NIST Grant Contractor Report
NIST GCR 23-045-upd1l

Advancement in Performance-
Based Wind Design

Workshop Report

Feb. 2324, 2023
Reston, Va.

Donald Scott, P.E., S.E., F.SEI., F.ASCE

Jennifer Goupil, P.E., F.SEI, F.ASCE
Melissa Burton, Ph.D., C.Eng., M.ASCE
Roy Denoon, Ph.D., M.ASCE

Russell Larsen, P.E., S.E., M.ASCE

Seymour M.J. Spence, Ph.D., Aff. M.ASCE
Teng Wu, Ph.D., M.ASCE

This publication is available free of charge from:
https://doi.org/10.6028/NIST.GCR.ZBI5-updl

NATIONAL INSTITUTEOF
STANDARDS AND TECHNOLOGY
U.S.DEPARTMENT OF COMMERCE


https://doi.org/10.6028/NIST.GCR.23-045-upd1

NIST Grant Contractor Report
NIST GCR 23-045-updl

Advancement in Performance-
Based Wind Design

Workshop Report

Feb. 2324, 2023
Reston, Va.

Donald Scott, P.E., S.E., F.SEI., F.ASCE
Jennifer Goupil, P.E., F.SEI, F.ASCE
Melissa Burton, Ph.D., C.Eng., M.ASCE
Roy Denoon, Ph.D., M.ASCE

Russell Larsen, P.E., S.E., M.ASCE

Seymour M.J. Spence, Ph.D., Aff. M.ASCE
Teng Wu, Ph.D., M.ASCE

This publication is available free of charge from:
https://doi.org/10.6028/NIST.GCR.ZBI5-updl

September 2023
INCLUDESUPDATES AS OF11-14-2023 SEE APPENDIXE

U.S. Department of Commerce
Gina M. Raimondo, Secretary

National Institute of Standards and Technology
Laurie E. Locascio, NIST Director and Undgecretary of Commerce for Standards and Technology


https://doi.org/10.6028/NIST.GCR.23-045-upd1

NIST GCR 23045 upd1
November 2023

Certain commercial equipment, instruments, software, or materials, commerciat@ymorercial are identified in

this paper in order to specify the experimental proceddeguately. Such identification does not imply
recommendation or endorsement of any product or service by NIST, nor does it imply the materials or equipment
identified are necessarily the best available for the purpose.

NIST Technical Series Policies
Copyright, Use, and Licensing Statements
NIST Technical Series Publication Identifier Syntax

Publication History
Supersedes NIST GCR 285 (September 2028jtps://doi.org/10.6028/NIST.GCR.ZB15

How to Cite this NIST Technical Series Publication

Scott D, Goupil J, Burton M, Denod®, Larsen R, Spence SMJ, Wu T (2023) Advancement in Perforniarsesl

Wind Design: Workshop Report. (National Institute of Standards and Technology, Gaithersburg, MD), NIST Grant
Contractor Report (GCR) NIST GCR-Pa5upd1l https://doi.org/10.6028/NIST.GCR.ZB5upd1


https://doi.org/10.6028/NIST-TECHPUBS.CROSSMARK-POLICY
https://www.nist.gov/nist-research-library/nist-technical-series-publications-author-instructions#pubid
https://doi.org/10.6028/NIST.GCR.23-045
https://doi.org/10.6028/NIST.GCR.23-045-upd1

NIST GCR 23045 upd1
November 2023

Abstract

In September 2022he Structural Engineering Institute of the American Societyiwif

Engineers commenced a project under National Institute of Standards and Technology Contract
No. 1333ND22PNB730391 to develop workshopsAdrancement in Computational Wind
Engineeringand Advancement iRerformanceBased Wind DesigiThis report documents the
results of the workshop okdvancement iRerformanceBased Wind Desigimheworkshop and
subsequentadmap for the standardization and applicatiopeoformancebasedwind design is

to be developed by wind engineering practitioners and researchers for buildings.

Keywords
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Preface

In September 2022he Structural Engineering Institute (SEI) of the American SocieGiof
EngineerdASCE)commenced a project under National Institute of Standards and Technology
(NIST) Contract No. 1333ND22PNB730391 to develapkshops orAdvancement in
Computational Wind EngineerirapdAdvancement iRerformanceBased Wind Desigihis

report documents thesults of thevorkshop orAdvancement iRerformanceBased Wind

Design Theworkshop and subsequaniadmap for the standardization and application of
PerformanceBased Wind Design is to be developed by wind engineering practitioners and
researchers fduildings.

Theimpetus for the project was the extensive casualties and property losses that have occurred
over the last several decadkse todamaging hurricanes, tornadpasd other wind events

affecting the United StateNlIST has continued to resehrand provide leadership in the
advancement of knowledge of these hazards and to develop standards that will lead to more
resilient communities across the nation.

Theworkshop process included a review of the litergtwigch identified researcheeds in the
areas of Wind Climate Characteristics, Structural System Reliability,®tinctture Interaction,
Structural Analysis Techniques, and Structural Deslgis reviewwas followed by an
extensiveworkshop preparation process, a tdayworkshopto obtain input from experts in
these areas, and report preparation and review.

Theworkshop identified a broad range of research and development activities to advance the use
of PerformanceéBased Wind Design with the goal of reducing the impacts of d®sse wind
events.This report includediscussion and specific recommendations on the following 10 topics

1. Development of maiwind forceresisting system reliability

Development of components and cladding reliability

Integraton of performance betwedhe buildingstructural system artie cladding
Characterization of engineering properties of thunderstorm and tornado wind events
Characteriation ofthe windhazard and loads for short and long return periods
Improvement of the understanding of stural and material properties

N o g bk~ D

Improvement ofphysicsinformed, computationally efficient methods for nonlinear
analysis of wind response over lepgriod durations

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

9. Development of windoading protocofor experimental quantification of system
performance in wingand

10. Economic study to identify existing buildings at risk.

SEl is indebted to the leadership of Don Scott, who served as the Workshop DihecésCE
staffd especiallyBianca Augustin, who served as the Workshop CoordipatmtAmber Davis
who served as the Conference Center Mardagfee Workshop Steering Committee members
Melissa Burton, Roy DenooRussell Larsen, Seymour M.J. Spence, and Teng Wu for their
contributions in putting thevorkshop together ardkvelopment ofhis report andthe Workshop

Vi
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Steering Committescribes Wenbo Duan, Workamaw Warsido, Juliana Rochester, Srinivasan
Arunachalamand Baichuan Deng for helping to document the discussioth@repagthe final
report

Appreciation is also extended to the many individuals who participated wottkshop.
Appendix D liss the names and affiliations of all who contributed to this epo

SEIl also gratefully acknowledges Long Phan, Marc Levitan, Therese McAllister, and DongHun
Yeofrom NIST for their input and guidance in the development ofatbekshop and in
preparation of the report.

Jennifer GoupilP.E., F.SEI, F.ASCE

Managing Director Structural Engineering Institute &mderican Society of Enginee@hief
Resilience Officer

July 1, 2023
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1. Introduction

The National Institute of Standards anechnology (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 (NWIRR)is focus recently led to the
development of the firgtver tornado @sign provisions in the 2022 edition of ASCE/SEI 7
Minimum Design Loads and Associated Criteria for Buildings and Other Structures
(ASCHSEI 7. ASCE2022. To continue with the efforts of windstorm impact reduction
one of NI STOs s tevelp teequse®fPeriormmanBased Wind Desigar d
(PBWD). Theworkshop orAdvancement in PerfonanceBased Wind Desigmeld on
February23i 24, 2023 andthis 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 wasagsess the current state of #inein 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 mleitiesd and two associated
subtopics:

Subject Area: Performandmsed wind design (PBWD)
1 SubTopic 1: Review of Current statd-the-art on PBWD

1 SubTopic 2: Identification of research needs and prioritization for
standardization and application in gtiae.

2.2. Workshop Development Process

The development of thisorkshop 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 PBW&cdmentsThose 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 MagnossKlemencic 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 Assiates, Srinivasan Arunachalam at University of Michigan, and
Baichuan Deng at University at Buffal@-ig. 2-1).
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Fig. 2-1. Workshop Steering Committee

The WSC started meeting in November of 2022 to begin developing the contenvofkkbop

and to select the leaders in this field to invite to participdie.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:

T Wind Climate Characteristics,

1 System Reliability,

1  Wind-Structure Interaction,

1 Structural Analysis Techniques, and
1 Design.

To help understand the current state of thefaPBWD the WSC developed a reading list of
relevant documents to share hwtorkshopparticipants, see Appendix BAs a result of
developing the reading list, the WSC determined thaAB@E/SEIPrestandard for
PerformanceBased Wind DesigWersion 1.1(Presandard ASCE/SEI 2028was 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 twaday workshop was convened on February223 2023, tadentify the highespriority
needs that form the basis of this rep@he WSC,industryleading experts, academies\d
representatives from key government agenaitsnded the workshophichwas also open to
members of the publi@heworkshop was held at the headquarters of the American Society of
Civil Engineers (ASCE) in Reston, Virgin{&ig. 2-2).
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Fig. 2-2. Participants at thBIST/SEI PBWDworkshop on Fetnary23,2023.

The desigrof the NIST/SEI PBWDworkshop enabled all 53 paipants to contribute in
multiple ways.The workshop began with several statehepractice presentations and included
time for the participants to ask questionBe participants were then divided into breakout
groups based upon the five workshop tepelected by the WSG these breakout groups the
participants were given four tasks: to define the current state of the art itopacho 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
describedHheir prioritized research and development neEdiowing these presentations and
subsequent discussions, all the workshop participants prioritized the separate breakout group
research and development needlsction Gists the togdentifiedresearch neabs, andAppendix

A contains a further discussion of segesearch needs.

2.3. Workshop Framework

The framework adopteduring theworkshopto advancd?BWD into practice consisted of deep
consideration ofive key areas essential to the overall design promedverificationThese
areas include determining the widkinatecharacteristicsjeterminingthe overallstructural
systemand building envelope reliabilitieanderstanding the wirstructure interaction,
identifying structural analysis techniquesiddeterminingthe design methodologies for the
overall building.The followingbriefly describegach of these areas.
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Wind Climate CharacteristicsTo progress PBWD into practice, a nemdststo examine the
current state of knowledgegardingcharacteristics of different windstorm types including
synoptic gales, hurricanes (tropical cyclones), thunderstorms, and tornadizess for
consideration of the effects of different storm types ay thlate to PBWD ialsoessential.
Research toodify unknowns need to be identified and prioritized.

