismic design required an
efficient method to assess structural performance. The seismic engineering community widely
accepted SPO at that time, such as FEMA 273, NEHRP Guidelines for the Seismic Rehabilitation
of Buildings (FEMA 1997), and ATC-40, Seismic Evaluation and Retrofit of Concrete Buildings
(ATC 1996). Although SPO has limitations in applying static analysis to estimate the dynamic
response, the large computational demands, modeling procedure, and software development
limited the nonlinear response history analysis at an early time. SPO limitations mainly come
from its inherent inability to capture structural dynamic properties such as the following:

e Multi-mode dynamic behavior, which limits SPO to the analysis of low-rise buildings or
buildings controlled by first mode response;

e Materials’ and components’ degradation and cyclic behavior;

e Single failure mode; failure mode may be different for structures under different time
history loads, while SPO can only provide single failure mode;

e Rate-dependent effects (interactions between structure and soil, structure and dampers,
and structure and isolation system); and

e Characteristics of different external excitations (spectral shape, duration).
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To overcome these limitations, research has been done in various aspects. To capture the multi-
mode dynamic behavior, Chopra and Goel (2002) proposed the modal pushover analysis (MPA)
procedure, in which different lateral load patterns determined by different modal responses are
used to develop SPO separately and then combined using the modal superposition strategy to
develop the final structural behavior. The MPA has attracted attention in recent years, and much
work has been done to validate the method using three-dimensional and unsymmetric structures
(Reyes and Chopra 2011a,b), to validate the application to buildings with dampers (Hassan and
Reyes 2020), and to extend the application to bridges (Bergami et al. 2020). However, the theory
of the application of modal superposition in nonlinear analysis is still not rigorous.

To capture material degradation, Fajfar and Gaspersic (1996) proposed the N2 method to
estimate cumulative damage using the Park-Ang damage model with the structural maximum
static response and yield response. In recent years, the cyclic pushover method has also been
proposed with an incremental cyclic quasi-static loading protocol applied to the structure to
account for material degradation (Panyakapo 2014). However, the degradation property is highly
path-dependent, and the accuracy of the aforementioned methods need further examination.

With improvements in computational capacity, nonlinear response history analysis can be more
routinely applied in engineering practice. Currently, SPO is applied in engineering practice
mostly to a) verify nonlinear analysis models before running a nonlinear dynamic analysis and b)
interrogate a structure to understand its nonlinear behavior.

While incremental dynamic analysis (Vamvatsikos and Cornell 2002), also known as dynamic
pushover analysis, is widely used for structural fragility analysis, the computational demand for
IDA remains a challenge. In FEMA P-58 (FEMA 2016), static pushover to incremental dynamic
analysis (SPO2IDA) is suggested as an alternative way to estimate IDA curves with high
efficiency. In this method, the SPO curve is simplified to several linear shapes (bilinear, trilinear,
or quadrilinear) and described with parameters that can be used to fit the IDA curves. Good
accuracy is shown with a validation using an SDOF structure (Vamvatsikos and Cornell 2006),
and this method has also been applied to MDOF structures (Vamvatsikos 2002). A static
pushover to fragility analysis tool was also developed based on SPO2IDA (Baltzopoulos et al.
2017). As for the MDOF structure, to account for the high mode effects, SPO2IDA was also
combined with MPA (Han and Chopra 2006).

In wind engineering, SPO is not yet commonly used. Most SPO applications have focused on
analysis of transmission towers and offshore turbines (Bienen and Cassidy 2006; Banik et al
2010). With the increasing attention on PBWD, research on performance assessment for
structures under wind loads has been developed and SPO has usually served as one of the
assessment steps for tall buildings (Mohammadi et al. 2019; Ghaffary and Moustafa 2021;
Preetha Hareendran et al. 2022). Huang and Chen (2023) applied modal pushover to wind
analysis for a 60-story high-rise steel building. The displacement-controlled loading pattern was
simply used in their pushover analysis, without capturing stiffness degradation of the structure.

To apply the IDA approach to wind engineering for fragility analysis, challenges arise due to the
significantly longer duration of wind time histories (typically several hours) compared with
seismic records (typically on the order of 60 seconds). Therefore, practical methods need to be
developed for efficient fragility analysis of structures under wind loads, as required by the
Prestandard (ASCE/SEI 2023). Investigating the implementation of the SPO method to wind
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engineering in detail is crucial, as this approach shows promise for fragility analysis of
structures.

To effectively apply SPO to wind engineering, several key research needs are identified as
follows.

Determination of the loading profile: During SPO analysis, the determination of the lateral
loading profile needs careful investigation. In FEMA 356 (FEMA 2000), two groups with five
methods are proposed for the determination of lateral loading for seismic analysis. Group 1 is
mainly based on the modal of the structure and provides three methods, namely the loading
distribution proportional to a factor associated with story height, mass, and the building’s natural
frequency; the loading distribution proportional to the shape of the fundamental mode; and the
loading distribution proportional to the story shear distribution calculated by combining modal
responses from a response spectrum analysis of the building. Group 2 contains two methods,
namely the uniform loading distribution (or the distribution proportional to the story mass) and
the adaptive loading distribution that changes as the structure is displaced. In wind engineering,
Ghaffary and Moustafa (2021) developed the SPO to wind analysis for a 20-story steel building
with the loading distribution proportional to a value associated with story height, mass, and the
building’s natural frequency (Group 1, Method 1), which is the most widely used method in
seismic analysis. However, most of the wind SPO developed for tall buildings directly use and
scale the equivalent static wind load from the ASCE/SEI 7 (ASCE 2022) directional procedure
based on Davenport’s gust loading theory (Davenport 1967; Mohammadi et al. 2019; Preetha
Hareendran et al. 2022). The purpose of developing the equivalent static wind load is to use the
static method to predict the maximum dynamic response. Further validation is needed to
demonstrate that the corresponding deformation can represent the lateral vibration mode,
especially when structures enter the nonlinear regime.

Interaction of the along wind and crosswind: Crosswind effects can be significant for tall
buildings. The general SPO procedure and post-processing method only takes a single direction
load into consideration. More research is required to develop the multi-direction SPO for wind
engineering, especially considering that the quasi-steady assumption cannot be used in crosswind
and that higher-mode contributions may need to be considered.

Development of PBWD-specific performance assessment criteria using SPO: In the research
using SPO to develop wind analysis, the corresponding performance assessment is still based on
the seismic criterion. A specific performance assessment criterion to evaluate structural
performance objectives for wind engineering under SPO analysis is needed.

Transformation from wind SPO to wind IDA: The development of a procedure to transform
from wind SPO to IDA, as in the FEMA P-58 (FEMA 2016) methods for seismic engineering,
provides an efficient way to obtain the fragility curves (Vamvatsikos and Cornell 2006). To
develop this procedure, the stiffness degradation in wind SPO and the influence of the
directionality consideration of wind in IDA needs to be further examined.

A.9. Priority Research Need 9: Development of Wind Loading Protocol for
Experimental Quantification of System Performance in Wind

In the analysis of buildings, the structural response is typically simulated using macro-elements
at the component level. Accurate characterization of component behavior relies heavily on the
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calibration of the strength-deformation relationship, which is often informed by component
testing. When structures enter a nonlinear regime, the strength and deformation capacities of
their components depend on cumulative damage, which means that a component’s past loading
history is retained in its permanent memory and can influence its response to subsequent loading.
As such, the loading path becomes a critical factor in the analysis of structures. Ideally, to
accurately capture the real behavior of components under external loads such as seismic or wind,
component testing should replicate the loading path experienced in the actual structure.
However, the loading protocol aims represent different wind records or seismic records in the
real world, so two problems result when developing the loading protocols on component testing:
a) how to determine the cycles, amplitude, and sequence of cycles for the loading protocol and b)
how to generalize the results of one experiment under a predetermined loading history.

Krawinkler (1996) developed a loading protocol for structures under seismic loads. In this study,
a set of SDOF systems with different natural frequencies were used as prototype buildings and a
set of 15 ground motions were selected to develop the response history analysis. From the
response history analysis results, the statistical method can be applied to determine the number
of cycles, inelastic excursions, and amplitude of deformation and then form a generalized
loading protocol. Generally, the loading protocol should also be material based, which
Krawinkler does not mention. With a similar concept, SEAOSC/SAC (2000) developed the
widely used SAC Steel Project loading protocol for steel beam-to-column assemblies. CUREE
(2002) developed the Consortium of Universities for Research in Earthquake Engineering
loading protocol for wood frame shear walls.

In wind engineering, very limited work has been done to develop a component test under wind
loading protocol. One important reason is the linear structural response limitations of the
MWERS in the codes and standards for wind design. For the envelope system, Kopp et al. (2012)
introduced a pressure-loading actuator and used the scaled recorded wind pressure in wind tunnel
tests to study the performance of the toe-nailed roof-to-wall connections for low-rise wood
buildings. The pressure-loading actuator can also be applied to other envelope components (e.g.,
doors and glass panels).

With the development of PBWD, the nonlinear response of deformation-controlled elements is
allowed with a DCR limitation of 1.5. To develop an experimental test for coupling beams,
which are highly deformation-controlled components, Abdullah et al. (2020) proposed a method
to develop loading protocols. In this study, the amplitude of the loading protocol is determined
with DCR limitations of <1.5, and the number of cycles is determined with a wind tunnel test of
a tall concrete building. Note that the developed loading protocol may not meet the requirement
of generalization because it comes from only one wind tunnel test scenario. Hence, whether the
protocols currently used are more or less demanding compared with a rationally developed
testing protocol that reflects realistic wind loading histories on buildings is unknown. To this
end, establishing a basic procedure to develop the loading protocols for extreme wind
performance testing of deformation-controlled MWFRS members is important. In Wang (2021),
hurricane events are selected as the typical extreme winds to develop the component test loading
protocol design framework. In the proposed framework, the wind hazard, building aerodynamics,
and structural dynamics are discussed in sequence without consideration of structural motion-
induced effects. Loading protocols for hurricane winds are determined based on the obtained
statistics of structural member demand time history.
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To confirm the wind loading protocols used in component tests, several research needs are
identified as follows.

Simulation-based wind loading protocol design: Validation of current wind loading protocols is
required because they are mostly designed case by case. For instance, the design is usually based
on the numerical simulation of a certain case building under a specific wind time history. A more
comprehensive approach using structures with various natural frequencies and wind time
histories that can represent the statistical properties of wind hazards needs to be developed for a
rational wind loading protocol design. Many computation realizations need to be generated using
the high-fidelity numerical model with different materials and/or building types.

Material-specific loading protocols design: Buildings constructed with different materials may
have different response characteristics at the component level, and the designed cycles and
amplitude should be varied in accordance with construction materials. Hence, the design loading
protocol should be material-specified, and high-fidelity models provide a promising way for
validation purposes.

Wind hazard-specific loading protocol design: The current consideration of wind loading
protocols focuses on large-scale winds (e.g., tropical cyclones), while characteristics of non-
synoptic winds, such as thunderstorms and tornadoes, are usually not accounted for. The unique
characteristics of these non-synoptic winds require specific wind loading protocols for the
component tests.

A.10. Priority Research Need 10: Economic Study to ldentify Existing Buildings
at Risk

As stated in earlier sections of this report, one impetus for this work with NIST is the extensive
casualties and property losses that have occurred over the last several decades due to damaging
hurricanes, tornadoes, and other wind events affecting the United States. More than half of these
losses were uninsured and resulted from large-scale wind events impacting communities with a
high percentage of un-engineered buildings. Delivering to these communities means and
methods to improve the performance of these built structures could reduce both casualties and
property loss. Starting from improved performance and ultimately moving to enhanced resilience
within these communities is part of the overarching goal. Resilience provides communities the
ability to adapt to changing conditions and to withstand and recover positively from large-scale
wind events.

Economic studies on the impact of strong wind events such as hurricanes and tornados to the
built environment are crucial for understanding the potential financial consequences of such
events and guiding decision-makers in allocating resources for adaptation, mitigation,
preparedness, and recovery efforts. Comprehensive analysis of the economic costs associated
with natural hazards can inform policy development, help prioritize investments, and enhance the
resilience of communities to withstand disasters. A clear understanding of the financial impact
from wind damage could also help stakeholders establish a realistic performance objective at the
onset of design and/or result in building investments in performance improvements and
adaptation in securing insurance against windstorms.