System Reliability Another key neeth advaning PBWD is understanding the current state

theart and prioritiing future research needs for theiabllity estimation (or probability of

failure) of themain windforce resisting systenMWFRS) of engineered buildings subject to
extreme winds. This need extends to the envedgpmsof engineered buildingdhe reliability

of whichis generally couled 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 soaseque
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 anadyggredo 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 @@mned with the characterization of tneerall

wind loads while, for the envelope system, it requires the characterization of thebwmed

debris risk, local net pressures, widdven rain, etc.

Wind-Structure Interaction The ultimate goabf PBWD is to result in a building that better
addresses key goals of performance over the
loads on buildings are dealt with in two ways: low and megelige buildings with relatively

rigid structural syems react to the wind loads in a static waif 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 bothiviee reac
behavior and the interactive (in some cases aeroelastic) feedback behavior between structural
response and wind excitation.

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

Design To advance PBWD, a review of the current state of practice for desiggcifically the
current understanding of the apparent reliabilityhefbuilding envebpe (walls and roofing)
andthe apparent reliability and performance of the MWFRS is ned@sthniques or strategies
to make buildings more resilient and/or lessen uncertagggrdingoerformance outcomes in
high winds need to be evaluaté®rformanceutcomes consideradustinclude windborne
debris impact, water ingress, and structural system damage causddenye wind events

! This documentusesthe er m fibui |l ding enveloped to refer to twhiehamnendeltope system c
ng

preventtransfer ofwater and thermal energy to the building inter®BCE 7 ASCE 2022 refeistotheseg st ems a® ficl addi
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(tornado, hurricane, thunderstorm, et€he techniques and strategies may include

enhancements to building codes, enhdrtesting, 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 lintroduction and Section 2Background, the workshop report is organized
as follows:

1 Section 3 describes the current state of thefdBWD andthe longterm vision forthe
use ofPBWD.

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

1 Section5 describeshe recommended research needs that were identified dibeing
breakout sessien

9 Section 6 provides a descriptiohtbe 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.

1 Sections 7 and 8 provide a list of asyms and abbreviations and references.

The report also includdsur appendicesAppendix A includes additional discussion about the
highest priority research needs identiftegingthe workshopAppendix B contains the
workshop agenda, presentationgakout session participants, and workshop reading list.
Appendix C providesghe priority research needs, as identified by the workshop participants,
mapped to the initial set @forkshop sessions and NIST programs. Appendix Bthst
workshop participastalphabetically

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

3.1. Current State of the Art

In developng the key topics for the workshop and exaimirkey documents and comipig
them intoareading list, the WSC came to a consensus that the currerdsthgeart document
for design practice is the®SCE/SEI Prestandard for Performance Based Wind Design
(ASCE/SEI 2023

3.1.1. Wind Climate Characteristics

The currenstateof theart in defining wihd climate characteristi®@son which the Prestandard
(ASCE/SEI 2023is 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) eventsThe 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
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distributions may also be used, particularly for sharteanrecurrencenterval (MRI) events

Separate fits are made to each storm type, and their probabitgi@smbined to determine
relationships between wind speed, direction, and MRI. These data are then used in different ways
(e.g., sector analysis, multisector analyses, storm passagsisnal upcrossing) iranalyzing

wind tunnel data to provide the wind loading data #mathe basis for design.

Current practice assumes that individual windstorms have stationary, directionally invariant
boundarylayer characteristics. While this may be reasonable fordtumgtion storms such as

synoptic gales, the duration of peak wind speeds in hurricanes maydbeshorter, and other

storm types, such as thunderstorms and tornadoes, have very different temporal and spatial
characteristics thavind designdoes not currently account farhe only exceptions to this are

some limited casda whichthunderstormsdwve been excluded from the wind climate data used

to analyzeserviceability responses of supertall buildibhgeausehe 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 beenimdeeelopinggeneral PBWD
frameworks for the probabilistic assessment of building systems subject to extreme winds. Major
breakthroughs have been achieved in modeling stala@ad nonstructural damage and loss
through probabilistic systeievel metrics associated with repair costs, downtimechfde
costs,andoccupant comfort. While many of these frameworks were initially inspired by the
damage/loss modeling approachesdsbon fragility/consequence functidhat werentroduced
by the Pacific Earthquake Engineering Research Center (PEE&RYwork {fang et al. 2009
they have since evolved to include additional metrics, such asylife costsCui and

Caracoglia 202)) a windspecific performance critenn associated with, for example, occupant
comfort Bernardini et al. 2005 envelope damagéefimonti et al. 2019Quyang and Spence
2020; inelasticity in the structural systeml@hammadi et al. 203 Rrunachalam and Spence
2022; and coupled envelope and structural system assessingrang and Spence 2031a

3.1.3. Wind-Structure Interaction

Current design practices in wind engineering primarily focus on a singular occurrence interval,
or return period, foa design eventyhichmay 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 strti@tires
considetthis full design space. The Prestand&8CE/SEI 2028 serves as a summary of state
of-the-art practices and provides a nonprescriptive guide for carrying outstrmcture analysis

to achieve specific performance goals.

Despite these advanoents, challenges and uncertainties remain from baseline structural
property assumptionfrom the methodology odpplyingthe wind load effect® 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 PB@Bpoli et al. 2011
Bezabeh et al. 2020Collaborative efforts to engage interdisciplinary research stufspm
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fields such as urban planning, architecture, materials science, and ecca@nicprogresss
the benefit of PBWLlearlystretches beyond engineered structures and has the potential to
create longterm resilience for communities. Further wigkneeded to raise awareness, attract
funding, and promote the adoption of PBWD among practitioners and policymagdrsssing
challenges and concerns in the approaches to considering wind structure inteyadaassary
to achieve thismbition

3.1.4. Structural Analysis Techniques

Currently, the literaturéas limited informatioron performing nonlinear analysis of structures
subject to wind loads. The nonlinear modeling and analysis techniques for structures under wind
loads mainly refer tthe guidelines and publications for performabesed seismic engineering
(e.g.,NIST 201Q ASCE 2017 NIST 2017;PEER 201Y. However, the modeling and analysis
details of structural systems may need changes according to the unique characteristics of wind
loads. For example, the dematwecapacity ratio (DCR) for deformatiecrontrolled actions is

limited to 1.25 (Method 1) or 1.5 (Method 2 and 3) in the Prestaf8&GE/SEI 2023 partially

due to the long duration of wind loads. As for the envelope sy#tenstateof-practice methods
adopted in the analysis of higise 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 modelrohg the response history analysighén et al. 2023the

envelope component mechanism properties need further investigg¢idon et al. 201.8NVang

et al. 2021

3.1.5. Design

3.1.5.1. Design of the Main Wind Force Resisting System

PBWD design tasksequire the engined¢o assess the timariable load effects established by
analysis of structural components such as walls, beams, columns, and found@ibBagrsgineer
must further assess the motions (drifts, accelerations, and strains) associated with the analysis
findingsof the structural and nonstructural components of the stru&ssessment of the
capability of structural components to accept the demands revealed by analysis requires
understanding the strength, stiffness, and durability of cheisectural and nonstructural
componentsAs 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) FEMB8Riogram,Development of Next
Generation PerformaneBased Seismic Design Procedures for New and Existing Buildings,
the many component tests underpinning the PEER Tall Buildings Initiative publications.
Additional PBWD component tests have been conduayed/allace 2023, Abdullah et al
(20208, 2027), and Motter 2019, with further testing currently underway. The findings and
recommendations from these initial PB\Wpecific studies have just begun making their way
into research literature and praatig engineering as of early 2023.

At the time of this report, one tower in Austin, TexXaas been designed using the Prestandard
(ASCE/SEI 2023 The towerdesign is based dPrestandard Method 1 and is expected to be
completel in late 2024.
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The author®f this report are not aware of specific projects that lyavatilized the component
and cladding/building envelope procedures of the Prestandard.

3.1.5.2. Design of Envelope Systems

To date PBWD forenvelopesystems has concentrated on reducing envelope daaraplosses
observed during extreme wind everiikis concentratiomasmotivated by damage assessments
following Hurricanes Andrew and Hug&ihith 2022 that revead unacceptable losses caused
by breaches or removal of envelope compaieyntvind suction, teaoff, or debris impactThe
result of these breaches is direct damage to the structure envelope andantaoiwater
penetrating the structure and caudingher internal water and mold damage.

In terms ofthe currentstateof theart in envelope construction techniques, the following
constitute the distilled best practices according to the experience of the workshop members:

1 System design: per Chapter @tlwe Prestandar@ASCE/SEI 2023

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

Adequate maintenance after installatiand
Replacement of the system prior to the ehitisceffective service life.

3.2. Long-Term Vision for Performance-Based Wind Design

3.2.1. Wind Climate Characteristics

The longterm visionfor optimal use oPBWD approaches requirescuratenatching ofwind
effectsto the performance goalShis may mean that different wind climate models are used for
different goals for the same building, while differgnhd characteristicand models may be
required for different buildings on the same sliee end goalks a frameavork to assess the

effects of different wind types and to model these appropridisdyigh the design processing
readily available techniques

3.2.2. System Reliability

The longterm vision for PBWD and reliability foresees the integrated assessment of the
MWFRS 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 modéhe fapid

characterization of the nonlinear response of the MWFRS and the estimation of the cladding
performance through the development of wapecific fragility functions. Methods based on
surrogate modeling, artificial intelligence (e.g., machinenieg), and uncertainty propagation
through stochastic simulation are predicted todrgral tothe computational approaches that

will enable rapid and integrated (coupled) estimation of the reliability of the MWFRS and the
envelope system. The performaraf 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 wimarne debris risk through analytical

models ad 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 resiliencénefdystem, 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 norigtaary and nosstraightline wind events will
become commonplacas will the incorporation of nonstationary wind riskmodek of climate
change.

3.2.3. Wind-Structure Interaction

The longterm vision for PBWD revolves arourmhexhaustive understanding of the intricate
feedback systems between tall building response and windstorm exctadithre reactive
response of lowand mediurrrise buildings to wind loads. To achieve thagaf our current
understanding of structural uncertainties, wind demand characterization, load application to
structural models, and the impact that aeroelastic effects have on structural demsinds
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 sigeeifiarios\Workshop participants
envision the enhancement of wind tunnel testing methodologiesaheaptue the subtle
variations in the flow behavior surrounding intricate structural forms and charaeterdload
demand undemanyscenarios. Theaevelopment 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 respdabémibdings

and special struares to wind loads.