Over the years, several studies have focused on the economic cost of individual events. For
instance, the economic impact of Hurricane Sandy, which struck the United States in 2012, was
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extensively researched (de Moel et al. 2013; Strauss et al. 2021). Initiatives like STEER also
produced reports that detail the damages observed on site after Hurricane Michael (Alipour et al.
2018), Hurricane Ida (Prevatt et al. 2021), Texas and Louisiana tornadoes (Roueche et al. 2022),
Hurricane lan (Prevatt et al. 2022), and others. In terms of tornado events, Prevatt et al. (2012)
summarized the post-tornado building damage surveys that were carried out after the 2011
tornado outbreak in the United States. These studies examined the financial implications of this
significant event and provided valuable insights into the associated direct and indirect costs.
However, few studies tackle the economic impacts of strong wind events on a national level with
a focus on vulnerable communities.

The FEMA National Risk Index is an innovative tool that aims to address this gap by providing a
comprehensive analysis of the risk associated with various natural hazards across the United
States (Zuzak et al. 2022). The National Risk Index estimates the expected annual losses for
multiple hazards, including strong winds and tornadoes. The expected annual losses for strong
wind events are calculated by considering the frequency and intensity of strong wind events, the
vulnerability of exposed assets (such as buildings and infrastructure), and the value of these
assets. Historical wind data, building inventories, and vulnerability curves are used to derive the
expected annual losses at a county or census track level for strong wind events. Using this level
of risk refinement and understanding the communities at greatest risk for economic loss,
programs could be devised to address performance improvements for the existing building stock
in these locals.

By understanding the distribution of building stock across the nation, the societal benefits of
different components of PBWD can be assessed in relation to the predominant storm types. For
example, in major cities along the hurricane coast with a high density of highly engineered tall
buildings, the economic and sustainability benefits of PBWD may be shown to developers to
encourage its use in the design of MWFRS components, while concurrently increasing the
reliability and resiliency of the building envelope. In inland regions, where thunderstorms or
tornadoes may dominate design wind effects, PBWD efforts may be better focused on building
envelopes to increase resiliency and reduce losses following severe wind events. This knowledge
can be used to increase the use of PBWD by educating Authorities Having Jurisdiction about its
benefits and potentially provide financial incentives through insurers to adopt more detailed wind
engineering of new buildings to reduce risk of losses.

Recognizing that the greatest losses, both financially and from a community perspective, often
occur in vulnerable, nonengineered low- and medium-rise housing communities situated at the
periphery of cities is also key. The need for improved connectivity and performance across all
these layers of a city must remain a key focus in adopting PBWD approaches. All three layers
need to recover post event, and therefore a holistic and broad-thinking approach to PBWD is
necessary to address the varying needs of diverse communities. By involving local governmental
organizations in this effort and in providing information about their building stock, the
opportunity exists to engage a much larger group of stakeholders in advancing PBWD for overall
societal benefit.
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Appendix B. February 2023 Reston, Virginia Workshop

B.1.

Workshop Agenda

SEI-NIST Performance-Based Design Workshop

DATE: Feb. 23-24, 2023
LOCATION: ASCE Bechtel Conference Center;
1801 Alexander Bell Drive, Reston, VA 20191

Workshop Agenda: FINAL_v3
Presiding: Workshop Director Don Scott, S.E., P.E., F.SEI, F.ASCE

Day 1: Thurs., Feb. 23; 9:00 am-5:00 pm Eastern
GENERAL SESSION
9:00 am-9:30 am: Welcome

Purpose, Goals, and Workshop Agenda
o Opening Remarks from Long Phan, Ph.D., P.E., M.ASCE, F.ACI; NIST
o Welcome from Laura Champion, P.E., F.SEI, F.ASCE; ASCE/SEI

Introductions

9:30 am-12:00 pm: State-of-the-Art Presentations/Panel Discussions

Case study: 321 W 6t Street—Practical Implementation of the Prestandard for
Performance-Based Wind Design
Kevin P. Aswegan, P.E., S.E.; Senior Associate, Magnusson Klemencic Associates

Case studies: Nonlinear Dynamic Modeling and Reliability Estimation in
Performance-Based Wind Design
Seymour M.J. Spence, Ph.D.; Associate Professor, University of Michigan

Case studies: Structural Wall and Coupling Beam Component Testing in Support of
Performance-Based Wind Design
John Wallace, Ph.D.; Professor, University of California, Los Angeles

Panel discussion: The paradigm shift to PBWD-how can we get there and where
could it go wrong?
Moderator: Melissa Burton, Ph.D., C.Eng; Principal, Arup

Panelists:
e David Bott, P.E., S.E., AlA; Principal, Heintges Consulting
Architects & Engineers
e Xinzhong Chen, Dr. Eng.; Professor, Texas Tech University
e Mehedy Mashnad, Ph.D., P.E., Principal, Walter P. Moore
e Roy Denoon, Ph.D., Senior Principal, CPP Wind Engineering
Consultants
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BREAKOUT SESSIONS
12:30 pm—4:45 pm: Five concurrent sessions

1.
2.
3.
4.
S.

Wind climate characteristics, Moderator Roy Denoon
System reliability, Moderator Seymour M.J. Spence
Wind-structure interaction, Moderator Melissa Burton
Structural analysis techniques, Moderator Teng Wu
Design, Moderator Russell Larsen

4:45 pm-5:00 pm: Reconvene

Summary and Adjourn Day 1

Day 2: Fri., Feb. 24; 8:00 am-12:00 pm Eastern
GENERAL SESSION

8:00 am—8:15 am: Welcome

Purpose and Goals of Day 2

8:15 am-11:45 am: Report-Out and Prioritization

Breakout Session Report-Out:

1 Wind climate characteristics

2 System reliability

3. Wind-structure interaction

4 Structural analysis techniques

5 Design

Moderated Panel Discussion of Workshop Steering Committee
Prioritization of Research Needs

11:45 am-12:00 pm: Conclusion

Summary and Adjourn Day 2

12:00 pm—4:00 pm: Workshop Steering Committee Meeting
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B.2. Workshop Presentations

SEI-NIST PERFORMANCE
BASED DESIGN
WORKSHOP

WELCOME

9:00—9:30 am
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* Opening Remarks:
Long Phan, Ph.D.; Group Leader, NIST

* Welcome:
Laura Champion, P.E., F.SEI, F.ASCE; ASCE Managing Director
of Global Partnerships and Director of SEI

SEI-NIST Performance Based Design
for Wind Workshop

February 23-24, 2023 — ASCE, Reston, Virginia

Long Phan, Ph.D., P.E., F.ACI, M.ASCE

Leader, Structures Group

Engineering Laboratory, NIST
== Igng:phan@nist.gov

o ¢

https://www.nist:gov/people/long-phan

STRUCTURAL
ENGINEERING
N lsr LABORATORY ENGINEERING
INSTITUTE
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Welcome and Thanks!

* To SEI (Jennifer Goupil, Don Scott, Bianca Augustin, Laura Champion): For
organizing, supporting, and serving as Project Manager and Workshop Director

* To all members of Workshop Steering Committee (Roy Denoon, Seymour
Spence, Melissa Burton, Teng Wu, Russell Larsen) and scribes: For your help
with brainstorming, formulating, conducting and recording the workshop, and

* To all workshop participants who are the experts and practitioners in the wind
engineering community: For participating and providing your expertise.

ler rsucmssmns SEI-NIST Performance Based Design for Wind Workshop sl

LASORATORY February 23-24, Reston, Virginia INSTITUTE

Motivation and Goals

* NIST Overarching Goal: Motivation: Wind Losses
To reduce the risk and enhance the resilience of buildings, = u.s. economic '
¥ United State’

H i 2 & Insured
infrastructures, and communities to wind hazards through "= by Peril D

advances in measurement science. (2010-2019)
Examples of advances in measurement science:

B Flooding

I e M Earthquake
o W Drought
7 /s 3 Wildfire

Winter Weather

Economic Loss

I | United States)
| 4538

Insured Loss

™ Data: Aon, Catastrophe Insight (2019)

* Wind is a major driver of damage to the built
environment!

..... - xff

Basic Wind Speed Maps for non-tornadic  Tornado Wind Speed Maps
extratropical storms regions in ASCE 7-16 and Loads Provisions in
ASCE 7-22

* Most wind fatalities occurred inside buildings

ENGINEERING SEI-NIST Performance Based Design for Wind Workshop et

February 23-24, Reston, Virginia INSTITUTE

LABORATORY
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Motivation and Goals

Workshop Goals:

* To review current state-of-the-art and identify research needs for
development, validation, and utilization of PBWD methods for
designing structures for wind loads, and

* To provide information for development of a focused NIST wind
research roadmap for advancing the application and standardization
of PBWD methods for safe and economical design of structures.

H H STRUCTURAL
ler ragqus’grggs SEI-NIST Performance Based Design for Wind Workshop ORI

February 23-24, Reston, Virginia INSTITUTE

Process

* Responding to identified research needs/gaps in current knowledge:

o R&D Roadmap for Windstorm and Coastal Inundation Impact Reduction

= Recommended R&D Topics:
» Performance levels and acceptance criteria for wind hazards;
» PBWD analysis procedures for nonlinear system behavior;
» Cyber-based tools to support PBWD; and
» Measurement of windstorm resilience and benefits of PBWD

o Strategic Plan for the National Windstorm Impact Reduction Program (NWIRP)

= Strategic Priority #4: Develop PBD for Windstorm Hazards

» Public Law 114-52: NWIRP to “support the development of PB engineering tools, BEEESiEs ol

and work with appropriate groups to promote commercial application of such
tools, including wind-related model building codes, voluntary standards, and
construction best practices”

5 : - 5 STRUCTURAL
ler raggg‘ﬁr(«)lgs SEI-NIST Performance Based Design for Wind Workshop et

February 23-24, Reston, Virginia INSTITUTE
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Process

* Building on current knowledge and expertise, including:
o SEl Prestandard for Performance-Based Wind Design V1.1

Prestandard for

o ASCE Wind PBD Technical Committee Performance-Based
o PBD Task Committee of ASCE 7 WLSC Wind Design—

* Diving deeper on topics related to: i
o Wind climate characteristics,
o System reliability, American Society of Civil Engineers
o Wind-structure interaction,
o Structural analysis techniques, and ASCE Ui e
o Wind design

to identify specific research needs to enable development, wide adoption, and
implementation of PBWD procedures in practice

ler rsncmsemns SEI-NIST Performance Based Design for Wind Workshop sl
LABORATORY PO
February 23-24, Reston, Virginia INSTITUTE

Thanks again, and let’s start!

ler rENGINEERING SEI-NIST Performance Based Design for Wind Workshop et
LABORATORY i
February 23-24, Reston, Virginia INSTITUTE
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STATE-OF-THE-ART

9:30 am —12:00 pM
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Case study: 321 W 6th Street - Practical Implementation of the PreStandard for Performance-Based
Wind Design — Kevin P. Aswegan, P.E., S.E.; Senior Associate, Magnusson Klemencic Associates|

Case studies: Nonlinear Dynamic Modeling and Reliability Estimation in Performance-Based Wind
Design
— Seymour MJ Spence, Ph.D.; Associate Professor, University of Michigan

15-minute COFFEE BREAK ***AND GROUP PHOTO OUT FRONT***

Case studies: Structural Wall and Coupling Beam Component Testing in Support of Performance-Based
Wind Design —John Wallace, Ph.D.; Professor, University of California, Los Angeles

Panel discussion: The paradigm shift to PBWD — how can we get there and where could it go wrong?
Moderator: Melissa Burton, Ph.D, C.Eng; Principal, Arup

321 W 6th Street, Austin, TX

Practical Implementation of the Prestandard
for Performance-Based Wind Design

STRUCTURAL

Senior Associate MAGNUSSON ENGINEERING
KLEMENCIC S

NATIONAL INSTITUTE OF
NIST ...,
Structural + Civil Eng rs : .

Kevin Aswegan, P.E., S.E.
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-0.5 0.0 0.5 1.0
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Prestandard for
Performance-Based
—— Wind Design

American Society of Civil Engineers
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103



NIST GCR 23-045-updl
November 2023

0
0.0833 0.1667 .5 1

104



NIST GCR 23-045-updl
November 2023

XA—XC+X8;XD+YDZYC+YBZYA

DDI = 0.5[

%

AX,.Y)
Level n+lg ¢

H

CX.,Y)

B e —
fo

o
L

Deformation
Damageable

— Exterior Panel

105



NIST GCR 23-045-updl
November 2023

BASE OVERTURNING MOMENT -- 110° BASE OVERTURNING MOMENT --
UNEAR

—WT STATIC

0 0.5
MX (kip-F)

Prestandard for
Perfor.mance-ABaSed 7.4.3.2 Deformation-controlled elements and actions
=Wind Design =
Calculated 'demand to capacity ratios for deformation-controlled elements shall not exceed 1.25,
where demand is calculated per provisions in Chapter 6, and the capacity is calculated as follows:

1. For reinforced concrete elements, the capacity is the expected strength|in accordance with
ACI 318, \with the phi-factor taken as 1.0.