A holistic approach to PBWD is also required to address the needs of communities that live in
vulnerable, nonengineered loand mediunrise buildings. These are often situated on the
outskirts of cities, where the most devastatingdds in terms ofbothfinancial and community
impac® 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. Migies encompassing inspection and approval will be implemented, with
an aim to mitigate the economic impact of such events, particularly inwinerable

communities. Ultimately, this lonrterm vision seeks nainly to enhance scientific and
engineerindknowledge, bualsoto safeguard communities and promote their resilience in this
era of increasing climate uncertainty.

3.2.4. Structural Analysis Techniques

In the longterm vision of structural modeling and analysis techniques in PBWD, an ideal goal is
to deelop 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 todisat enablgracticing engineern® 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 welésigned wind loading protocols (for varioypés 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 algoriterand 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 BWD implementation

3.2.5. Design

3.2.5.1. Main Wind Force Resisting System

The longterm 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
demandsaused by common and extreme wind demands.

Higherquality engineering predictions provided by more complete building component
performance models, building damage prediction models, and models considering indirect
impacts to building useenablethe deggner to make valubased design decisions considering
expected losandexpected repair given defined performance requirements such as movement,
acceleration, safety reserve, and financial loss targets.

Through these highdidelity engineeringnethods, 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 longterm vision for PBWDof envelopesystems matches the basic vision for the building
MWFRS. Specifically, designers wish to reduce losses and hindrances to society as measured
through financial, environmental, and qualitftlife metrics.

As of early 2023, the structural engaring community is concerned that the level of damage
protection offered by envelope systems is not achieving the expected performance implied by
ASCE/SEI 7 (ASCE022) target reliabilities. Consequently, too many buildings and facilities
are taken offlie, damaged, and somecases destroyed because of the envelope system
permitting windbornedebrisdamage in wind events less severe than those prescribed by
ASCE/SEI 7.These observations form the basistfa needor long-term building envelope
systemimprovement.

The following topics were identified to support the ldegn vision

1 Formal evaluation through testing of envelope systems to quantify performehce
respecto wind effects and water infiltration

1 Reassessment of envelope testing methméssure the testing methods adequately
predict inplace performange

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

10
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1 Enhancement of current testing methods deeméalltehort ofdesired envelope
performance outcomes

Formal requirement for envelope system installation amsiturtesting and

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 terms ofwind climatecharacteristicareprimarily associated witthe
differing levels of knowledge of the structurasd characteristiosf different windstorm types

While ASCE/SEI 7 (ASCER022 gives single nondirectional wind and tornado spgeBsVD

needs separate directionality and speed characteristics for different storm types, including
tropical and extratropical storms, thunderstorms, and tornadoes. Thesearisdies include

spatial and temporal characteristics and recurrence probabilitipeegdntPBWD has been

based on the assumption of stationary windstorm characteristics like those of a classical synoptic
stormwith a turbulent boundary layer gen@mty surface roughness effects.

Knowledge associated with each windstorm type casubenarized as follows:

1 Tropical storms (urricanes): Good data combined with Monte Carlo modelagstto
define these reasonably well, llésign does not currently account fioe effects of air
densityvariationsduring these events. More dati@needed from dropsondes to refine
theradius ofmaximumwinds andatmospheri@ressure wind relationships,dcthe
hurricane boundariayer characteristics

1 Extratropical storms: Data sets are generally good with availability (in thetéd Stateg
of daily summaries and more detailed hourly data.

1 Thunderstorms:Knowledge of the lateral extent, vertical profilasd durations of
different thunderstorm types 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 differBmevertical profiles of derechos may
resemble classical boundary layer, but no field date availabléo confirm this.

1 Tornadoes:Knowledge of tornado wind structure and the significance of maitex
tornadoess 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 Harrimiodel ODeaves and Harris 19Y,8&s adoptedy ESDU and incorporated into
ASCE/SEI 7 (ASCR2022), 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 different windstorm typesandwith respect to influences on
designthe waysheintensities, frequencies of occurrence, or attribafegindstorm types
might alter as a result of climate chanwg# also be important to understand in coming years

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

4.2. System Reliability

Current challengesf many frameworks developed for the implementatibRBWD include the
comprehensive inclusion of damage to the envelope system due to the direct action of local net
wind pressure and wirblorne debris and the inelastic (or nonlinear) modeling of the MWFRS
within the setting of general uncertainjonetheéss 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 buildingé&.g.,Pita et al. 201phaveenabledvariousdemandgo be

consideed. Nevertheless, the intent of thorida Public Hurricane Loss Modssl the
performance assessment of portfolios of buildings. The detail with which each building is
modeled is not, therefore, at the level of PBWDere the focus is on the performance
assessment of individual buildings.

Explicitly focusng on individual buildingsQuyangand Spence2019 introduced fragility

based progressive damage models in which each component of the envelope system was
modeled as susceptible to multiple coupled dgarstates characterized through suites of

fragility functions.These models considered variousad demands, including local dynamic net
pressure, interstory drifts, and whaddiven rain modeled through Eulerian multiphase models. To
efficiently propagateincertainty, the approach was embedded with stratified sampling schemes
(Arunachalam and Spence 202®d through the use of consequence analysis, the possibility of
characterizing systetevel performance of the envelope through decision variables such as
repair costs and ingressed water was demonstr@iechlg and Spence 2020

This approach has recently been extended to illustrate how nonlinearity in the MWFRS can also
be consideredquyang and Spence 20321las can more complex representations of timel w

hazard, i.e., the nonstationargh-straightline/Gaussian stochastic wind pressyf@syang and
Spence 2020)b

4.2.2. Structural System

One tallengeof includingnonlinearity in the MWFRS can be traced back to the long duration
(onthe order of hours) of typical wind load historiegich creates a computational barrier to
evaluation of probabilistic metrics, including reliability indices, related to the nonlinear
performance of the systeinother challenge concertise complexitie®f modeling the

nonlinear response of the MWFRS in the presence, for certain wind directions, of a substantial
mean wind load componenthich can create theoretical challenges in ypgl stateof-the-art
nonlinear modeling approaches developed for seismic lodlisuta mean load component.

These issues can alsomplicatethe exploration of energy dissipation through nonlinear material
behavior since potential difficulties can artiee 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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evduation of the MWFRSwhichaims to characterize the systsmperformance over a full
range of hazard intensities.

Motivated by thisseverakesearchers and practitioners have pioneered approaches that explicitly
treat damage through nonlinear modelingthid the setting of probabilistic PBWD, two
approaches have essentially been investigated, with the first focused on the application of the
theory of dynamic shakedowmabbuscet al. 2016 Chuang and Spence 202019 202Q

2022 and the second focused applying nonlinear modeling approaches based on direct
integration Judd and Charney 201Blohammadi et al. 203 Nikellis et al. 2019Ghaffary and
Moustafa 202;10uyang and Spence 202Faunachalam and Spence 202#iang 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 evaluatehe state of dynamic shakedown enables the evaluatimamwyprobabilistic

performance metrics through methods based on robust direct stochastic simGlatiang and
Spence 2022 The key advantage of the second approach is the modeling flexibility it provides.
The major challenge is the huge computation@lrethat is generally necessary to propagate
uncertainty and therefore estimate the syd&ral damage/loss metrics that are core to
probabilistic PBWD.

4.3. Wind-Structure Interaction

A primary goalof PBWD is to design efficient systems that make the best usetbéall

structural materiatthereforethe ideal scenario is that the refinement of structural loading across

the full building life cycle should result in a systamwhich material is introdaed 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. Typicallys ttomes in the form of nonlinear modeling.

However, to capture a structureds key respons
understanding of each st sstwctireunteeaétisnisineedeq.ue sens

The application of timéistory 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 responstrottine 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 ¢dvading due to poor understanding of the
magnitude of potential uncertainty, and a lack of compelewed testing and systetavel

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. Thesplexities could furtheaffect

the critical wind profile and loadingecessaryo 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 chanigpewind load effectsnustbe considered.

Applying wind loading to a structure requires applying varying load time histories up the height
of the structure, whicn turnrequires mapping of floeby-floor loading to relevant structural
members at floor kels. Once mapped accuratédlye length of the analyses required is

13
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considerable. For reference, a fimgnute seismic event is toward the upper end of what would
typically be considered for performanbased 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 nonlinetgtgystem.

Tangential to the application of the load is the development ofititeloadingtime histories.
Inherent to thé’restandardnethodology is ensuring tlieritical loading scenaridgsare used in

the analyses. The development of these sceramthsime histories is based on the dynamic
properties of the structure. Therefore, this process might become iteraiyaficantchanges

are made to the structural design after the wind load time histories are developed, or if system
nonlinearity altes 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 he 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 currenPrestandard 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
proceduresA similar focus onstructures where the most damage occurs, anddaiarise

during significant windstormss neededThese structures are often loise structures,

potentially nonengineered or engineered but with no-passtruction inspection, or existing
structures that were designed using outdated codes of pr&itigaified 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 localizedwind fields, with rapidly changing intensities and directions. Consequently,
accurately modeling tornadoduced loads and capturing their effects on structures requires
tools that can account for these complexities.

4.4. Structural Analysis Techniques

Strucural nonlinear modeling and analysis under seismic loagskeenunder developmerior
many decadesThe relatedchallengeghat this reportdiscussesnainly concernthe differences
between wind loads and seismic loadsluding the long duration of wehloads, the complexity
of wind loading, andhe importance of thenvelope system

1 The long duration of wind loadsThis characteristienakes low cycle fatigue a
significant failure mode for structures with nonlinear behaviorag wind duration will
also lead to different degradation propert@strent structural degradation modeling
under wind loads mainly refers to the backbone cdexesloped for performandsased
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 compurtests under wind loading
protocol are needed for establishing a comprehensive structural component database for
PBWD.

14
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In addition, the long duration of wind loads will lead to difficultieslevelopng

nonlinear response history analysis. The curraritlized nonlinear response history

analysis algorithms or methods for seismic engineering are time consuming when applied
to wind engineeringgiven thathe duratios of seismic and wind loads are respectively
onthe order of minutes and hours. Figur& gresente&xamples 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.
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Fig. 4-1. Examples ofvind speedtime history applied innonlinearstructuralresponsdistory analysis

Source:Wang and Wu (2022Reprintedfrom Journal of Wind Engieering and Industrial
Aerod/namics221, 104908H. Wang and T. WujStatistical Investigation of WinBuration Using a
Refined Hurricane Track Modél© 2022 with permission from Elsevier.