7.4.3.4 Minimum strength for Method 1 design

The MWFRS shall be designed so that the calculated demand to capacity ratio for deformation
controlled elements shall not exceed 1.25, where/demand is calculated per the static wind/loads
prescribedin ASCE7-16 Directional Procedure, and the capacity is calculated as follows:

1. For reinforced concrete elements, the capacity is the[@éxpected strengthlin accordance with
ACI 318 with the)phisfactonaccording to’/ACI318:

106



NIST GCR 23-045-updl
November 2023

Category
Member Action Deformation-Controlled Force-Controlled

Shear wall shear

Shear wall flexural-axial interaction

Coupling beam flexure

Coupling beam shear
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UCLA Structural / Earthquake Engineering
Research Laboratory.

Experimental Study of Concrete Coupling Beams

Subjected to Wind and Seismic Loading Protocols
Final Report

Saman A. Abdullah
John W, Wallace

Univensity of California, Los Angeles
Department of Civil & Eaviroamental Engineering

Kevin Aswegan
Ron Klemencic

Magaasson Kkemeocis Associates, loc.

Report to Magnusoa Kicancacic Associates Foundation
Henry Samucli School of Eaginecriag and Applicd Scicace
University of California, Los Angeles

My 2000

- >< : >i<
Force-controlled Displacement-controlled Force-controlled

Number of cycles
Figure 2-21. Wind loading protocol used to test beams in Phase I.

UCLA CONVENTIONAL CONCRETE BEAM (CB2) HYSTERESIS
Vpr = 2Mpr/L

Shear at 0.15 Mpr

ELASTIC STIFFNESS MODIFIER
133 = 0.07(Ln/h)lgeoss

Vpr = 2Mpr/L
250
-2.0% -1.5% -1.0% -0.5% 0.0%
ROTATION (%)
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BASE OVERTURNING MOMENT -- 110°

CUMULATIVE ENERGY -- 110°
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CONVENTIONAL COUPLING BEAM ROTATION -- 110° SRC COUPLING BEAM ROTATION -- 110°
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COUPLING BEAM ROTATION CYCLE COUNT EXAMPLES -- WIND ANGLE 110°
CONVENTIONAL COUPLING BEAM L36 N2
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& 0.002({2-10 cyces)

TENSILE STRAINS

10 TRUCKS OF STEEL
(125 TONS)

200 CONCRETE TRUCKS (1,800
CUBIC YARDS)

5% STRUCTURAL COST REDUCTION

111



NIST GCR 23-045-updl
November 2023

bl LT TR
et
-

THE CONSTRUCTION RESOURCE

112



NIST GCR 23-045-updl
November 2023

Table 1.3-1. Target Rg ions That Do Not

WiRA
Release 3.0

Failure that is not sudder Developed by )% 107 per year

does not lead to widesj Wei-Chu Chuang, Ph.D Seymour M.J. Spence p=3.5

ession of damag Dep. of Civil and Env, Eng Dep. of Civil and Env. Eng
= L g p University of Michigan, Ann Arbor University of Michigan, Ann Arbor 7
Failure that is cither sudd pekebed Sl g sl Y J ) X 107 per year
leads to widespread
3 WIRA was supported by funds from:

progression of damag

“ie v K
Failure that is sudden an

ic Associates (MKA) F
s 5 National Science Foundation (NSF)
results in widespread

progression of damag MAGNUSSON

KLEMENCIC

ASSOCIATES

FOUNDATION

(c) Copyright 2021, The Regents of the University of Michigan. All Rights Reserved

RESIFAR@

Prestandard for

Performance-Based
Wind Design

Vi UNIVERSITY OF

HIGAN

ASCE “fj FouNoATION

S PURDUE

Cincinnati UNIVERSITY
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=

MAGNUSSON
KLEMENCIC

ASSOCIATES

Structural + Civil Engineers

Kevin Aswegan | kaswegan@mka.com

in Performance-Based Wind Design
Seymour M.J. Spence

University-of Michigan
Department of Civil and Environmental Engineering

MICHIGAN ENGINEERING Gﬁ A
{ MICHIGAN ® COLLEGE of ENGINFERING . "

Nonlinear Dynamic Modeling and Reliability Estimation

February 2023
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PERFORMANCE-BASED WIND ENGINEERING

Reliability (or annual rate of exceedance/failure probability) estimation:

iw= [ [ GRlasmlac(armliacn] == br=o710-P"
adiy

= 8N
Y 8 —
& 9. = Wind ‘(0”.41} Aerodynamic | f(t: . @) Str | (w1, it} Collapse R(Oy. @ ¢.§) Collapse
g o g Climate | ’ Loads Responses Evaluation ’ Risk, Az
> \ # S
(@) & '8 Y
2]
H o Wind Load Modeling Structural Modeling
m Environment Environment
c s ’g‘ A Nonlinear modeling scheme
& Stochastic i
ise and
oty (O b.50) o)
parameters
Uncertainty quantification

el ased collapse assessment of wind excited steel structures within the setting of based wind engineering”. 45
of Structural Engineering, 148(9). 04022132

mation in Peri
@ Wind Desic

Uncertainty quantification

mamic Modeli
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STRATIFIED SAMPLING

and failure occurrences

P(Vy >%y)

Preserve the desirable characteristics of simple MCS, yet achieve variance reduction

Wind speed is the dominant input random variable that influences the range of nonlinear responses

102} |

20 30 40

U [m/s]

Most surprising
(high entropy);
abundant
information

50 60 70

Rarely interesting Typically interesting Rarely interesting

scheme for the simultaneous estimation of small failure probabiities in wind engineering

47

01, 102310

I=1
subject to

AOR) <D i=1,.,.M

(2023) "An mmwm scheme for the simultaneous estimation of small failure probabifities in wind engineering

STRATIFIED SAMPLING
Total probability theorem:
@ A _ T e |
)~ PO — Yi(x. ! __ . MCS estimator of the conditional
PO~ P ; i:)z!/m 2 1{E}(X;)} £ Lt prosaniy
: | S
: 0 e e e L > Stratum probability ¢(X) = ¢(X)1{X € Di}p;"*
g = = Estimator variance:
o )
12 L _2p) (i) 3 2
= g A P;'(1 - P, Optimal sample allocation?
8 > £ Var(PI(’)) = Zp—' 7 ( S Tt L
e = n, 7 = arg min Zm
i

116




NIST GCR 23-045-updl
November 2023

nce-

S .0
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Nonlinear modeling scheme: Dynamic shakedown

49

WHAT IS DYNAMIC SHAKEDOWN?

Definition of the state of dynamic shakedown

nce-

A state in which plastic deformation is produced only during a first phase of finite duration whilst
the whole subsequent phase is purely elastic.

L

Failure cannot occur due to:
1) Ratcheting
2) Low cycle fatigue
3) Instantaneous plastic collapse

rma

¢ Modeling and
jon in Perfo

Method 3 analysis

of inelastic wind excited ¢ at dynamic

50
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T

Downloadable at:
https://reslab.engin.umich.edu/wira-software
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Building shape

Question: what is the reliability
of these buildings and how does
it compare to the ASCE targets
(Table 1.3-1)

Steel frame with outriggers
Steel megabrace

= £ Wm__0m
€ 30m
s $ 20m
' e
x|
| =]

1 | > §x |

Concrete core with fin walls
Concrete core with outrigger: x
Moment frame

Structural system

Designed using current state-
of-the-art approaches (wind

II'* tunnel ESWLs and design

= values for capacity) for:
New York and Miami

———— West Coast building with
comparable wind and seismic
actions

52
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Hazard curve: ASCE 7-22 + Dynamic Wind loads: CPP Data +
Directional factors from CPP plus stochastic wind load model
i F(t:9,.0) = ZF/(I.: Ty, @)

Modeli

Desic

J=1

e

K
F(t:8,.0) = Z2I‘5(w&:n)|

Aj(wr: By, @) Aw x

(&) o) 10 k=1
R
£ .= .5 & x cos(unt + 0 (k) + Vi)
@ g L a— @ s 10
= - vy [m/s]
| Steelbuildings Concrete buildings
] Mechamcal par'"m;“" . . — hanical and gravity load parameters
= o Mefenial Lo Diibuton Nominal _ McanNominal __CoV____ Distribution
X o~ ~ x < = K E \'
E 29000 (ksi) 1 0.04 Lognonual P :g% ::: g':: :\,x:
< 2 ! 93 Lognomnal 1 60 (Ksi) 1.13 0.03 Normal
2% . 2no
Grahylosdpacametes  — ¥ [ —
Mean CoV Distmbution Tose - 0.24 06 Gamma
D 1.03D,° 0.1 Nomal "
Ve 0.24L,° 0.6 Gamma
“D,,. L,: Nommnal dead load and live load
53
6 I T T T T T T
I LS 1 First component yield
5 |- LS2 System-level yield limit state i
LS3 Non-shakedown [
L |
v 'g |
ASCE targets '3 ) I
\ : = 3r ™ -~ ] - 1 ]
) 7 (Table 1.3-1) 3 i i | P : g ;
X ) 2 ] ]
= ) 14 1
O & e { i
= 0 1+ { ]
£ .2 8 | s
™ o ) L ]
& é E \ o
> - o)
A a9
R
-'Q’ - .'m
I(—'l
* Tendency for the component reliability to be lower than the target.
* For all examined case studies, significant inelastic reserves can be observed, i.e. the difference between
LS1 and LS3 is between 0.4 and 2.15.
54
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Importantly, reliabilities associated with
residual drift (permanent set) were seen to be
consistent in both principal response directions
and generally greater than the target
component reliability

55

Bynamic Mo

Nonlinear modeling scheme: High-fidelity approaches

56
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B Bascd Wi

HIGH-FIDELITY STRUCTURAL MODELING

Nonlinear Structural Modeling (in OpenSees)

1) Fiber-based models that capture the complex hysteretic behavior of steel (including
reinforcing) and concrete

2) Low-cycle fatigue and potential fiber fracture captured by damage index parameter:
Fatigue model wrapped around Steel02/SteelMPF in OpenSees

3) Each compression member modeled using two inelastic \ v
elements with random initial camber to trigger flexural b
buckling

4) Corotational formulation for the geometric nonlinear
effects

5) Shell elements with macro fibers for shear wall modeling
6) Nonlinear Rayleigh damping model

7) Explicit oxr implicit direct dynamic integration schemes:

Mii(r) +fp (a(r), u(?)) + £, (u(r)) = £(1; 71, @)

57
CASE STUDY 1 - OVERVIEW
aode Structural model
Description uncertainties, §,,
Parameter Mean COV  Distribution
n 1di : : E 200 GPa 0.04  Lognormal
= 45-story building in New York City 5 LA, 608 Lopsirmal
* Mega-braced steel frame b 0.001 001 Lognormal
* W14 sections for columns and braces @ 0.077 0.161 Lognormal
s 5 R 20 0.166 Truncated Normal
* ngld dlaphragm a? 0.01 2 Lognormal
as 0.02 0.5 Lognormal
) = Limit States 3 0.000556L " 0.77 Normal
i M - - : Z 0.015 04  Lognormal
S Eystem dus y.leld 3 * Fy, : Nominal yield strength.
{o! * Component first yield ** L : Member length. )
5 + Component fracture H
g » Component buckling 10° 3
. stem colla
Syst: pse
Pai = Wind load model 10?
a +  Weibull distribution for F;, 2
+ CPP wind tunnel data g
* l-hr duration, 300 s ramp up and ramp 10 (78.8,7x10°7)
down portions, 200s free vibration J
l0‘0 40 60 80 00 2 :
T AN g
Uy (m/s) '4’9,0 =P
assessment of wind excited steel structures within the setting of based wind engii ", 58
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i
CASE STUDY 1 - OVERVIEW
— S 1 model =
Description u:::r‘r:ht::: {?,. o [ %
Parameter Mean COV_Distribution [ g\ Iy
iy i1di 3 : E 200 GPa 0.04  Lognormal
= 45-story building in New York City A LI, 006 Logoemal
* Mega-braced steel frame b 0.001 001 Lognormal
: * W14 sections for columns and braces :, 26077 8.::; -lfognon:dalN |
- " Sred 3 . runcated Normal
A C mgld dlaphragm n:, 0.01 2 Lognormal
. 7 az 0.02 0.5 Lognormal
) = Limit States 5 0.000556L" 0.77 Normal
e g @) . i 4 Iq 0015 04 1
£ s System first y.Ield 4 “Fyn - Nominal yield strength.
: g (o) o Component first Yleld ** L : Member length.
£ 3= + Component fracture -
g g + Component buckling 10° P
) . stem collapse reliminary study: 250 samples =
5Eg Sy ollap eV
F 2 = Wind load model 10?
*  Weibull distribution for Fy, =
+ CPP wind tunnel data B
* 1-hr duration, 300 s ramp up and ramp  10*
down portions, 200s free vibration
10 oot L NN X
0 20 0 N 100 14, L
‘jf'ldmwuwmummmmmwof i based wind engineering”. 59

CASE STUDY 1 - RESULTS W

° All samples /_Ow =
x Collapse samples

315

(O] ®) (®) ®)

* 134 collapse samples
* Majority of collapses occurredinthe  NEsl @exureypo) colape il e R
acrosswind sectors H/6; (b) base H/2; (b) base
ment of wind excited steel siructures within the setting of based wind engineering”. 60
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Representative sample: Type-1, ¥y = 60.26 m/s, a = 280°

—— Py yieided [E— L—_uy_‘_-

/N N
i

<;

:

Roof displacement
history

AN

amic Modeli

N\
37
7N
/NN . \
N\ \
NN VY )
N N Stress-strain
\ / 717 histories of the
(. 4 fibers belongi: 0
\./ N > \\/ \< lothr:muynm B
/ \ fractured column a
3 section 250 5
y, B
\<\< ERNY N | ®
/NG AN @iz o1 008 006 00+ 002 0 002 00
® © @ ‘
: fwind excited steel structures within the setting of based wind engineering. 61

CASE STUDY 1 - RESULTS i

Annual failure rates and 80 year reliability indices

Limit State AER, vP; COV(»P;) Bso
System collapse 1.18x 107 9.5% 252
Component first yield 5.64%x 107 31.1% 1.91
3= 0! System first yield 7.40x 107* 26.9% 1.79
O = Component buckling 3.87x 107 17.9% 2.89
o Component fracture 1.75 x 10~° 26.5% 3.13
Q
2 Fragility surfaces/curves

©  Da, X=SY ’
= == = Fit function, X = SY L
08 A  Das, X=C @

Fit function, X =C

(b)

P(C | oy,0)

02
l‘” iln/;i
0 20 60 80 100 120
O [m/s)
'd excited steel structures within the setting of based wind engineering". 62
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gnamic Modeli

h

Description

= 45-story building in New York City
* Reinforced concrete core system
* Coupling beams at each floor

* Rigid diaphragm

= Limit States

* Concrete crushing

+ Concrete cracking

* Rebar fracture

* Rebar buckling

* Rebar fatigue failure

+ System collapse
Wind load model

Type 1 distribution for F;,
CPP wind tunnel data

1-hr duration, 300 s ramp up and ramp
down portions, 200s free vibration

Summary of random variables for structural models

Parameter  Mean COoV Distribution
S fos 20% Lognormal
& 0.004 20% Lognormal
fu Son 20% Lognormal
€ 0.02 20% Lognormal
F, Fyn 10.6% Beta

Ey 200Gpa  3.3% Lognormal
b 0.02 20% Lognormal
& 0.077 16.19%  Lognormal
€ 0.1 0.133%  Lognormal
{ &y 30% Lognormal

ieses 6
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== f | ] 71
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= : ::.5,':_5-: : $ |
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et
Table 6: Failure probabilities and reliability indices over 50 years
Limit States Description Py CovV Bso
LSI system collapse 594x 1077 20.02% 4.86
LS2 along-wind peak inter-story drift ratio > 1/50 9.71x 107 14.97% 4.76
1S3 across-wind peak inter-story drift ratio > 1/50 1.31x 103 39.18% 4.20
LS4 along-wind roof residual drift ratio> 1/1000 277x10°% 24.45% 4.03
LS5 across-wind roof residual drft ratio > 1/1000 3.85x 10°¢ 23.98% 447
LS6 compressive fiber experiencing concrete crush/rebar buckling 2.16% 1077 34.59% 5.05
LS7 tensile fiber experiencing rebar fracture 1.35x 1077 44.12% 5.14
64
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:. z e e
A I Collapse initiation from: : “w |
1
1 I
1 & I w
1 , - Concrete crushing and rebar T !
! \ buckling 1= :
: I 11 1
5 2 13
1 : - Concrete cracking with rebar 1 5% !
il " fatigue/fracture failure 15 :
T i) . i
1 “003 002 aois 001 0mS 0 ows oor oo | 1 a0 1 h
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RC Component Testing

Coupling Beams, Splices, Walls

NIST/SEI Wind Performance-Based Design Workshop
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NIST/SEI Wind Performance-Based Design Workshop
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Performance-Based Wind Design

* RC core wall buildings

* Economical

— Low story heights

— Open floor plans/views

Efficient and Reliable lateral system
— Large lateral stiffness and strength

— Reliable yield mechanisms

* Research Issues

— Well-defined and limited in scope - “ o
— Coupling beam and wall plastic hinge detailing < : { &%
: ny SR
* Very focused (limited) discussion today « S
NIST/SEI Wind Performance-Based Design Workshop
February 23-24, 2023 70
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Research Topics Wind PBD: Components

* Reinforced Concrete Link Beams
— RC, Steel RC (conventional reinforcement)
— Reinforced with steel fibers
* RC Shear Wall Performance
— Core walls (flanged wall cross sections)
— Planar walls
« Outrigger (intentional) Performance

— BRBs, beams, panels B
« Outrigger (gravity frame) Performance J |
— RC or PT slab column frames s . &
s )&

NIST/SEI Wind Performance-Based Design Workshop
71

February 23-24, 2023

Research Objectives

* Coupling Beams & Walls
— Requirements for modest levels of yielding

= Capacity design (strength hierarchy)
» Detailing: Transverse reinforcement (confinement/rebar buckling, anchorage/splices)

— Load vs deformation behavior
« stiffness degradation (cyclic), energy dissipation, strength loss (damage)

» Modeling for nonlinear analysis
— Damage (repairability)
— Loading protocol (wind vs seismic vs gravity)
+ Slab-Column Connections (gravity system)
— Rotation capacity (w/o shear reinforcement) prior to punching failure
— Damage (repair) and Loading protocol
NIST/SEI Wind Performance-Based Design Workshop

February 23-24, 2023 72
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February 23-24, 2023 73

UCLA Coupling Beam Research

8 Test Beams 2/3 scale Aspect Ratio w/ and w/o slab Loading Protocol I

NIST/SEI Wind Performance-Based Design Workshop
February 23-24, 2023 74
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Reports & Journal Papers

+ Coupling Beams - Reports
— Experimental Study of Concrete Coupling Beams Subjected to Wind and

- Recommendations for Modeling of Reinforced Concrete Coupling Beams for
Performance-Based Wind Design, UCLA SEERL Report 2022/01, 138 pp.
+ Coupling Beams — Journal Papers
—~ Abdullah SA, Aswegan K, Jaberansari, S, Klemencic RO, and Wallace JW, Performance
of Coupling Beams Subjected to Simulated Wind Loading Protocols, AC! Structural
Journal, 117(3), May 2020, pp 1-14. MS No. $-2019-203, 10.14359/51724555.

—~ Abdullah SA, Aswegan K, Kl ic RO, and Wallace JW, Performance of Concrete
Coupling Beams Subjected to Simulated Wind Loading Protocols — Phase II, ACI
Structural Journal, 118(3), May 2021, pp 101-116. MS No. S-2020-105.R3, doi:
10.14359/51729356.

— Abdullah SA, Aswegan K, KI ic RO, and Wallace JW, Seismic Performance of
Concrete Coupling Beams Subjected to Prior Nonlinear Wind Demands, Engineering
Structures, 268 (2022), 114790, 17 pp.

February 23-24, 2023

Seismic Loading Protocols, UCLA SEERL Report 2020/01, May 2020, 276 pp.

NIST/SEI Wind Performance-Based Design Workshop

UCL A UCLA Structural / Earthquake Engineering
Research Laboratory

Experimental Study of Concrete Coupling Beams.
Subjected to Wind and Seismic Loading Protocols

Final Regart

Saman A, Abdullah
Jeha W, Wallace

Vntversty of Coddornia, Lon Awgebes
Depariment of (R & Lavironmentsl Enginerring
Kevin Aswegsn
Ron Klemenchc

Magwasen Kirmrnckc Arciases, Inv.

Rrport bo Mugwen Kirmenck Avaclaten I
Mrary Samact School of ngiaeriing asd Appled Scivace
Universiy of Cobornia, Lo Angebes

My 2030
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Phase |: RC Test Beams

= Demand — —

« V,=5Vf, b,d i

= Standard detailing Coer ]

= ACI 318-14 Ch.9
» No capacity design

= V,= V@Mpr
= oV,=V,

Standard detailing
Aspect ratio = 2.5
T-shaped slab

304-3/8" 23@4-3/8°
#303-5/16"

$-1/3"Slab, 16 o

428

24
Bl
w
=
]

17 (typ).
Section A-A

Standard detailing
Aspect ratio = 3.67
No vs. L-shaped sla7t?i
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Phase II: 3 RC Beams + 1 SRC Beam

- ACI 318-14 Ch.9
— AISC 360

* Rigid end blocks
— UCLATest
— WSU (Motter) Tests

February 23-24, 2023

» Connection capacity designed

77

» Aspect ratio = 2.5 - 3 .37.6_\ - ’-g;;gs'
« Slab (both sides) " U 'i < I
« Demand iz E]»wumo- SEE TR
- V,=5Vf.b,d w3077 | #307° ; ]
u c Mw! FS R 1" &(!!P)
« Standard detailing * zf—J Section A-A

Loading Protocol Development (3/3)

= Consists of 2162 cycles
= Building with 6s period (50-60 story ) = 3.5 hr storm
= Took 7 to 10 days to test each beam

500 Cycles 500 Cycles 75 Cycles
@0.15M,,  @0.40Mp, @0.75M,,

5 Cycles 2 Cycles
@120, @1.59,

Symmetrical ramp-down

i

<
»< > <
.

Lateral load or cord rotation

i

TLETTTTIR

WVVVWVVVV

'
O

Force-controlled

»< <
Displacenent-controlle

>

Force-controlled

Number of cycles

78
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Phase Il: Alternative Loadings Protocols
= Replicate three “standard” beams from Phase |

S0 Cycles S0 Cyces 75 Cycles S Cycks 2Cyehs
g @0.15M,, @040\/ g,oml,, @1, .H&v Symmetrical ramp-down 2 e s
: : i ! \
§ f fﬂh&AA ﬁ}l}lhh A ’l %—{A A{‘H‘\‘x’l&!‘m‘lui.l I‘MM&M:‘!P\”&HAVA'A
EMAVV M I Ml l AhAA[ 'llJ J’J T ‘; l“h]i“]wg w%w‘v”l
AL 111 | (LA
_‘:E Original ! - 3 L § #2 Zero mean
K polled gk el 3 Bllod Number of Cycles

Number of cycles
Increase number of "ramp-up" and "ramp-down" cycles

lncrc“c # of

Lateral Load or Cord Rotation

I Load or Cord Rotation

| i
=
mzﬁl<l
Pdr

| CB4: 0.75M,, §

o e e S e T
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CB2: 1.56

CB2: 2.06
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Ductility, p
o

()

$04 - (TR o]

Lateral Load (kips)
o

804

R W gvuo

.

R
T
%

700

350 7

teral Load (k]

-.350 7

16 T T T
0018 00078 0 00078 001

Ductility, o
-1 o 1

Lateral Load (kips)

N

Lateral Load (K

0015 00075 0 00075 0018

Chord Rotation

(5) Repaired RU vs. nmco:irod RU
T .

0084

Axial growth (in.)