1 The complexity of wind loadingThe alongwind and acrossvind excitation
mechanisms and their associated respatisies significantly. While the failure
mechanismsnitiated by alongwvind loading can include alongind (drift) ratcheting in
addition to membespecific failure mechanisms, acressd loading with a neazero
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-veolterd

vibrations.

1 The importance of the envelope systeDamage to the envelope system of buigi
under wind loads may result in large economic losses due tedsiveh rain. Therefore,
performance analysis of the envelope system becomes more critical in wind engineering
than inseismic engineering. Although the external wind loads direuibactthe
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 loatlatconsider the correlations among win@gsure,
wind-induced drift, and windiriven rainare needed~urther research to develop
practical methods for assessing the performance of the envelope system under wind loads
and to identify design strategies to mitigate winduced damage is also nedde
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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 tyclawlind
effectsby Wallace 2023, Motter 019, Abdullah et al(2020a,5 2021), and Sharooz22019.

Beyond these specific test series, the remainder of material understanding depends on available
traditional monotonic load assessment (i.e., testing for permanent loadsssdead 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 stornsgage is expected to cause a limited number of cycles greater than
yield among many cycles of demand below the yield point of the strudtuus, the tests of
monotonicload, 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 42 illustrates an example design space between cycle count and demand level.

N

DESIGN REGIONS

"STATIC"
W FAILURE STATIC DESIGN (GRAVITY)
$ FRACTURE FATIGUE DESIGN (BRIDGES)
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w
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|:_) SEISMIC) "CYCLIC"
7 FAILURE
LOW STRAIN LOW CYCLE
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pd YIELD SPECIFIC BOUNDARIES ARE
e MATERIAL AND DETAILING
E STRAIN SPECIFIC
w

HIGH CYCLE FATIGUE

ELASTIC

1 10 100 10° 10 10° 10°
NUMBER OF LOADING CYCLES
Fig. 4-2. Load Cycle versus Strain Desi§pace

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 documeirisluding thelnternational Building Cod€ICC 2023 and

the Fenestration and Glazing Industry AlliajE&IA 2008. Additional resources and standards
include various ASTMASTM International) Factory Mutual, and Underwriters Laboratories
standards for the testing of envelope systems including water and air penetration, load resistance
testing, and roofingdhesion 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, theedesign
and developer of a project.

Looking ahead, the challenfer PBWD of envelope systems revolves aroumahyenvelope
systems that existmongthe many types of construction in the United Stakbés. workshop
participants recommended tHiatusing ona select set of performance metrics nganingfully
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 coincidetheiitlexpertise in

one of the five workshop topicshese breakout groups discussed the challenges in their specific
topic and what would be required to advance PBWD from the currenbétageart to the long

term visionfor PBWD. Each group discusselle research needs and then prioritized them in

their breakout sessiqifable 51).

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

No. ‘ Research Needs

Wind Climate Characteristics
Thunderstormtornadocharacterization

Performancebased multimeteorological (wind/hail/rain) design

Risk mapping for different building stock types
Redo Deaveand Harris model
Extratropical simulations/climatsodeling

A
B
C Transferring noratmosphericboundary layewinds to practice in testing
D
E
F

System Reliability
A Integrate performance between structural system and cladding and generate structur
and nonstructural damage functiotisat are componentspecific

Al Address special design needs through probabiind-borne debris, water penetration,
progressive failureand components and claddingsting

B Improve physicénformed, computationally efficient models for nonlinear analysis of w
response ovelong-period durations

C Characterize hazard and load for short and long return periods

D Define probabilitybased and lifeeycle cost metricandlimit state(s) of interest

D1 Consider damage, repaandrecovery, and account for impedirfigctors

D2 Differentiate PBWD needs for lemse vs. higkrise building (MWFR&pmponents and
cladding
D3 Organize and standardize reliability targétenchmarking rangés

Wind-Structure Interaction
A Improvingthe understanding of structural and material properties
B Challenges witmonlineartime history analysis
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C Performance oéxistingstructures

D Economicstudy identifyingexistingbuildings atrisk invulnerablecommunities

E Policiesaroundinspectionsand approvals

= Promotingwind engineeringeducationandfundingcurriculum

Structural Analysis Techniques

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

B Lab tests of variousomponents, e.g., slatb-column connections, walls, steel joints, etc

C Guidance for selection of extreme values in nonlinear response history analysis

D Highfidelity finite elementmodelsto calibrate component modeling along with availabl
database

E Testing beyond yielding to understand the effects of strong nonlinearity in-imthaced
response

F Improved understanding and quantification of inherent damping

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

H Static pushover for wind engineering to quickly evaluate nonlinear structural perform

I Theoryguided data-driven approaches for efficient nonlinear analysis

J Gather more fullscale stuctural response data

K Improved understanding of the benefits of considering the nonlinear behavior of varic
foundation types

Design

A Reevaluation ofenvelopetestmethods

B Fielddiagnostictests forenvelopecomponentintegrity

C Development ofvind component;specificfragility curves

E Furtherstructural MWFRS PBWBsting

F Further MWFR&eliability studies

Workshop participamstthen voted orthese research neetsprioritize the todlO research needs
for PBWDdiscussed in Section 6.2.

5.2. Priority of Wind Climate Characteristics Topics

The breakout was composed of the following members:

Moderator: Roy Denoon

Scribe: Workamaw Warsido

Reporter: Peter Vickery

Participants: John Kilpatrick
Greg Kopp

Frank Lombardo

Marc Levitan
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Brian Skourup
Jason Smart
Antonio Zaldivar

Thebreakougroup worked through a range of key topics within the field that contribute to
reliability of design and identified strengths and weaknesses in the cstatnof 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 (hurricanegXxists knowledge of tornads and thunderstorsiis muchsparserin

particular, no good engineering models of thunderstormasaetoe applied to design for taller
buildings. One specific area identified is the potential differences between isolated downburst
thunderstorms (the subject of mostlod 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 confidenegistsabout the influence of climate change on tropical and
extratropcal storms, confidence for thunderstorms and tornadaesich lower Theseeffects
also need to be translatedengineering 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
consideredeasonable, but tails can be refined with the application of superstation techniques
where possible. However, thimesnot 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 deofamdsasonable number of

wind timehistories.

The Deaves and Harnsodel(Deaves and Harris 19),&s adopted by ESDU and incorporated
into ASCE/SEI 7 (ASCR022), is generally used for all storm types even though it was
developed for extratropical storms. In regions where local surfaa@mascantweather
research and forecasting models may be used for lacgér events.

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

Topographic effects are very simplifigthve noteen revisited in manyearsandwould benefit
from refinementwith more experimental data to suppostmputationafluid 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 differentlyvariousbuildings. The temporal
effects of thunderstorms and tornadoes may limit their ability to generate large resonant
responses in tall building$o date, vertical profiles of thunderstos havealso been assumed to
beless influential on the loading and responses of supertall buildings, bwiaimsed on the
information about downburst characteristics and less so on derechos and gust front
thunderstorms.

Thunderstorms are likely to gern 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 intipedaiding

envelope

Risk mapping othebuilding stock across therlited Statescould be used to refine the diffieg
PBWD significance in different areas and hence the value of different components (e.g.,
structural 6. envelope) across the country.

5.2.4. Review of State of the Art for Testing

Boundarylayer wind tunnel testing is the current standard. Facilities capable of accurately
modeling the characteristics of nonstationary storms@aeeand therefore their use in design

is limited. The abilityto model the effectsfalifferent storm types on existing facilities

neededTo do this requiregreaterunderstanding 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 HBMDS
2).

Table 5-2. Key Research Needs fa¥ind Climate Characteristics

Priority based on votes | Topic (votes)

Thunderstorntbrnado characterization (14)

Performancéased multineteorological (wind/hail/rain) design (11)
Transferring noratmospheric boundary layeiimds to practice in testing (10)
Risk mapping for different building sto¢kpes (3)

Redo Deaves and Harris model (2)

Extratropical simulations/climataodeling(2)

mTmoOw >

5.3. Priority of System Reliability Topics

The breakout was composed of the following members:
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Moderator:
Scribe:
Reporter:
Participants:

Seymour M.J. Spence
SrinivasanmArunachalam
Luca Caracoglia
Michele Barbato
Xinzhong Chen
Do-Eun Choe

Greg Deierlein

Jeff Dragovich

Terri McAllister

Chris Raebel

John Wallace

The main topics discussed were associated with thedftdteart, thelong-term vision, and
research needs for estimating the reliability of the MWFRS (structural system) and the
components andadding (C&C) (envelope systenT)he discussion revolved around the

computational modelingequiredto enable the rability estimation of both the structural and

theenvelope systems, the need for holistic computational modeling (involving both the structural

andtheenvelope systems) in estimating the reliability of building systems, themeedelop
target reliabilities fowariousarchetype systems, the need for wapekcific fragility functiongo

characterie the winddamage susceptibility of typical structural and nonstructural components
composing the building system, and the need for betteelngdof the nonstationary

characteristics of wind loadg aerodynamic and climatological lescel

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

Estimatingthe reliability, or more genetglthe probability of failure, of the structural system is
central tomplementingPBWD for maximum benefitThe PrestandardASCE/SEI 2023

reflects ths, suggesnhg three analysis methods for PBWidplementation The methods, termed
Methods 1, 2, and 3, range from simplified approaches that redg\aralprescriptions (Method

1) to approaches based on the direct estimation of the reliability of the structural system (Method

3).

While Method 3type analysis wilkafford the greatest design freeddrand therefore the
innovations in design that can lead to advances in sustainable design, economic savings, and
predictable performance in extreme ev8nségveral challenges to its implementation were
identified including the need for integrated probabilistic performance assessment frameworks

that holistically treat the structural and envelope system througivtavg

coupl ed

system) modeling based on comporgpecific structural and nonstructural fildyg functions.

(Af eec

In addition, the need to understand the reliability of buildings designed to current codes and
standardss a fundamental step in advancing codes and standards on PBWD. Such assessments
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should treat the systems as a whole and therefoidmy the reliability of both the structural
andtheenvelope systems at the component and system levels. Ideally, such assestwuhts

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 mcrutinizedess tharthe structural system. Moving to a PBWD paradigm
necessitates the holistic treatment of the structuratreehvelope systeswhich constitutes a
two-way coupled system (feedback system) that experiences progressive damagextiarng e
winds.