(€ CBS vs
CBSR

=

S
Axial growthbeam length, /n (%)

T
3

>

S

002 001 o ool
Chord rotation

0

Summary

+ Very modest damage for 6max/6y < 2.0 (3.0)
— Small residual rotations
— Repair (epoxy) — not very effective (+15% stiffness)

+ Pinching (> than for diagonal rebar)

» Aspect ratio (2.5 and 3.67)

— Stiffness (I./h); otherwise, similar "

&

« Strength loss (seismic loading protocol) )
. emax/ey = 5.3 tO 8.0 z : Pl oty

o | 'A’A““VAVAVAVAVAVAVAVAVVw

February 23-24, 2023 EIRE R WORD

Lateral Load (kips)

Ductility
1 0 1

-2 2
] =]
] r4
: =
Ly =
] 3
] =
1 K]
4 L
=
] -
200t : S
-0.02 -0.01 0 0.01 0.02
Chord Rotation
1.2
1(h)
084 ------ bemenee 1 # 2% EEEE
043 ---oecbemaaant
03
0494 - -+
08F---- ol —CBLIA=2S
] | — B2 =367
1.24r et
0.1 -0.05 0 0.05 0.1

Chord Rotation

84
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Ductility Ductility
* Loading protocol : R e s T 1
£ . 1603 F=fr0 203 1050
— More inelastic cycles £ W o 3
é _‘,’ = 803 ,:,mg
— Non-zero mean = - 3 0 o
5 -s0d Faso 3 &% =xof-350 8
= 3 F.e0d _::: 2700 7
-1603 1 f-700 2403 — Vo -1050
. . " - B VaMpE
— Multiple loading protocols T e e YT e
Chord Rotation Chord Rotation
* Wind loading: Limited impact Duetilty
x 3 -2 «1 o ] 2
(more axial growth) s e ST sz
240 10%0 =
» Seismic loading: Modestly 216030 w2 3" =
reduced deformation capacity 3 o "y
g 80 -.!Sué —z""»‘“ 0.17 é
3160 700 3 ;‘nm&- 0,088 _:é_
+ SRC Beam (1 beam; WSU) s -
003 002 001 0 001 o0 <002 001 0 001 002
o Exce"ent performance Chord Rotation Chord rotation
February 23-24, 2023 85
In-Plane Hos*zontal
Actuator (A} ply shear)
Out-of-Planc Horizontal
Actuators (Apply Shear)
Hydrolic Jacks
(AEEIY Axial Load
Loading Stecl Beam
In-Plane Vertical Actuators
(Apply Moment/Axial Load) Floo
Strong.
D S
February 23-24, 2023 86
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UCLA Wall Test Specimens

L] f’ ~ 8 ksi 75 /n (Gr 60)x °§;o:<v>nspoi$
= WALL 1 : e
. Wmms(ww)os / u-a’:ns
e Ordlnary ' [ 'ojlcu SIZE & SPCG OF HORIZ RENF (H3), TYP
Detalling Jurk W e -
—_ I
- PU o 0 . 1 Agf'C 30 sﬁ #2 (G 60) 02" HORIZ €F FOR OcHstp —M1_] 2 (or 0} °§;m -y
(Constant) iOA.CLRJYP #2 (Gr 60) 96" HORIZ EF FOR M>Lp HE
. . . Llhl.WPI 0,4,CLR.TYP 6 Mo.3 (6r 60) €F
 Biaxial Loading pscinne e e st
-5
- |ler,ln-plane *
O-5Mpr,0ut-of-plane In-Plane
» Loading Protocol
Out-of-Plane

NIST/SEI Wind Performance-Based Design Workshop
February 23-24, 2023 87

Loading Protocol

+ 1650 elastic cycles (0.15, 0.40 and 0.75M,, p)
+ Total of 26 inelastic cycles; Max ductility ratio of 3.08,

250 Cycles 500 Cycles 75 Cycles SCycles  3Cycles 2 Cycles @2.00, .
@0.15M,,  @O40M,,  @O.75M,, @120, @150, @230, @3.00, Symmetrical ramp-down
; Lre—>—E— 1

AVWVAVAVAVAVAVAV?VAVAvavnéhvﬁvnvhvhvhvh@ lVAVAVAVAVAVAVA$VAVAVAV?VAV%AVAVAVAWW

>

Force-controlled Displacement-controlled Force-controlled

Lateral load or cord rotation

T T T T Al T T
0 838 1676
Number of cycles
L Y J
Apply biaxial loading
February 23-24, 2023 88
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Shear Wall Wind-Related Performance Issues

Lateral System (core wall) Ductility,
0

— Load vs Deformation behavior -2 % ' 2
320 5 llJ 1(‘1312’ L1 1 f Al 11 ’ I T - 1400
« Modeling parameters o ()_ - E oso
— Stiffness behavior/degradation . JWind toading|; L e e
. ‘ Z 1604 ------ R ot/ /AEEEE £700 S
_ B— ] E ]
Unloadlng/ReIoaqlng (energy) S SR S J - 350 S
— Strength loss (splices) g 0 Eo 8
« Gravity System T 803 E-350 E
— Slab-column connections F-1603 - R s e o
240 F———— - - - - | — V@Mpr £-1050
« Lateral system 3725 : = E
e =& rrrr | rrrrrrrrr T =
— Outriggers 2002 -0.01 0 001 0.02

Chord Rotation

Repair (stiffness)
NIST/SEI Wind Performance-Based Design Workshop
February 23-24, 2023 89

SPLICES

NIST/SEI Wind Performance-Based Design Workshop
February 23-24, 2023 90
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Wall Splice Behavior (fatigue)

» Literature Review
— Pre-yield loading (fatigue) UCLA Beam TeStS

— Post-yield loading (seismic) e \
» May reduce peak strength g :
» Can significantly reduce deformation 7 - el . g

capacity
» Tests reported in the literature had
long splice lengths (relative to 318-19)
— Only one test program using wind
loading protocols with nonlinear
demands (long splice lengths, well
detailed)

NIST/SEI Wind Performance-Based Design Workshop
8/28/23 91

UCLA Beam Splice Tests

* Splice region — Same as wall b= 8.5"
- b, =5
— #4 longitudinal bars (spliced bottom bars)
- c,/d, =225 h=10"
— #2 stirrups

+ Splice details
— Splice length: 1,=12 in. (per §25.4.2.4 of ACI 318-19)
— Stirrup spacing: S.« = 18 in. governs (full-scale)

Smax = 6 in. for 1/3 scale C-shaped walls

NIST/SEI Wind Performance-Based Design Workshop
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UCLA Beam Splice Tests

+ Beam 1 + Beam 2 - Beam 3
— Splice Length = 1.3%4 — Splice Length = — Splice Length =
= Stirrup spacing = 6in. 1.3*1 -25*ld 1.3%1 .25*|d
— Stirrup spacing = 3in. — Stirrup spacing = 2in.
X X p p P P
Y 24" \ y ¢ Y Y
AV \ i
2@6in. L@ : n@zin.

NIST/SEI Wind Performance-Based Design Workshop

Lateral load or cord rotation

Lateral load or cord rotation

UCLA Beam Splice Tests: Loading Protocol

20 Cyeles 00 Cycles 75 Cyeles

SCyeles 3 Cyekn 2 Cyeken @200,

Force-controlled

@0.15M,, . @OMOMy  @OTSM,  @IN, @10, @20, @aod, Symmstrical ramp-down
WALES
BT YR T L L LTIV Whevenil
: vvvvvvwvWwwvwwwwwwwv VYTV
[« 135-&2'-}»8;:1'@}" )5{ I)hplxcm\v;_(«wnu(\lkd . i E' Foree-contolcd
838 1676
Number of cycles
Apply same tensile & comp. strain
demands to the spliced bars
Z’«?f-u,”;-' o F e Sohs ey Gy “{ Symmctrical ramp-donn
Tension
L t();mp )( @06y @010, 5

> >
Force-controlied

Displacement-controlled
T

588
Number of cycles

Differences

» 250 cycles are not included (walls
are under compression)

* Inelastic cycles in ramp-up only

» Constant compressive demands for
the last 16 inelastic cycles
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Beam 1 Beam 2 (WLP) Beam 3

lacement Oudvlitg' (y)

10 12]
T T

R

Mid Span Displacement (in)

5—.20 y Seismic Loading
L]
o Beam 3 (WLP)
202-SWLP |
80 20-2-S Seismic| -
20-3-S WLP
b 16-6-S WLP
o . . : :
066 o 066 132 198 264 33 396

UCLA Beam Splice Tests: Results

Failure Points:

1. Beam 1 (s=6", I1s=1.3*ld)

At the 3 cycle of 75 cycles
@0.75M,,

Before yield
Splice failure

. Beam 2 (s=3", 1s=1.25*1.3*Id)

At the 2™ cycle of 4 cycles
@2.50y
WLP was not completed

Splice failure

. Beam 3 (s=2", 1s=1.25*1.3*Id)

WLP was completed

2 cycles @70y,b and @103y,b
applied

Failed @128y,b

Bar rupture

UCLA Wall Tests: Splices

 Splice Length
- ls=1.25(1.3) Iy

» Transverse reinforcement
— U-bars and cross-ties @ 2” (splice)
— U-bars and cross-ties @ 3” (1,,/2)

£ (o @0 AT e
= 75 - Rgoow oMy
S "
WALL 1 10 Mo 3 (& €0) @ 6
.o (e wores) e 1o
% [ %0 whiox sze & 5905 of woRz Rowe (43). TP
= L |
2 b = d
I L L ot e
- s #2 (G 63) 03" HORZ ©F AT SPXT TGN
. - #2 (0 00) 06" WM U ADNT SPLCE REEON -
30 v 12 (0 ) o vomz 0 rom oonais 1 J|_f° ¥ (o 4{OF TR
wv 2 — Soisy caY
L'_’i&mrw 12 (6 ) 08 WAT U7 FOR WOL b
™
| S PP, e
U-BAR TO WATOH $2C & $0C P B e
| 9secumrre o vorz wowv g, 7o N

- 5

February 23-24, 2023

WALL-2 FLANGE ELEVATION

s=6"

lw/2
]-Splices
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Wall Test Specimens (2) — Phase |

February 23-24, 2023

UCLA Test Program: Current Status

Large Beam Splice Tests (2)

#8 Spliced Bars
97

LADBS requirements
— Introduced in 2008

— Typical tall building has 24 to
30 channels

I 1. Minwnum

Number of Sioces Above Ground | Minmum Number of Channels.
6-10 12
11-20 15
21-30 21
31-50 24
more than 50 30

— Additional guidance in
LATBSDC (2020)

— Replicated in other jurisdictions

February 23-24, 2023

Final Observation: Instrumentation

LA D Bs INFORMATION BULLETIN I PUBLIC - BUILDING CODE

—_— REFERENCE NO.: l.;’%cc 2017 117 Effective: 01-01-2017
SOARTUDNT O DOCUMENT NO.: o Revised.
SRTHNT OF $OLENE KRB TATETY Pr p As: PBC 2014117

STRUCTURAL MONITORING EQUIPMENT
IN BUILDINGS DESIGNED WITH NONLINEAR
RESPONSE HISTORY PROCEDURE

SCOPE
These special standards for the installation and servicing of structural mmdonng equipment shall
apply only to new buildings in with the istory of

Chapter 16 of ASCE 7, "Seismic Response History Procedures” and mqwmd sxruc:ura monitoring
instrumentation per Section 1613102 of the Los Angeles Building Code (LABC). The
instrumentation requirements in this bulletin shall be used with the requirements in Information
Bulletin P/BC 2017-048 for conventional high-rise buildings.

OVERVIEW
The pamary objective of structural monitoring is to improve safety and refiabiity of infrastructure
systems by providing data to improve computer modeling and enable damage detection for
post-event condit Given the of systems used and response
of interest . strain, rotation, plossum) IM purpose of this
bulletin is to provide and flexible to
faciitate achieving these bfoad obgecuvos The instruments shouid be selec(ed to provide the most
useful data for post: in the i scheme for a
given building type (e.g., steel moment frame) may be wanamed to provide a broader range of dala
given the required relatively sparse An of proper
building owner is that post event may be thru
meeting that herein.

to the
onhedatarromme

98
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QUESTIONS?
NIST/SEI Wind Performance-Based Design Workshop
February 23-24, 2023 99

Moderator:

* Melissa Burton, Ph.D, C.Eng; Principal, Arup

Panelists:

* David Bott, P.E., S.E., AlA; Principal, Heintges

* Xinzhong Chen, Dr. Eng.; Professor, Texas Tech University
* Roy Denoon, Ph.D.; Principal, CPP Wind
* Mehedy Mashnad, Ph.D., P.E.; Principal; Walter P. Moore
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BREAKOUT SESSIONS

12:30 — 4:45 pM
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GOALS FORTHURSDAY’s BREAKOUT SESSION:

1. State-of-the-Art
» Consensus on current State-of-Art
* Identify current challenges

2. Long Term Vision
Consensus on Long Term Vision
Discussion of current gaps
Identify what is needed to get to the Ideal
How do we get there?

3. Research
* |dentify research needs
* Prioritize

BREAKOUT SESSION Details:

BREAKOUT SESSION MODERATOR m

Wind Climate Characteristics Roy Denoon Seabury & Smith
System Reliability Seymour Spence  DMJM
Wind-Structure Interaction Melissa Burton CH2M Hill
Structural Analysis Techniques Teng Wu Cardinal

Design Russell Larsen Harris
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SUMMARY &
ADJOURN

445 —5:00 pm

SEI-NIST PERFORMANCE
BASED DESIGN
WORKSHOP — DAY 2
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WELCOME

8:00 - 8:15 am

1200pe-12 J0pm = WORGNG LUNON PROVIOLD

BALAXOUT SESSIONS.
12 30pmA 450 ~ Frre ConOuTent Bassans (140 Ses0gTans baitw]
Dencen

& Smnl seass Techeues - Moderner Teng We
5 Dwtign = Medantor fussed Larsen Ashop
Caotar,
b 20192

2450 = CONEE RREAK

S 45 g COpem = Racoovers
5 Sumensey bad Afiourn Ony 1

Workshop Director: P

 Hoom-4.008m = CONTIINTAL BREALTAST PROVOLD

Don Scott, P.E., S.E., F.SEI, F.ASCE PR

£:000m-8 16am = Weicome JROOMS: CHIM, AKE, 545
5 Purpors and Gows of Doy 3

5500w 31 4500 = R ot ot Prioemineion

5 Breakout Taision Report owt: (10 ming LK o 30w + 10 s ORAJ
5 Wint Cmane wrsawen

* Purpose — Report outs from :
each Breakout Group R -

& Modersted Parel Docuston of WIC [30mns ]
T Procmaanon of Resesrch Needs [20 mea |

* @Goals - Prioritized Research ok I
Needs p—

1290-400pm = Workhop Sesring Commites Meetag

e coukd g9 wrong?

* Agenda ST

Varien
O, O Ung Profusse, Tasas Toch vty
o Mk Lovaey Blng. Cling. At Oirecior, Bumsioppod
Protessar

* Digital Package

40 .« 30 i #97 « 30 i O8]
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REPORT OUT &
PRIORITIZATION

8:15am —11:45am

GOALS FORTHURSDAY’s BREAKOUT SESSION:

1. State-of-the-Art
* Consensus on current State-of-Art
* Identify current challenges

2. Long Term Vision
* Consensus on Long Term Vision
* Discussion of current gaps
* ldentify what is needed to get to the Ideal
* How do we get there?

3. Research
* |dentify research needs
* Prioritize
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WIND CLIMATE
CHARACTERISTICS

Peter Vickery

o Different goals will require different data/methods/priorities. For example:
® Reduce building materials costs / reduce embodied carbon
e Reduce wind-induced structural damage and/or cladding damage / increase resilience
o Does reducing damage / resulting debris / resulting rebuilding requirements actually reduce
environmental impacts/embodied carbon more than reducing initial volumes of steel/concrete/other
materials

e Better seismic performance
e Reduce water infiltration
e Serviceability/occupant comfort

* What specific kinds of wind hazard characterisations do we need for Wind PBD ?
e Current ASCE 7 gives a single nondirectional wind speed and tornado speed.
e Need separate characteristics for different storm types (tropical, extratropical, thunderstorm, tornado,
other?)

Need durations/time histories/peaks over threshold/duration over threshold to get accumulation of
damage?
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* Tropical Cyclones
* Need more data for RMW and pressure wind relationship modelling (Hurricane Hunter Data)
* Revisit hurricane boundary layer with more dropsondes
* Air density
- Extratropical Storms —
* Surface wind speed data driven models
* Summary of the day (TD3210)
* ISD 3505 — has multiple gusts and directions per day
* Thunderstorms
* Poor knowledge of lateral extent of storms
* Limited knowledge of vertical profiles
* Limited knowledge of duration
* Derechos vs. downbursts
* Tornadoes
* Very limited knowledge of tornado wind structure
= Significance of multi-vortex tornadoes?

* Others

» Climate Change Effects
* Some confidence with tropical cyclones
* Some confidence with extratropical storms
* Not much for thunderstorms and tornadoes

* Need to translate outputs from climate models to engineering requirements (wind
speed)
* Combined wind/rain/hail models
* Combined wind-rain maps
* Combined wind-hail maps
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* Harris and Deaves/ESDU used for all storm types even though
developed for extratropical storms.

* Meteorological modelling (WREF, etc.)

* Lifetime exceedances of threshold — accumulated damage
* Which storms govern which design objective?
* How to deal with thunderstorms in the wind tunnel

* Large full scale field experiments to look at Deaves/Harris model and
thunderstorms
* Derechos vs. downbursts
* Spatial and temporal characteristics of derechos
* Are vertical profiles different in derechos and downbursts?

* Topographic Effects
* More experimental data needed
* Need CFD models
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* Probability distributions
* Type | probably fine
* Use superstations to define tails

* How to combine hazard/responses?

* How to strike a balance between complexity of structural
analysis and number of wind time histories.

* How to prioritize research needs
* Most at risk buildings
* Buildings amenable to PBD?

* West coast PBD might have different goals than East and Gulf
Coast PBD

* Use savings from reduced steel and put towards BETTER
CLADDING

* What is the problem that needs to be solved
* Water penetration

151



NIST GCR 23-045-updl
November 2023

* Tornados
* Some knowledge of wind structure
* Importance of pressure drop vs. wind loads
* Thousands of combinations (size, r/RMW, translation speed, etc.)
* CFD can help
* Can get information on flow field anywhere in the tornado
* CFD will be able to model loads — grid resolution problem

* Thunderstorms
* Some knowledge of wind structure
* CFD used to
* get information on flow field anywhere in the tornado
* CFD will be able to model loads — grid resolution problem
* ABL tunnels can be configured to reproduce characteristics of thunderstorms

* Can we model derechos — likely not yet. Need to get better understanding of the spatial and
temporal characteristics. Likely different than downbursts.

* Derechos likely longer lived than downbursts

Thunderstorm/Tornado characterisation (14)

Performance based multi-meteorological (wind/hail/rain) design (11)

Transferring non-ABL winds to practice in testing (10)
Risk mapping for different building stock types (3)
Redo Harris and Deaves model (2)

Extratropical simulations/climate modelling (2)
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SYSTEM RELIABILITY

Luca Caracoglia

BREAKOUT SESSION Participants:

Moderator: ~ Seymour Spence
Scribe: Srinivasan Arunachalam
Reporter: Luca Caracoglia
Participants:

* Michele Barbato

* Xinzhong Chen

* Do-Eun Choe

* Greg Deierlein

» Jeff Dragovich

* Terri McAllister

* Chris Raebel

* John Wallace
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. SUMMARY of Current State-of-the-Art
* Identify current challenges

. SUMMARY of Long-Term Vision

3. PRIORITIZED Research Needs

SV GCURRENITSIATE-OF-ARIN(1/3)

* Three methods from ASCE Pre-Standard for PBWE of engineered systems
= Method 1: basic analysis (pseudo prescriptive)
= Method 2: conditional probability analysis assessment
= Method 3: fully coupled reliability analysis

* Literature review (2007+)
a) Performance-based design adapting the PEER equation from seismic to wind
b) Recognize the need to consider two-way coupled system

o From wind load to response, then to damage probability (on the envelope mainly, for tall building;
failure for low-buildings)

o For wind loads and response there is also a feedback effect, e.g., damage on facade induces water
penetration; water damages the panel and modifies internal pressures. Pressure load changes (
mostly, but on occasion MWFRS)

o A local problem (e.g., loss of a window panel) may affect the whole building

154



NIST GCR 23-045-updl
November 2023

* Literature review (2007+) - continued
c) Fragility functions for structural & nonstructural components

o EDP vs. fragility at the component level, Is FEMA P-58 applicable? No: earthquake is short-
duration very intense; wind is persistent with several lower-level peaks

o Classes of fragility functions: in seismic engineering the feedback is “local” at element level; in
wind engineering fragility may trigger effects to other members (e.g., water penetration)

o For low-rise buildings: the wind load changes with the progressive damage to the structure (roof
structure collapses after breaking of a window)

o For high-rise buildings: mainly nonstructural components, cladding systems, wind-borne debris
o The engineer needs more structural fragility functions for wind analysis

Damage, losses and consequences (several methods proposed, problem
understood)

* Literature review (2007+) - continued

e) Wind climate synoptic winds (well understood), hurricanes (well understood) but
less understood for tornadoes & thunderstorms

f) Question: setting target performances that may be out of reach
o Reliability question is important for cladding components: what is the risk that we wish to take?

o Problem: testing on cladding is often standard but outdated (pass or fail test only, no probability)
—every cladding type may be different and there is a lot of uncertainty
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~ LONG-TERM VISION (2/3)

*Modeling: need for speeding up PBWE process (computationally
expensive)

o Time-marching algorithms, nonlinear models with several runs (refer to
presentation by MKA)

o Need to “reconcile” wind design (quasi-linear) vs. seismic design (highly nonlinear)
o More focus on surrogate modeling, machine learning and Al

»Education of professional engineering workforce

o Few programs offer wind engineering beyond ASCE7 prescriptive design
o Reliability course

o Continuing education

WUV VAR E EONG-TERMIVISION (2/3)

-N\/ ‘_:.:
Jl I F

*Cladding & Components (C&C) - nonstructural:

Address fragility for nonstructural components (holistically): researchers, industry,
government

Classification of cladding and components. How many different type of cladding are
necessary for wind analysis? Identify cladding systems, types of tests that are needed

Wind-borne debris failures: failure/impact energy significantly changes (material &
installation - Refer to Barbato et al. that shows uncertainty in fragility experiments

Costs to derive fragility functions from experiments for C&C unsustainable by industry

»Round-robin fragility test problem, sponsored by industry, where
entities “compete” to find solutions

*Provide experimental databases that can “move fragility industry” @
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- Ul LONG-TERMVISION (3/3)

* In tall buildings, unlike seismic design, mean drift controls the design
o Avoid large inelastic behavior beyond yielding to occur — P-A effects cause progressive collapse

= Uncertainty in the loads probably more important than structural uncertainty

Uncertainly in structure can be on occasion neglected (yielding, structural damping) since
reliability is almost the same (refer to studies by X. Chen et al.)

Large uncertainty is present because wind engineer is forced to make initial assumptions: e.g.,
wind field simplifications, homogeneous ABL profile vs. realistic wind profiles, directionality
Wind tunnel testing to assess wind loads:

vIf carefully performed, uncertainty in pressure load measurements (pressure coefficients C,) can be
controlled, except for peak pressures in C&C for low-rise, 3D buildings

v'Building shape effects: Reynolds number usually less relevant except for special structures

= Changing climate for structures designed for long lifetimes (Barbato et al.)

\Vi/

* = | RESEARCH NEEDS

Integrate performance between structural system and cladding (“feedback”
modeling) & generate structural and non-structural damage functions,
component-specific (cladding)

2) Improve physics-informed, computationally efficient models for nonlinear
analysis of wind response over long-period durations (surrogates, Al)
3) Characterize hazard and loads (loading uncertainty, assumptions, non-stationarity
w/ climate change considerations, etc.) for both short and large return periods
4) Define probability-based and life-cycle cost metrics, limit state(s) of interest
4.a) Consider damage, repair, recovery & account for impeding factors, e.g., delays damage/repair
4.b) Differentiate PBWE needs for low-rise vs. high-rise buildings (MWFRS, C&C)
4.c) “Organize” & “standardize” reliability targets (DCR, etc.) — benchmarking, ranges
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WIND-STRUCTURE
INTERACTION

Jason Garber

BREAKOUT SESSION Participants:

Moderator: Melissa Burton
Scribe: Wenbo Duan
Reporter: Jason Garber

Jason Garber, M.ASCE;

Larry Griffis, P.E., F.SEl, M.ASCE;
Wendy Reyes;

Ramon Gilsanz, P.E., S.E., F.SEl, F.ASCE;
Ahmad Rahimian, Ph.D., F.ASCE;

Dan Rhee, Ph.D;
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1. What is PBWD?

What is it? What is it not?