Fundamental to such a paradigm is the need for-sjettific component fragility functions for a

wide array of typical envelope components. These fragility functions should take a form similar

to those developed in performarzased seismidesign and the FEMA-B8 procedurd 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 computationdadstand should

result in databases of fragility functions that can be used in probabilistic performance assessment
frameworks. Questions that require addressirdgirelopingthe fragility functions include

identifying appropriate damage states aodsicringa 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 wasratsagnized. Fundamental questions

discussed included how to accommodate for established limit states theulartign and

progressive nature of wind damage mechanisms, for example, for a given amoungofdrift

how much capacity does an envelope conepbioseby withstanding dynamic net pressuiide

need for local building officials to require the results of envelope testgbygradualy

collecting data on the current performance of envelope systeasseen as a step that would

help demystify tk performance assessment of envekystems.

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

Estimatingprobabilistic metrics, such as reliability, probability of failurefudure metrics based

on the decisiommaking 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, necegsifaapid 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 usingraphicsprocessing unst (GPUs), 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, rformance assessments are carried out under the assumption of a stationary
(invariant) wind climateTo better leverage the capacity of structural systems to resist extreme
wind events through PBWD, and therefore controlled inelastic design, aicapiantthe

potential increase in severity of future wind events over the design life span is essential.
Consequently, accoung for climate changes necessarin assessing the reliability of structural
systems over the time horizons inherent to the currefgscand standards, e.g., 50 to 100 years.

In addition,a needexistsfor stochastic models capable of rapidly generating realizations of fully
nonstationary and nestraight wind load records to be used in nonlinear time history analysis.
While methods basi on modeling the joint probability between wind speed diregtarthe

use of secteby-sector approaches, can be adequate, it is generally recognized that modeling the
actual timevarying wind speed and direction would increase the fidelity of theaitstic

metrics estimated from a reliability/probabilistic analysis. The possibility of harneSBings a
long-term goal while the use of wind tunnel data calibrae future modelss a shoriterm goal.

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

The Prestandar@ASCE/SEI 2023identifies three methods of analysis for carrying out PBWD.
However, these analysis methods do not map to the nonstructural system, in particular the
envelope systengven thouglthe envelope systemiiscognized akey to the performance of

the buildings This results in the need for performance objectives that better integrate the desired
performance of the envelope ath@ structural systesby defining new winespecific

probabilistic limit states that are related to metrics that enhance the sustginékile building

system (e.g., lifeycle analysis).

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

As PBWD moves into the futurthe use oprobabilistic performance metrics to characterize the
performance of building sysins that go beyond traditional reliabilisyessentialConsequently,

a neecexistsfor probabilistic performanebased design frameworks that foresee the integrated
and coupled damage and loss assessment of the enveldpe stndctural systesthrough

metrics that are related to the decisioaking 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 omighly engineeredhigh-rise structuresNevertheless,
the possibility of applying it to lowise buildingscould significantly reduce the massive
damages and losses that occur to-t@e residential buildings during extreme witaiss.
While many concepts and methodologies translate figimy engineeredhigh-rise systems to
low-rise buildings, for the application of PBWD to lawge buildings tesucceeddifferentiaing
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the needs of lowise building from the needs bighly engneered (higkrise) buildingss
necessaryThis differentiation should occur for both the structural #westnvelope system

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

The full acceptance of PBWD requires an understanditigegberformance 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 discussigmarticipantdelt that there isess ofa need for
target reliabilitiegshanthere is a need for system metrics that enable deaisakingbased on
benchmarking of thenetricsfor 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 identifiealrasans to encourage the
adoption of PBWD in practic&or examplethe Leadership in Energy and Enviroemtal

Design rating system has become very successful in promoting greater sustaifagiitityar
system could be developed to promote greater resiliency in design. Such a system would be
related to the probabilistic PBWD metrics associated with atlwotisaracterization of the
building performance, e.g., repair cost, recovery time, anayiéée costs.

5.4. Priority of Wind-Structure Interaction Topics

The breakout was composed of the following members

Moderator: Melissa Burton
Scribe: WenboDuan
Reporter: Jason Garber
Participants: Ramon Gilsanz
Larry Griffis

Wendy Reyes
Ahmad Rahimian
Dan Rhee

The workshop participantgrainstormed manigeas foresearch thas needed to address the
challenges identified during theorkshop discussion. In analyzing the information gathered
during tre breakout sessiomparticipants develope@search ideson sticky nots that werghen
mapped ta list ofgeneralized research needs. The workshop participants then voted on these
reseach needs. The followingulsectiors discuss the top five research negdéinal suggestion
identifying the importance of education in overarching performéased design wadso
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. &lucidatethe impact of winestructure interaction and
accurately model the behavior of structures under wind loading, seeseakch directions can

be explored. First, a neediststo understand and quantify inherent damping properties across
existing building stockideally from tall buildings through to supertall buildings. Second,
understanding and quantifying structuratgraeters 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 prdice. Research on nonlinear analysis of concrete buildings and the behavior of
structural members in different building systems will provide insights into their regtonse

wind loads.The impact of these parameters can significantly influence thestncture

interaction. Addressing challengeése touncertainties in structural properties, lack of

component testing, and systéavel performance monitoring is essential.

5.4.2. B. Challenges with Nonlinear Time History Analysis

Applying time history wind loading to highly dynamic structuiea complex process that
requires careful consideration of structural models for accurate load distribution and intended
interaction response. Standardizing wind tunnel testing techniqueharatterizing wind load
response time series formats can ensure consistency and accuracy in application of wind loads to
structural models. Assessing the impact of changeshne s t suraundings endavind loads,
includingdocumentingassumptionsn surrounding models, is important. Analyzing structures
with complex features or surroundings may necessitagstigatingwind design restrictions on
seismic design and exploring methods for integrating both approaches. The development of
critical loadng scenarios and time histories, based stuatu r elynamic properties, may
become iterative, especiallysignificant a&esign changes occur. With nonlinear time history
analyses for PBWD requiring significant computational power and storagetbpaesire to

limit the conditions considerad natural bugiven some of thencetaintieslisted previously

doing thatposes a riskUltimately, developing an understandimigoutsome of these concerns

will help refine the requirements for an adequate tastory 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 2000swhich weredesigned using varying codes and standaals 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 Structtxleme Events

Reconnaissance (STEER) can help drive advancements in wind engineering and promote the
development of resilient communities. This research need is linked to research neefis 1 and
described irSection6.
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5.4.4. D. Economic Study Identifying Existing Buildings at Risk in Vulnerable
Communities

Conducting comprehensive studies that demonstrate therandéng benefits of PBWD,

including economic, sustainidity , comfort, safety, recoverability, and equity aspects, can help

build a strong case fais implementation and prioritize retrofitting and adaptation efforts for
high-risk structures in vulnerable communities. lIdentifying potential improvements for existing
building stock, in building performance and letggm resilience, and providing a fungd

mechanism to embrace these enhancements could be persuasive for building owner participation.
Suchincentivescould potentially involve tax breaks or subsidies, or rebate programs to support

the funding of performance or resilience improvement. Thesaese could extend beyond

engineered structures and into communities requiring the biggest reshiasee engineering

retrofits.

Proposing feasible adaptation measucessidering structural, economic, social, and equity
factors and investigating opgotunitiesto convert building usage to more resilient or lowisk
functionscan enhanceommunity resilience while preserving the value of existing buildings.
Exploring resilience opportunities duringekdding processes and assessing the potential
benefits of incorporating windesistant 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 drixenadments in wind
engineering and promote the development of resilient communities.

5.4.5. E. Policies around Inspections and Approvals

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

1 Developing special inspection requirements and standardized cladding and building
envelope detailing can help ensure structural integrity and safety duridgevents.

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

1 Collecting and analyzing data on construction methods aseoss different regions can
help identify best practices and areas for improvement, informing the development of
regionspecific guidelines and recommendations for building construction and inspection
while considering the unique characteristics ofaasibuilding materials and designs.

5.4.6. F. Promoting Wind Engineering Education and Funding Curriculum

Theworkshop emphasigetheimportance of increasing awareness and knowledge about wind
engineering among professionals such as engireetstectscontractors, building officials,

and inspector<Lreatinga series of educational webinars tailored to different professionalks in th
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 webffeaiag incentivesfor participation

is essentialwhich could includeontinuing education credits, professional development hours,

or even financial rewards for attending the webinars and implementing the learned concepts in
part i avork @aflabaaling with professmal 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 advancedind 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 patrticipants first reviewed and formed a consensusumehestatef

theartin structural modeling and analysis techniques. As the Prestaf#a@E/SEI 2023

statesthe literaturehas little informatioron 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 garipants 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 anedisis. Fi
thebreakout grouproposed the following ldesearch 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 limg@tiodeformation
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 proto&aseral 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 smseengineering, lab tests of various
components under rational wind loading protocols are required to develop the backbone curve of
various components, e.g., columns, beams;tsiaiolumn connectios) shear wallsand 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 forcecontrolled element to exceed acceptance criteria while this
phenomenon will rarely lead to component failure. The selection anghpmustssing 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

Thelargescale component lab test is tim@nsuming and requires a large amount of financial
support. HigHfidelity finite element modelprovide an alternative wayp estimae andcalibrae
parameters to construct numerical models of structural components under wind loading
protocols Current practice ibased on the available databdsgelopedunder 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
PrestandarASCE/SEI 202R To better understand the componébishavior in windinduced
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 dampingignificantin estimatingwind-induced structural
performancéecausét 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

Thefully 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 buildisgs. It
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 enginbatitgrent wind

engineering practicearely uses itintroducing 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 dfthetechniques, a promising

way to efficiently get the structure response is based orddatn models. While the limited
physical meaning of thblack-boxo surrogate models poses an obstacle to implementing them
in the structural performance evaluation, thegumyded datadriven approaches (e.g.,
knowledgeenhanced machine learning) provide an alternative way to improve the performance
of the surrogate motdand make it more reliabler applicationin 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 datamainlimited (e.g., the wind igssure applied to real buildings and the
structure responses under wind loads). To valida#dysis results of PBWD, more fidtale
structural response data andgte 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 buildingss very limited It is important to explore the nonlinear behaviors of various
foundation types in evaluating controlled inelastic responses ofenxicited tall buildings.

In addition tothe dorementioned topics discussed during the breakout sess@mmodeling and
analysisof envelope systems are also considered very impoitaatefore highfidelity finite

element models of the envelope system need to be developed for effective characterization and
guantification ofthedamaget sustains during various wistbrms(along wit water penetration
amount). Some research tools are also needed to better understand the interaction between the
main wind force resisting system ati@ envelope system.
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5.6. Priority of Design Topics

The breakout was composed of the followmgmbers:

Moderator: Russell Larsen
Scribe: Juliana Rochester
Reporter: Juliana Rochester
Participants: David Bott

Mehedy Mashnad
Angela Mejorin
Long Phan

Don Scott

Pataya Scott
Tom Smith

Thebreakout session participamientified five overarching areas of desigaated research
needs The following discusses each ar&€he order in which they are presented reflects the
breakoutparticipan t \8ed of relative importance to the advancement of building performance,
from aitically important to important.