Consideration across the design space Step by step prescriptive methodology
Solution is nonprescriptive to achieve a performance goal Something that you can employ without

- rticipati llaboration of all stakeholders
More “accurate” approach to design loads (better definition of demand) paitcipstion;/coliaborationa AREA0CE

More sustainable solution (it should be!) Throwing mass at a building to solve dynamic
issue

Conscious consideration of varying climatology Only considering discrete points (RP’s) in design
Incorporate climate change

A refinement of existing practice (GOAL: that is adopted by all)

Current challenges:

= Value proposition Time of Peak Demand /Storm Duration

* Adoption by many / all Complex Structures
Complex Surroundings

Computational Requirements

Required Suites / Progressive Storm after Storm Loading
Addressing structures where most failures arise

Load Application / Model + Load Interaction

Modelling Implications / Structural Properties

Wind Load Input

Missing data from Existing Buildings / Monitoring

159



NIST GCR 23-045-updl
November 2023

Structural and Material Properties

White Paper to Make the Case for PBWD
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Promoting Wind Eng. Education & Funding
Curriculum

Measuring Performance Before & After Code
Changes

161



NIST GCR 23-045-updl
November 2023

Economic Study Identifying Existing Buildings @
Risk in Vulnerable Community
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Incentivized Existing Tall Building Surveys

STRUCTURAL
ANALYSIS
TECHNIQUES

Ricardo Medina
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BREAKOUT SESSION Participants:

Moderator: Teng Wu
Scribe: Baichuan Deng
Reporter: Ricardo Medina
* Kevin Aswegan
» Jennifer Goupil
* Hitomitsu Kikitsu
 Viral Patel
DonghunYeo
Scott Erickson
Juan Paulino
Marcos Martinez

| \ |
4 I\ |
1 11N\

SRT

* Limited research on design of loading protocols
* Data for model validation are essentially based on tests under seismic loading protocols
* Few physical tests are available under wind loading protocol

* Inherent damping is one of the most critical factors to be considered in wind analysis, but it is relatively
poorly understood

+ The static pushover is a natural extension of linear static analysis and can be used as a quick check of
building performance under strength wind demands

* Extreme value theory is used for linear static analysis, and it is implemented in codes and standards

* Nonlinear response history analysis is good for general structures, with high demands on computational
resources. Compared to black-box fast methods (e.g., machine learning), the engineering community
prefers theory-based fast methods (e.g., shakedown)

* Lack of comprehensive validation at the system level

+ Method 3 provides an efficient way to analyze structural performance
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* Facilitate the implementation of analysis tools so that at least 80% of the
practicing engineers can incorporate PBWD routinely

* Implementation of PBWD with the objective of supporting the resilience goals of
the community.

o)X= IRESEARCHNEEDS:

Confirmation of loading protocol
Lab tests of various components, e.g., slab-to-column connection, walls, steel joints, etc.

Guidance for selection of extreme values (peaks of peaks) in nonlinear response history analysis (e.g., in the analysis
of force-controlled actions)

High-fidelity FEM models to calibrate component modeling along with available database

Testing beyond yielding to understand the effects of strong nonlinearity in wind-induced responses

Improved understanding and quantification of inherent damping

Leveraging the high efficiency of Method 3 to study various archetype buildings to facilitate its application in design
Static pushover for wind engineering to quickly evaluate nonlinear structural performance

Theory-guided data-driven approaches (e.g., knowledge-enhanced machine learning) for efficient nonline?r]gjxsis

. Full-scale structural response data

Improved understanding of the benefits of considering the nonlinear behavior of various foundation types.
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DESIGN

Juliana Rochester

BREAKOUT SESSION Participants:

Moderator: Russell Larsen
Scribe: Juliana Rochester
Reporter: Juliana & Tom

Davit Bott

Mehedy Mashnad

Angela Mejorin

Don Scott

Tom Smith

Pataya Scott

Long Phan
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* Cladding, Impact, & Water Infiltration design expectations are possibly
inadequate

* PBWD Prestandard vi.1 offers solutions to improve cladding and enhance

MWERS performance

* Inspection for envelope exists . . . But isn’t detecting / covering enough

» Structural Concrete Testing going nicely... PBWD Steel Seems to Lag

Billion-dollar disasters by type, from 1980-2019
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==> ] A A pIEE

WIND CLIMATE WIND STRUCTURE STRUCTURAL
CHARACTERISTICS INTERACTION ANALYSIS

ENGINEERING PRINCIPALS BEING CONSIDERED

WIND SPEED BUILDING TIME HISTORY TO WHAT LEVEL OF CAPABILITY OF
TURBULENCE DYNAMICS INTERNAL FORCE SAFETY DO WE CONSTRUCTION
INFLUENCE ON ANALYSIS TARGET MATERIALS
HURRICANE WIND LOADING
TORNADO NONLINEAR METHODS TO DETAILING AND
DOWNBURST TIME HISTORY MODELING DETERMINE TESTING OF
SYNOPTIC GENERATION TECHNIQUE RELIABILITY BUILDING
COMPONENTS

OUTPUT TO NEXT GROUP

WIND TUNNEL INTERNAL FORCES &
SETTINGS o STRUCTURAL SAFETYMARGIN  “QPt COMPLIANT
STORM LENGTH RESPONSES

SYSTEM RELIABILITY DESIGN

* Get to a point where overall system reliability can be justly predicted

* Make cladding testing better. Identify the sources of loss and find out that if the
testing methods are evaluating the proper parameters.

* Fill in structure PBWD design gaps including:
* Move Industry toward demonstrating Structure System Reliability
» Structure component Fragilities for Wind
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- RESEARCH NEEDS

* #1 Re-Evaluation of Envelope Test Methods
* Do Debris Impact tests evaluate the relevant performance parameters?
* Do pressure & water infiltration tests actually evaluate the parameters needed to prove
a design outcome?
* Tests for wind and pressure of cladding may not recreate relevant demands on cladding
system.
+ Effect of Aging of sealant and similar—and do tests pick this up.

"' RESEARCH NEEDS

* #2 Field Diagnostic Tests for Envelope Component Integrity
* Following #1 — where deficiencies in performance are found, and are not supported with
inspection or verification tests, create evaluation metrics

: ~
This is an ex fcladdlng adhesnon that was not
tested. (and t mbrane was not installed correctly.)
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* #3 Wind Component Specific Fragility Curves
* Fragility Curves allow assessment of damage and cost, and we need fragilities for wind

Cladding pressure vs breakage
Water infiltration
Envelope tearing / lift off

Recalibrate P-58 data focusing
on small deformation

displacement

- with

fmallzunthe Iod testlg
* #4 Further Structural MWFRS PBWD Testing protocol

Braced Frame & BRB Connection (R=3) type Refine Acceptance Criteria for
detailing low cycle fatigue evaluation Concrete Elements

TOTAL ROTATION (R
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10 minutes

Moderator:
Don Scott, P.E., S.E. —Workshop Director

Panelists: Workshop Steering Committee
» Roy Denoon, Ph.D., M.ASCE; Principal; CPP Wind
* Melissa Burton, Ph.D, C.Eng; Principal, Arup

* Seymour Spence, Ph.D., A.M.ASCE; Associate Professor; University of Michigan
» Teng Wu, Ph.D., M.ASCE; Associate Professor; University at Buffalo
* Russell Larsen, P.E., S.E., Aff. M.ASCE; Principal; MKA

171



NIST GCR 23-045-updl
November 2023

SUMMARY &
ADJOURN

11:45am —12:00 pm
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B.3. Workshop Participants

B.3.1. GENERAL SESSION Presenters

Don Scott, P.E., S.E., F.SEI, F.ASCE; Don Scott Consulting; Workshop Director
Long Phan, Ph.D., P.E., M.ASCE, F.ACI; Group Leader; NIST
Laura Champion, P.E., F.SEI, F.ASCE, Managing Director, SEI, and Global Partnerships; ASCE

B.3.2. BREAKOUT Participants

B.3.2.1. Wind Climate Characteristics

Moderator: Roy Denoon, Ph.D., M.ASCE; Senior Principal; CPP Wind Engineering
Consultants
Scribe: Workamaw Warsido, Aff. M.ASCE; Senior Project Engineer; CPP Wind Engineering
Consultants
Participants:
John Kilpatrick, Ph.D., P.Eng., M.ASCE; Principal; RWDI
Greg Kopp, Ph.D., P.E., M.ASCE; Professor; Western University
Frank Lombardo, Ph.D., EIT, Aff. M.ASCE; Assistant Professor; University of Illinois
Peter Vickery, Ph.D., P.E., F.SEI, F.ASCE; Peter J Vickery Consulting
Marc Levitan, Ph.D., Aff.M.ASCE; Lead Research Engineer; NIST
Antonio Zaldivar, Ph.D.; Graduate Structural Engineer, Walter P Moore
Brian Skourup, P.E., S.E., M.ASCE; EVS, Inc.
Jason Smart, P.E., M.ASCE; American Wood Council

B.3.2.2. System Reliability

Moderator: Seymour M.J. Spence, Ph.D., Aff. M.ASCE; Associate Professor; University of
Michigan
Scribe: Srinivasan Arunachalam, S.M.ASCE; Graduate Student; University of Michigan
Participants
Michele Barbato, Ph.D., P.E., F.ASCE, F.SEI, F.EMI; Professor; University of California
Davis
Luca Caracoglia, P.E., M.ASCE; Associate Professor; Northeastern University
Xinzhong Chen, M.ASCE; Professor; Texas Tech University
Greg Deirlein, Ph.D.; Professor; Stanford University
John Wallace, Ph.D.; Professor, University of California Los Angeles
Terri McAllister, Ph.D., P.E., F.SEI., Dist. M.ASCE; Group Leader/Program Manager;
NIST
Chris Raebel, Ph.D., P.E., S.E., M.ASCE; American Institute of Steel Construction
Do-Eun Choe, Ph.D., P.E., M.ASCE; New Mexico State University
Jeff Dragovich, Ph.D., P.E., S.E., M.ASCE, F.ACI; Associate, DeSimone Consulting
Engineers
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B.3.2.3. Wind-Structure Interaction

Moderator: Melissa Burton, Ph.D., C.Eng., M.ASCE; Principal; Arup
Scribe: Wenbo Duan, Arup
Participants
Jason Garber, M.ASCE; Engineer; RWDI
Larry Griffis, P.E., F.SEI, M.ASCE; Senior Consultant; Walter P. Moore
Wendy Reyes; HDR Inc.
Ramon Gilsanz, P.E., S.E., F.SEI, F.ASCE; Partner, Gilsanz Murray Steficek LLP
Engineers and Architects
Ahmad Rahimian, Ph.D., F.ASCE; WSP
Dan Rhee, Ph.D.; Research Engineer; NIST

B.3.2.4. Structural Analysis Techniques

Moderator: Teng Wu, Ph.D., M.ASCE; Associate Professor; University at Buffalo
Scribe: Baichuan Deng, S.M.ASCE; University at Buffalo
Participants
Kevin Aswegan, P.E., S.E., M.ASCE; Senior Associate, Magnusson Klemencic
Associates
Scott Erickson, P.E., M.ASCE; Principal; DCI Engineers
Jennifer Goupil, P.E., F.SEI, F.ASCE; Managing Director Structural Engineering
Institute and ASCE Chief Resilience Officer; Workshop Program Manager
Hitomitsu Kikitsu; National Institute for Land and Infrastructure Management
Ricardo A. Medina, Ph.D., P.E., M.ASCE; Engineering Mechanics & Infrastructure;
Simpson Gumpertz & Heger
Viral Patel, P.E., S.E., M.ASCE; Design Director; Walter P. Moore
DongHun Yeo, Ph.D., P.E., M.ASCE; Research Structural Engineer; NIST
Marcos J. Martinez, Ph.D., P.E.; Desimone Consulting Engineers
Juan M. Paulino, P.E., S.E.; Buro Ehring Engineering

B.3.2.5. Design

Moderator: Russell Larsen, P.E., S.E., M.ASCE; Principal; MKA
Scribe: Juliana Rochester; P.E., M.ASCE; Senior Design Engineer, MKA
Participants
David Bott, P.E., S.E., AIA, M.ASCE; Principal; Heintges Consulting Architects &
Engineers
Mehedy Mashnad, Ph.D., P.E.; Principal; Walter P. Moore
Angela Mejorin, Ph.D.; Western University-Canada
Don Scott, P.E., S.E., F.SEI, F.ASCE; Don Scott Consulting; Workshop Director
Tom Smith, R.A., F.SEI, M.ASCE; President; TLSmith Consulting, Inc.
Pataya Scott, Ph.D., EIT, Aff. M.ASCE; FEMA
Long Phan, Ph.D., P.E., M.ASCE, F.ACI; Group Leader; NIST
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B.4. Workshop Reading List

B.4.3. Wind Climate Characteristics
e ASCE Prestandard for Performance-Based Wind Design (2019)

Additional Materials:
e ASCE/SEI Manual of Practice 143, Design and Performance of Tall Buildings for Wind
e ASCE 7-22, Chapters 1, 2, C1, and C2

B.4.4. System Reliability

e ASCE Prestandard for Performance-Based Wind Design (2019), Chapter 1 and
Appendices 2 and 3

Additional Materials:

e Ghosn et al., Performance Indicators for Structural Systems and Infrastructure Networks

e Zhang et al., System-Based Design of Planar Steel Frames, I: Reliability Framework

e Zhang et al., System-Based Design of Planar Steel Frames, I1: Reliability Results and
Design Recommendations

e Arunachalam and Spence, Reliability-Based Collapse Assessments of Wind-Excited
Steel Structures within Performance-Based Wind Engineering

e Ouyang and Spence, Performance-Based Wind-Induced Structural and Envelope Damage
Assessment of Engineered Buildings through Nonlinear Dynamic Analysis

e Ouyang and Spence, A Performance-Based Wind Engineering Framework for
Engineered Building Systems Subject to Hurricanes

e Chuang and Spence, A Framework for the Efficient Reliability Assessment of Inelastic
Wind Excited Structures at Dynamic Shakedown

e Chuang and Spence, A Performance-Based Design Framework for the Integrated
Collapse and Non-Collapse Assessment of Wind Excited Buildings

B.4.5. Wind-Structure Interaction

e ASCE Prestandard for Performance-Based Wind Design (2019)

Additional Materials:
e Serviceability Design of Tall Buildings under Wind Loads
e Council of Tall Buildings and Urban Habitat (CTBUH) Wind Tunnel Testing of High-
Rise Buildings

B.4.6. Structural Analysis Techniques

e ASCE Prestandard for Performance-Based Wind Design (2019), especially Chapter 6 and
Appendices A and B
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NIST GCR 17-917-46v1, Guidelines for Nonlinear Structural Analysis for Design of
Buildings

NIST GCR 17-917-46v2, Guidelines for Nonlinear Structural Analysis for Design of
Buildings

NIST GCR 17-917-46v3, Guidelines for Nonlinear Structural Analysis for Design of
Buildings

NIST GCR 17-917-45, Recommended Modeling Parameters and Acceptance Criteria for
Nonlinear Analysis in Support of Seismic Evaluation, Retrofit, and Design

PEER Tall Buildings Initiative Report, Case Studies of the Seismic Performance of Tall
Buildings Designed by Alternative Means. Tall Buildings Initiative | Pacific Earthquake
Engineering Research Center

Additional Materials:

B.4.7.

Huang and Chen (2022), Inelastic Performance of High-Rise Buildings to Simultaneous
Actions of Alongwind and Crosswind Loads

Mohammadi et al. (2019), Performance Assessment of an Existing 47-Story High-Rise
Building under Extreme Wind Loads

Preetha Hareendran et al. (2022), Performance-Based Wind Design of Tall Buildings
Considering the Nonlinearity in Building Response

Jeong et al. (2021), Performance-Based Wind Design of High-Rise Buildings Using
Generated Time-History Wind Loads

Wang and Wu (2022), Statistical Investigation of Wind Duration Using a Refined
Hurricane Track Model

Design

Guidelines for Wind Vulnerability Assessments of Existing Critical Facilities
Main and Fritz, Database-Assisted Design for Wind: Concepts, Software, and Examples
for Rigid and Flexible Buildings. 1 Database-Assisted Design (DAD) Approach

Additional Materials:

A Performance-Based Wind Engineering Framework for Envelope Systems of
Engineered Buildings Subject to Directional Wind and Rain Hazards

Wind-Borne Debris Hazards, 9780784414965

Aswegan et al. (2015), Recommended Procedures for Damage-Based Serviceability
Design of Steel Buildings under Wind Loads

Estimation of Wind-Driven Rain Intrusion through Building Envelope Defects and
Breaches during Tropical Cyclones

Griffis, Serviceability Limit States under Wind Loads

Cui and Caracoglia, Performance-Based Wind Engineering of Tall Buildings Examining
Life-Cycle Downtime and Multisource Wind Damage

Arunachalam and Spence, Reliability-Based Collapse Assessment of Wind-Excited Steel
Structures within Performance-Based Wind Engineering

Johnson et al., Simulation of Rain Penetration and Associated Damage in Buildings
within a Hurricane Vulnerability Model
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e Chowdhury et al., Large-Scale Experimentation Using the 12-Fan Wall of Wind to
Assess and Mitigate Hurricane Wind and Rain Impacts on Buildings and Infrastructure

Systems
e Wolf and Griffith, Wind-Driven Rain as a Design Parameter
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Appendix C. Workshop Research Needs Mapped to Program Elements

NIST is the lead agency in the U.S. Federal Government for the National Windstorm Impact
Reduction Program (NWIRP), and Strategic Plan Item No. 4 for this program is to “Develop
Performance-Based Design for Windstorm Hazards.”

The following language is taken directly from the NWIRP Strategic Plan document. Priority
research needs are added in bold font and brackets to indicate how these needs align with the
program elements of the NIST NWIRP.

The National Windstorm Impact Reduction Act Reauthorization of 2015
(Public Law 114-52), directed NWIRP to “support the development of
performance-based engineering tools, and work with appropriate groups
to promote commercial application of such tools, including wind-related
model building codes, voluntary standards, and construction best
practices.” This strategic priority will engage the program agencies in
performing basic and applied research that supports PBD development
and in the knowledge transfer activities needed to support
implementation.

Existing national model building codes emphasize prescriptive wind and
coastal design procedures that implicitly seek to minimize loss of life but
do not adequately address minimizing direct or indirect economic losses
[Priority Research Need 10]. Performance-based design (PBD) focuses
on explicit expectations of building performance with respect to loss of
life, damage, and operability, providing a wider range of design options
than prescriptive code-based procedures. PBD promises to bring greatly
improved economy and functionality for designs to resist windstorms.
NWIRP will support development of PBD to resist windstorm hazards,
including for tornadoes [Priority Research Needs 4 and 5].

From a structural point of view, PBD has been facilitated by the advent
of sophisticated computational capabilities [Priority Research Needs 7
and 8] in the practicing engineering community. However, PBD requires
more detailed knowledge of how structures [Priority Research Need 6]
and nonstructural elements perform, including the infiltration of water,
as well as a clear understanding of what level of performance [Priority
Research Need 1] is needed to achieve desired resilience [Priority
Research Need 2]. Because the step-by step building-code-based
procedure is not used, PBD also alters decision-making and liability
processes to include more complete and complex analyses, additional
consideration of risk levels, and more extensive consideration of cost-
risk tradeoffs. This will require more extensive knowledge about social
behavior, structural performance needed to support response and
recovery [Priority Research Need 10], and investment decision making
as described in the following strategic priorities.
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This effort will also leverage advances in PBD for seismic design.
Earthquake engineering is far ahead of wind and coastal engineering in
terms of developing performance-based criteria [Priority Research
Need 9] for seismic design. The wind and coastal PBD requirements will
leverage the methods from the earthquake models for performance
objectives applied to the wind and flood resistant structural systems.
Different performance objectives are needed for the building envelope
[Priority Research Needs 2 and 3].

SP-4 supports Objectives 10, 11, and 12 by guiding the creation of tools
[Priority Research Needs 2, 7, 8, and 9] to improve the performance of
the built environment subject to extreme wind events [Priority
Research Needs 4 and 5], supporting the development of windstorm-
resilient standards and building codes, and enabling implementation of
such methods in professional practice. Initial development of PBD for
tornadoes [Priority Research Need 4] is a short-term effort, PBD for the
broader range of wind hazards is a medium-term effort, and PBD for
storm surge-flooding is a long-term effort.
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Appendix D. Program Participants: Alphabetical List

Srinivasan Arunachalam, Graduate Student University of Michigan
S.M.ASCE

Kevin Aswegan, P.E., S.E., Senior Associate Magnusson Klemencic
M.ASCE Associates

Bianca Augustin, Aff.M.ASCE

Administrator

ASCE/SEI Workshop
Coordinator

Michele Barbato, Ph.D., P.E., Professor University of California Davis
F.ASCE, F.SEI, F.EMI
David Bott, P.E., S.E., AlA, Principal Heintges
M.ASCE
Melissa Burton, Ph.D., C.Eng., Principal Arup
M.ASCE
Luca Caracoglia, P.E., M.ASCE Professor Northeastern University
Laura Champion, P.E., F.SEI, Managing Director, ASCE; retired June 2023
F.ASCE SEl, and Global

Partnerships
Xinzhong Chen, M.ASCE Professor Texas Tech University
Do-Eun Choe, Ph.D., P.E., Professor New Mexico State University
M.ASCE
Greg Deirlein, Ph.D. Professor Stanford University
Baichuan Deng, S.M.ASCE Graduate Student University at Buffalo

Roy Denoon, Ph.D., M. ASCE

Senior Principal

CPP Wind Engineering
Consultants

F.ASCE

Jeff Dragovich, Ph.D., P.E., S.E., Associate DeSimone Consulting
M.ASCE, F.ACI Engineers

Wenbo Duan Consultant Arup

Scott Erickson, P.E., M.ASCE Principal DCI Engineers

Jason Garber, M.ASCE Engineer RWDI

Ramon Gilsanz, P.E., S.E., F.SEl, Partner Gilsanz Murray Steficek LLP

Engineers and Architects

Jennifer Goupil, P.E., F.SEI,
F.ASCE

Managing Director
SEl and ASCE Chief
Resilience Officer

ASCE/SEI
Workshop Program Manager

Larry Griffis, P.E., F.SEI, M.ASCE

Senior Consultant

Walter P. Moore

Hitomitsu Kikitsu

National Institute for Land and
Infrastructure Management

John Kilpatrick, Ph.D., P.Eng., Principal RWDI

M.ASCE

Greg Kopp, Ph.D., P.E., M.ASCE | Professor Western University
Russell Larsen, P.E., S.E., M.ASCE | Principal Magnusson Klemencic

Associates

Marc Levitan, Ph.D., A.M.ASCE

Lead Research
Engineer

NIST
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Frank Lombardo, Ph.D., EIT,
A.M.ASCE

Assistant Professor

University of Illinois

Marcos J. Martinez, Ph.D., P.E.

DeSimone Consulting

Engineers
Mehedy Mashnad, Ph.D., P.E. Principal Walter P. Moore
Terri McAllister, Ph.D., P.E., Group Leader/ NIST

F.SEI., Dist. M.ASCE

Program Manager

Ricardo A. Medina, Ph.D., P.E.,
M.ASCE

Engineering
Mechanics &
Infrastructure

Simpson Gumpertz & Heger

Angela Mejorin, Ph.D.

Western University-Canada

Viral Patel, P.E., S.E., M.ASCE

Design Director

Walter P. Moore

Juan M. Paulino, P.E., S.E.

Buro Ehring Engineering

Long Phan, Ph.D., P.E., M.ASCE,
F.ACI

Group Leader

NIST

Chris Raebel, Ph.D., P.E., S.E.,
M.ASCE

Vice President
Engineering and

American Institute of Steel
Construction

Research
Ahmad Rahimian, Ph.D., F.ASCE WSP
Wendy Reyes HDR Inc.
Dan Rhee, Ph.D. Research Engineer NIST

Juliana Rochester, P.E., M.ASCE

Senior Design

Magnusson Klemencic

Engineer Associates
Don Scott, P.E., S.E., F.SEI, President Don Scott Consulting
F.ASCE Workshop Director
Pataya Scott, Ph.D., EIT, FEMA
Aff. M.ASCE
Brian Skourup, P.E., S.E., M.ASCE EVS, Inc.
Jason Smart, P.E., M.ASCE American Wood Council
Tom Smith, R.A., F.SEI, M.ASCE | President TLSmith Consulting, Inc.

Seymour M.J. Spence, Ph.D.,
Aff.M.ASCE

Associate Professor

University of Michigan

Peter Vickery, Ph.D., P.E., F.SEI, President Peter J Vickery Consulting
F.ASCE
John Wallace, Ph.D. Professor University of California Los

Angeles

Workamaw Warsido, Aff. M.ASCE

Senior Project
Engineer

CPP Wind Engineering
Consultants

Teng Wu, Ph.D., M.ASCE

Associate Professor

University at Buffalo

DongHun Yeo, Ph.D., P.E.,
M.ASCE

Research Structural
Engineer

NIST

Antonio Zaldivar, Ph.D.

Graduate Structural
Engineer

Walter P. Moore

181




NIST GCR 23-045-updl
November 2023

Appendix E. Change Log

Corrections made in an errata update do not alter existing or introduce substantive technical
information, but rather are intended to remove ambiguity and improve interpretation of the work.
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