5.6.1. A. Re-Evaluation of Envelope Test Methods

Entry of waterinto the interior of a building as a result of widdven rain or breaches of the
building envelope (by windborne debris impact or wind pressure) greatgnifies the degree

of loss brought about by severe weatkarrrent envelope testing methods do not apply wind
pressures as large as those required for structural débigse tests, including water plus wind
testing, windborne debris impact testingiéthe loading regimen of each should be reassessed
for their effectiveness 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 largeparton quality installation and compatible detaAssessment of installation quality

relies on moclup tests or iffield nondestructive testblot all envelope components have
standardized nondestructive tests, and mgak while best practice, aretmequired Additional
nondestructive tests, industry group guidance for mgrkesting, and assessment of newer
construction performance in high winds would provide evidence of when envelope systems are
installed well and what envelope systems perforrh we
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5.6.3. C. Development of Wind Componenti 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 d&faapds.

the seismidragility findings can be recalibrated or extended to wind respdvsel-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, ntraditional structural steel assemblies have been evaluated for the expected
low cycle fatigue cyclic loading in PBWseismically detailed assemblies may be assessed
using strairbased methods such as CoffitansonrelationshipgCoffin 1954 Manson 1958

While testing has been carried out on+s@msmically detailed structural concrete assemblies, no
similar nonseismically detailed structural steel assemblies have been {Est=e. structural

steel assemblies include neaismically detailed (R=3) brad frame connectiorendnon

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 (A2CE) requires assessment of
PBWD protocols relative to the safety (reliabijitargets expressed Chapter 1 of ASCE/SEI 7
(ASCE2022. The present Chapter 1 reliability targets are basemsbmponent response in lieu

of global system reliabilityPBWD requires consideration of the overall margin of safety
achieved by a structuraystemand hence research and review are required to determine
appropriate building global reliability targetsatagree 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, therkshop participants reconvened into a single group and
reviewedthe recommended research needs from each breakout sésfilen51 summarizes

the breakoutession research needs. Aftiee breakout sessioreportes presented and described
their sessior@research needs, tifdl group of participants voted to prioritize the research
recommendationgom all breakout sessions.

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

Basedon participant voésandthe combirationof similarresearch needs by the Workshop
Steering Committee, the research prioritiese selectedndthe most urgent needs identified
(Table 61). The table shows the order of priority, tRgority Research Neednd its estimated
cost and timeSection 6.3Summaries oResearch PrioritiNeeds describes the needs in greater
detail Thesesummariesncludea description, estimated cost, estimatete measurement
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science challenges and potential solutions, stakeholders and roles, and anpacts
standardization and application in practice. Sections 6.4 artk6csibehe comprehensive
schedule, costs, and benefits.

The Workshop Steering Committpeovided the cost estimatdsasedupon t s me mber s 6
knowledge of costsf similar research effort&stimated 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 (moderatest); andmore thar$3,000,000 (high cost).

Similarly, theWorkshop Steering Committestimated théme requirements to properly

address each research topic, basethembeexperience with comparable research efforts.

Estimates are provided using fledlowing time period rangesi 2 years (short time periodi

5 years (moderate time periodnd5i 10 years (long time period).

Table 6-1. Priority Research Needs, ¥sted on by the Workshop Participants and tBesuped by the
Workshop Steering Committee.

Rank Priority Research Needs Estimated Estimated
Cost Time
1 Development oMain Wind Force Resisting System | Moderate cost| Shortand
Reliability moderatdime
periods
2 Enhancement afomponerd andcladdingreliability High cost Long time
through reevaluation of testing period
3 Integrate performance between structural system ar High cost Moderate time
cladding period
4 Characterization oéngineering properties of High cost Moderate to
thunderstorm and tornado wind events long time
period
5 Characterize hazard and loads for short and long rel Moderate cost| Moderate time
periods period
6 Improve understanding of structural andterial Moderate cost| Long time
properties period
7 Improve physicsnformed, computationally efficient | High cost Long time
methods for nonlinear analysis of wind response ov period
long-period durations
8 Static pushover for windngineering to quickly Low cost Moderate time
evaluate nonlinear structural performance period
9 Development of wind loading protocol for Low cost Moderatetime
experimental quantification of system performance i period
wind
10 Economic study tadentify existing buildings at risk | High cost Long time
period

As notedpreviously some of the research needs identified in the individual breakout sessions
were similar in scopeand thus the Workshop Steering Committee combined similar research
needs. These research needs were then prioritized asedes frontheworkshop
participantsThe following summarizesow these research needs were combined.
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Priority ResearchNeed 1 Development ofnain wind forceresistingsystem reliability This
research need was identified in the Dediggakoutsession and was brought to the top of the list
becaus®ne of the main goalsf theworkshop was to identify needs that would allBB\WD to

be standardized in practio&n understanding of the structural reliabildfthe MWFRSas
provided by current codistandareconforming designsompared witran understanding of the
structural reliability provided by the Prestandéd&CE/SEI 2023are essential to progress
PBWD procedures to@nsensudased standard.

Priority Research Need:Znhancement otcomponens and cladding reliability through re
evaluation of testing This resarch need was identified in the Design breakout sessibs as
numberl and numbeg priorities. The research need was determined from combining the
research needs (Ae-evaluation of envelope test methods and (B) Field diagnostic tests for
envelope component integrity.

Priority Research Need:3ntegrate performance between structural system and cladding
This research need was identified in the System Reliability breakout sessionrasgpgte
performance between structural system and cladehdgenerate structural and nonstructural
damagdunctionsthat arecomponenspecificand combined with (Cpevelopment of wind
componeritspecificfragility curves from the Design breakout session.

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

Priority Research Need:Xharacterize hazard and loads for short and long return periods
This research need was identifiedoai®rity | in the System Reliability breakout session.

Priority Research Need 6 Improve understanding of structural and material propertiebhis
research need combines priorities (AWproving the understandirgf structural and material
propertiesfrom the WindStructurelnteraction breakout sessiand (F) Improved understanding
and quantification of inherent damping from the Structural Analysis breakout session.

Priority Research Need 7 Improve physicanformed, computationally efficient methods for
nonlinear analysis of wind response over lofggriod durations This research neesims to

reduce the computational time required for nonlinear analysis for wind response of structures and
combineghe priorities identified in the System Reliability breakout sesgiB) Improve
physicsinformed, computationally efficient models for nonlinear analysis of wind response over
long-period durationsandthe Structural Analysis breakout sessifih Theoryguided data

driven approaches for efficient nonlinear analysis.

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

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

Priority Research Need 1@Economic study to identify existing buildings at riskhis research
needcombineghe priorities identified in the Win&tructure Interaction breakout session, (D)
Economic study identifying existing buildings at riskvulnerable communitiesndthe Wind

Climate Charactesticsbreakout sessiorfD) Risk mapping for different building stock types.
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Section Sdescribesn further detaikthe priorities identified by the breakout groypghichwere
combined to form the PrioyitResearch Needs in Tablel6

6.3. Summaries of Research Priority Needs

The Workshop Steering Committee developealfollowingin-depth summaries of the Priority
Research Needs identified in Section 6.2, which include a description, estimated cost, estimated
time, measurement science Iiages and potential solutions, stakeholders and roles, and
impactson 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 Prestandg&8CE 2023)and knowledge of how these
reliabilities comparevith those associated with buildings designed to satisfy current prescriptive
standards and codescritical to advanc@erformancebased wind desigPBWD) into

structural engineering practice.

For this research topic, collapse reliabibtyouldbe charactézed both at the component level,
which is consistent with Table 13Lof the design standard ASCE/SEI 7(ASER2, and at the
system level. In estimating reliability, a full range of uncertainties must be considered to ensure
consistency with the relidlly underpinning current codes and standards. Modeling ainidne

wind force resisting systemiill be carried out using nonlinear finite element approaches that
fully capture all effects generated by large deformation and material nonlinearity. Tdpseoll
reliability will be estimated for a full range of limit states and over a comprehensive set of
archetypebuildings that adequdterepresenturrent building practices in terms of materials and
systemsA second, smallescoped research initiative qugots 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 (ASCR022.

Estimated Cost

1.1 Collapseassessment1,500,000$3,000,000
1.2 ASCE/SEI 7 system reliability review: $600,000

Estimated Time

1.1 Collapseassessmen8i 5 years
1.2 ASCE/SEI 7 system reliability reviewi 2 years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Need for a large suite of archetyipaldings that are | Engagement of pracing engineers
representativef current building practices
The significant computational resour¢asthe The use of computer clusters
supercomputer levefjecessary to run the reliability
analysis

Stakeholders and Roles

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

Impacts on Standardization and Application in Practice

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

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

References

ASCE. 022. ASCE/SEI 7Minimum Design Loads and Associated Criteria for Buildings
and Other Structurefkeston, VA:American Society of Civil Engineers

ASCE/SEI (2023).Prestandard for PerformaneBased Wind Design Version 1Heston,
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 highwinds. Unfortunately, envelope systeésvhich are the first defense against wind

forceg often fail. That failure then leads to internal building damageiarsme cases

structural failureThis research priority stresses the critical nedchprove the reliability of the
components and claddiri§&C) systems to take advantage of the benefifgeoformancebased

wind design PBWD). The following subtopicsdvealsobeen identified: improvement of

current envelope system tests (for walls and roofs) to identify weak points of cladding testing
before installationgeneration of new or more stringent performance requirements to overcome
these weak pointgnd ceation or confirmation of isitu testing methods to demonstrate

satisfactory ipplace/asnstalled performance.

Estimated Cost

2.1. Extend FEMA B8 (FEMA 2016)fragility dataset$100,000$500,000

2.2. Componerd andcladdingwaterinfiltration study: $3,000,000

2.3. Creatdield diagnosticin situ tests forcomponers andcladding $100,000$500,000

2 4a. Develosite-specific wind-bornedebrisimpactdesignframework $500,000$1,000,000
2.4b. Deriveroof tile wind uplift loads $1,000,000$3,000,000

2 4c. Evaluateenvelope formulti-meteorologicakvent $3,000,000

25. Reassessment efisting envelopetesting forwind pressure$100,000 $500,000

2.6. Evaluation of currerdomponers andcladdingtestingmethods $100000' $500,000

Estimated Time

2.1. Extend FEMA P58 (FEMA 2016)fragility datasetli 2 years
2.2.Components and claddingaterinfiltration study. 3i 5 years

2.3. Creatdield diagnosticin situ tests forcomponents and claddingji 2 years
2.4a. Develosite-specific wind-bornedebrisimpactdesignframework 1i 2 years
2.4b. Deriveroof tile wind uplift loads 2i 5 years

2.4c. Evaluatenvelope formulti-meteorologicakvent 2i 5 years

2.5. Reassessmente@fisting envelopetesting forwind pressureli 2 years

2.6. Evaluation o€urrentcomponents and claddingstingmethods 1i 2 years
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Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions
Consideration ofvaterintrusion Early inclusion of envelope manufacturers
Creation of useful testing techniqgues Early inclusion of contractors using the tests

Stakeholders and Roles

Stakeholder Role

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

Continued assessment of pdgtaster performanas
cladding, specificallylooking for evidence of

particularly good or particularly poor performance of
buildings constructed ithelast +£ 20 years

Industry Collection of best practices ioform gandard
development
Standards Organizations Tightening ofstandards to inhibit water intrusion

Impacts on Standardization and Application in Practice

1 Reducdossedrom moderate wind hazardy confirming the building envelope can
remain functional with the building movements and external wind pressures required by
PBWD.

1 Confirmthe reliability required by PBWDy comparinghe design intent and-place
performance of envelope components.

Reference

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

Description

The performancebased wind desiginameworks of tomorrow will require the explicit treatment

of uncertaintyanddamage to both structural and nonstructural components and the consideration
of the interdependent (feedback system) and progressive nature afamiagie accumulation.

This research topic encompasses research into novel computational modeling frameworks that
respond to this neeghdthe characterization of the wind damage susceptibility of structural and
nonstructural componentghis can be achievdyy developingappropriate fragility functions
through the extension of the FEMAT8 (FEMA 2016)seismic fragility dataset to consider wind
damage and consequentais extensioris expected tencompass repurposing some existing
FEMA P-58 seismic fragities while developing new fragilities that explicitly consider wind
specific damages(ich asvind-induced pressure damage, water intrusion, and damage due to
cyclic longduration effects)

Estimated Cost

$3,000,000%$6,000,000including the development ebmputational frameworks and
physical/computational testing of dozens of archegmvelope components

Estimated Time

31 6 years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Computational modeling will beulti-hazard, coupled| Use of disparate simulation methods and advances

and progressive uncertainty propagation

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

Water intrusion likely requireghysical testing/multi | Conduct physical testing first and use mpliysics

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

air/water/cladding interaction

Stakeholders and Roles

Stakeholder Role
Universities/Research @anizations Develop holistic computational modeling framework

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

Advise on sensible wind pressure/rain intensity rate
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Carry out physical/computational testingesivelope
components to determine damage states and dema
parameters

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

Standards Organizations Enable codéased fragility assessment benefits with
standards

Impacts on Standardization and Application in Practice

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

1 Enable datalriven valuebasedand risk mitigation design decisions.

Reducehigh wind damage to future building stock sardefurbished facilities following
the generated guidelines.

Reference

FEMA. (2016. FEMA P-58, Seismic Performance Assessment of Buildigsshington,
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 leagge storms is relatively well known. Fouamh

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 nsoafethese 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 ersysitgras

This research topic iwitical because ntme historydataare availabldor aperformancebased

wind design PBWD) analysisfor regions of the country where these rsymoptic storm types

govern design wind speeds.

Estimated Cost

4.1 Field instrumentation, deployment, and measiants More than $5,000,000
4.2 Development of implementation methodologi®%,000,000

Estimated Time

4.1 Fieldinstrumentationdeployment, and measanents 3i 5 years
4.2 Development of implementation methddgies 1i 2 years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Capturing enough field data Fundingfor sufficient instrumentation in enough
locations

Integration of findings into desigorocesses Use modifications to existing methodologiegether
analytical or experimental

Stakeholders and Roles

Stakeholder Role

Universities/Research Orgaations Gather field data and develop engineering models ¢
smallerscale storm types

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

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

Impacts on Standardization and Application in Practice

1 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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1 Provides critical data tmclude dominat storm types for many regions of the United
States, which is needed to exedaBWD 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 implem@atifagmancebased
wind design PBWD) is based on idealizations of the local wind climabelthe aerodynamic
loads impacting the building. Current practice assumes winds todghstfincluding no change
of wind direction) and stationary (including no change of wind spfeed) duration of hour or
longer.

PBWD centers on leveraging the inherent capacity of the systgrarmitting inelasticity

during extreme wind events. Gteaemphasis must therefore be placed on the detailed modeling
of the local wind climatendthe 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
boundarylayer wind tunnel data have potential for immediate impactesign practice.

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

Estimated Time

3i 5years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Modeling ofextreme wind events, including Use of statef-the-art wind tunnel

nonstationarity, utilizingtandard wind tuntdacilities | facilities/computational methods

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

Stakeholders and Roles

Stakeholder Role

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

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

Standards Organizations Incorporate praisions for nonstationary wind climate

Impacts on Standardization and Application in Practice

1 Develops estimationsf the inelastic performance of buildings subgecéxtreme winds
with high confidence
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1 Develops recommendeslectiors of wind records fotime historyanalysis that are
needed for PBWD analysis.

1 Creates models for enabling climatgpactsto 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 operformancebased wind desigms the uncertainties in timeodeling

assumptions around these parameters can often overwhelm the chahgesnd load effect at
various performance levels. To improve the identification of the asindtture interaction and
accurately model the behavior of structures under wind loading, several research directions can
be exploredfor example, quantifying irdrent damping properties across all building types,
understanding structural parameters like stiffness, and assessing the ingoaigpohent

cracking on these properties. Building consensus on analysis model assumptions and researching
nonlinear materigdbehavior will provide valuable insights. Addressing uncertainties in structural
properties, component testing, and systewel full-scale monitoringireessential for consistent
practice and enhanced whstlucture interaction understanding.

Estimated Cost

$500,000 $3,000,000

Estimated Time

21 6 years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Difficult to get access to existing buildings for full Strengthen collaboratiommongstakeholders such as
scale monitoring property owners and local authorities

Large quantity of components/material to study Start with components/materials that are most used

the industry and most sensitive to lethgration wind
loads anduild a network of researchers to tackle
different categories

Stakeholders and Roles

Stakeholder Role
Universities/Research Organizations Develop framework and tools for fedlcale monitoring
of existing building

Develop methodology tquantify structural properties
for different building material
Industry Provide feedbacknthe developed framework

Develop relationships with property owners

Identify opportunities for fulscale monitoring (could
be shorduration monitoring around storm chasing o
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long-duration monitoringwhich 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
design

Impacts on Standardization and Application in Practice

1 Enables designers to assess the structural performance of buildings incdesisgently
using accurate modeling assumptions.

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

1 Standardizes thapproach to addressing risk of nonlinear behavior in tailédings.
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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

Performancéased wind desigriPBWD) is based orvaluation othe nonlinear dynamic
response of theain wind force resisting systeffhe need to estimate the performance of the
main wind force resisting systemterms of probabilistic performance metdcboth traditional,
such as reliability, and future metrics, such as repair costs andl tiereerallyrequires the
propagation of uncertainty through nonlinear finite element models that are subjectto long
duration dynamic wind load®rg the order of several houysyhichare 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 overcaegdnping new
computational methods and strategies based on, for example, metamodeling, reduced order
modeling, datdphysicsinformed artificial intelligence (such as machine learning), and novel
strategies based on leveraggrgphicsprocessing unitcompuing and massive parallelization.

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

Estimated Time

3i 6 years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

To have practical significance the Ensure the algorithms are developed vinthut from
algorithms/approaches must ¢egpabé of handling the industry

general problems
Ensuring methods based on artifidigklligence have | Partnering with industry to solve problewfspractical
buy-in from industry interest

Stakeholders and Roles

Stakeholder Role

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

Industry Provide the practical problems to solve

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

1 Creates a methadd rapidly carry out nonlinear response history analhgsisired for
PBWD.

9 Provides the fundamental knowledge necessasyandardizenethods based on explicit
nonlinear time history analysis and uncertainty propagation needed fobPBW
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Priority Research Need 8: Static Pushover for Wind Engineering to Quickly
Evaluate Nonlinear Structural Performance

Description

This research establieha comprehensive framework for inelastic static pushover (SPO)
analysis in wind engineering. performancebased wind desigiPBWD), the computational
demands for nonlinear response history analysis are extremely high. As an alternative method,
SPO analyis shows potential to provide an efficient way to quickly assess the sti@cture
performancevith respect to the performance objectiveguiredin PBWD.No codes and

standards in wind engineering incorp@&PO analysisand the research on PBWD using5P

is mainly based on the seismic assessment frame®st&blishingvind 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

21 3years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Lateral loading profile considering nonlinear structuf Adaptive loading distribution

behaviors

Interactionbetween alongvind and crosswind Multidirection SPO

responses

Connection between SPO aimtremental dynamic Comprehensive simulation and validation
analysis

Stakeholders and Roles

Stakeholder Role
Universities/Research Organizations Developanalysis tools
Industry Validate the performance of the proposédd SPO

analysis framework iengineering 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

1 Provides an alternative efficient method to assess structural performance.
1 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
deformationcontrolledmain wind force resisting systemembers. While the nonlinear pesse
history analysis is introduced performancebased wind desigiPBWD), the current backbone

curve used in component modeling is mainly based on research in seismic engineering, with the
exception of recently published PBWdpecific research (Abdulteet al. 2020, Motter 2019,

Sharooz 2019). To develop wisgecific backbone curves for deformaticontrolled members,
well-designed (or confirmed) testing protocols are needed. Present loading protocols are based
on statistical analysis and are spedificeinforced concrete and structural stéekther

statistical analysis is needed to extend loading protocols to wood structures and to assess
windstorm typéspecific (synoptic and nesynoptic wind) effects. Upon completion, the

research will result itoading protocols that engineers can follow for-qualification of
componentletails to use in performant®sed wind design of structural members.

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

Estimated Time

1i 3 years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Loading protocols depend on windstorm types Generate intensitdurationfrequency curves for each
storm type andevelopcorresponding wind tunnel
facilities/techniques

Loading protocols depend on structuraterials Develop higHfidelity 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 windspecific loading protocol in standards
Provide feedback
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Impacts on Standardization and Application in Practice

Provides a criterion formateriatspecific componerteststo developbackbonecurves required
for nonlinear analysis for PBWD
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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 wiljuantify theeconomic impact of wind damage to existing buildings and the
potential benefits of implementimgerformancebased wind desigmeasures, 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 mitigagi damagef these buildings.

Estimated Cost

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

Estimated Time

5110 years

Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions
Difficult to acquire damage observations on a large | Identify regions with diverse building typologies that
scale that are representativevafiousexisting have experienced strong windstoewents

building types
Collaboration between researchers and governmen
organizations to share data

Addressing the multiple vulnerabilities that may exi§ Separate existing building stock into subsets and
across existing building stock address the most typigabints of failure or
vulnerability for the subset

Stakeholders and Roles

Stakeholder Role

Governmental Organizations Provide feedback and access to data on building st
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 type

Support the mapping of risk to vulnerable communif]
Standards Oranizations Address code changes that specifically address
vulnerabilities in existing building stock
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Impacts on Standardization and Application in Practice

1 Creates methodology foetrofitting and adaptation effortsingperformancebased
wind designto reduceoverallcosts.

1 Enableshigh-risk existing structures in vulnerable communitesonsider cosgffective
options.
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6.4. Proposed Program Budget and Schedule for the First 10 Years

Based on th@riority Research Summaries provided in Sec@) Table & 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 detdibllowing the &ble.

Table 6-2. Proposed Program Budget and Schedule foFits¢ 10Y ears AmountsShown inThousands

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

Tables6-1 and 62 list the top 10 research neddentifiedduringtheworkshop.Each of these
research needs seeks to improve the built environbbyan&inainingor enhanimg safety,
redudng loss, and minimizing resource allocation when challenged by extreme weather events.
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Consequently, completion of certain research s&ell depend on the status, development, and
perhaps completion of other research ne€deWorkshopSteeringCommittee offers the
following commentary regarding the likely interrelationships of the research needs.

Priority Research Need 1 can proceedniediatelywith theunderstanding that present wind
engineering is based on wind engineering protocols developeghigpticc andhurricane
dominated wind risk<Priority Research Neetl can begin with evaluation of present design
performancechieved by national design standards (e.g., ASCE/SEBTE 2022, AISC 360
(AISC 2023, and ACI318(ACI 2019) with the objective of finding appropriate building
systeni basedeliability targets.

Priority Research Needs 2 and 3 pertain to reductiamdfie damage observed in envelope
systemsLaunch and completion éfriority Research Needs 2 and 3 can and should take place
concurrently with the otheesearcheeds.

Current noAPBWD design is also developed on assumptions of syn@ptithurricane
dominated wind fields, hence once the studPwbrity Research Needs 4 and 5 are complete
and published, updates to the Prestan(@8CE/SEI 2028andPBWD engineering practice can
be pursued by the various national design stand@rasity Research Neds 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 demdhdsd.a consistent loading history is
agreed upon (or &ast 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 ResearcliNeeds 6 and 7 consider methods to expand or make structural components,
analysis techniges, or desigapproachemore efficient These initiatives must either begin after
Priority Research Needs 1 and 9 or must be condsctedto avoidrelying upon the present
assumptions ahe currenstate of practice with regard to structural systefatgdPriority
Research Need 1) or the specific level of loading (cyclic or otherwist&jaity Research Need

9. Hence, NIST is advised to require researchers evaluatingty Research Needs 6 and 7 to
conduct their work either with knowledge of thietcomes or directions éfriority Research

Needs 1 and 9, or in such a whgat wouldaccept future refinements Bfiority Research Needs

1 and 9.

Priority Research Need 8 represents a simplified solution to full nonlinear time history
evaluation of syi'em safetyConsequentlyPriority Research Need 1 must be complete (and
preferably codified) before similar implementationRusfority Research Need &dditionally, it
would be helpful folPriority Research Needs 6 and 7 to be underway or complete before
codification ofPriority Research Need &inally, outcomes oPriority Research Needs 4 and 5
could notably affecPriority Research Need 8.

Priority Research Need 10 can commence immediately as it primarily serves to inform national
codes andtandardsExisting postdisaster reconnaissance reports contain sufficient guidance
thatPriority Research Needs 2 and 3 can proceed independeifthoaty Research Need 10.
Ideally the findings oPriority Research Need 10 can be provided in stagpsotade 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 recommendesearciprogram include

1 Fundamental knowledge and critical @dbr understanding PBWD reliability to advance
thestandardization and application of PBVifDpractice

1 Reduction of high wind damage to futureilding stock anbbr facilities refurbished
utilizing PBWD methodologies

9 Lower initial and retrofit costs rated towind-resistantonstruction
Increasd reliability of buildingswith minimized overdesign

1 Increasd confidence in the estimation of the inelastic performance of buildings subjected
to high winds

1 Fewer lives lost in destructiweindstorns (especially tornadogsand
1 Better written, more easily understood codes and standards.

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

1 Reduction in traumatic life loss, injury, damage, and economic impacts when windstorm
events occyr

1 Rapid recovery and restoration of physical communities and ecoaotiities
following a significant windstorm everand

1 Reduced initial investments requiredaichieve riskconsistent design ammbnstruction of
buildingssubjected to wind events.

Benefitswill accrueto design practicalmost immediatelyafterthis progranbeginsbecause the
PrestandarASCE/SEI 2023is currentlyutilized for the design dbuildings andesults from
the recommended program canitplemented immediatelfResearchers and design
practitioners in the winéngineeringcommunity have been requesting research foglfhese
technical issues, particularly teeyrelate toenvelope systerdesign and installation, for many
years nowlmplementation of the proposeesearclprogram willimmediately signal an
important positivechange to the profession aresearch communitigbatshould yield new
enthusiasm for pursuing worthy research dedelopmental efforts that will improve current
knowledgeabout windstorm hazas@énd ways to significantly reduampacts felt from these
events

7. Acronyms and Abbreviations

ANN artificial neuralnetwork

ASCE American Society of Civil Engineers
ASTM ASTM International

ATC Applied Technology Council
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building envelope

C&C
CFD
DCR
FEMA
GPU
IDA
LIDAR
LSTM
MDOF
ML

MPA
MRI
MWFRS
NIST
NWIRP
PBD
PBWD
PEER
Prestandard

SEI

SHM
SDOF
SODAR
SPO
SPQIDA
STEER
WSC

assemblagef wall androof coveringsproviding resistance tair and
waterinfiltration

component andcladding

computationafluid dynamics
demandto-capacityratio

Federal Emergency Management Agency
graphicsprocessingunit
incrementatlynamicanalysis

light detection andangirg

longshort-termmemolry

multi degreeof freedom

machinelearning

modal pushoveranalysis

meanrecurrencenterval

main wind forceresistingsystem

National Institute of Standards and Techigglo
National Windstorm Impact Reduction Program
performancebaseddesign
performancebasedwind design

Pacific Earthquake Engineering Research &ent

ASCE/SEIPrestandard for PerformaneBased Wind Design Version 1.1
(ASCE/SEI 2023

Structural Engineering Institute of ASCE
structuralhealthmonitoring

single degree ofreedom

sonic detection anaganging

static pushover

static pushoverto incremental dynamic analysis
Structural Extreme EvenReconnaissance
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 (ASCER022 defines the minimum required building loading for caedenpliant
structures in the United Stated.the heart of the ASCE/SEI 7 standard is the objective of
protecting tle life safety of building occupant&.single table in Chapter 1 of ASCE/SEI 7
summarizeshis objective which isexpressed as the reliability against failure of various

structural components with respect to different limit states of increasing sevargyable 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 reliabylitReliability as definedn 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 redistributogth

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
thebuilding as a wholéi.e., asa 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 systeeu

choices when allocating material and development resources.

Motivated bysystemreliability, researchers amtactitionershaveover the past five years

pioneered approaches that explicitly treat damage through nonlinear modeling within the context
of system rkability. These include approaches based on the application of the theory of dynamic
shakedownChuang and Spence 20%pence et al. 2022nd the application of nonlinear

modeling approaches based on direct integrafdoanachalam and Spence 20221 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
developedo evaluatehe state of dynamic shakedown enablegitrext evaluation system

reliability by robust direct stochastic simulatid®dhiang and Spence 202Zhe key advantage

of the second approach is the modeling flexibility it provides. The major challenge is the huge
computational effort that is generaligcessary to propagate uncertainty and therefore estimate
systemlevel reliability. Notwithstanding, the use of supercomputers and specialized uncertainty
propagation schemeArunachalam and Spence 202&s allowed progress in this direction
(Arunachalamand Spence 202Xu and Spence 2022

As a direct consequence of the fundamental and immutable importance of safety to the
ASCE/SEI 7 (ASCR0232 standard, no progress in the implementation of PBWD can be
achieveduntil the system reliability of buildirgydesigned to current codes and standards is
understood over an adequatenberof archetype structures that properly represent current
practices in the design of steel, reinforced concrete, and hybrid MWIFRASCE/SEI 7 and
research communities are lrgng to evaluate suites of structures for system reliability.
Extension of this work to more building types, geometries, and lateral system configurations is
neededA 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 reliabilitiie participantsof the worksho@areaware
that efforts are underway withthe Structural Engineering Instijuof ASCEto address system
reliability andthatprogress is being madeesearch and review continue to be neeN¢éaT
resources, if applied soon, would accelethis critical need.

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

This research categoaymsto improve the observed poor performance of envelope systems to
high winds.Severalnitiatives were identified with the common goalretiucingthe economic

and societal losses alttuted to failure of the envelope system to prevent damage to the internal
areas of buildings due teind-bornedebris, water intrusion, or wind pressures.

As voiced by nearly all workshop participants, the penetration of water and moisture into a
building through breaches or failurestbé envelopendangers the internal conteand

continued use likelihood of nearly all building typ@ghile life safety is the stated design
objective of model codes (i.¢heInternational Building CoddCC 2023 andASCE/SEI 7
(ASCE2022), 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 degrf 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 fhrilities.
the hopes of rectifying this discontée performance level, the workshop participants suggest
advancement in the following areas

1 RekEvaluation Area 1 Creation and adoption of the formal evaluation, through testing,
of envelope systems to quantify performaralativeto wind effectsvith water
infiltration.

1 RekEvaluation Area 2 Requirement for water intrusion resistance of envelope systems at
pressures commensurate with the pressures mandated within ASCE/SEI 720&CE
At present water intrusion pressure testing occurs at 6% to 12%aslotlvable stress
design pressures mandated for structural design.

1 RekEvaluation Area 3 Reassessment of envelope testing methods to ensure the testing
methods adequately predictptece performance coupled with expansion of testing
during envelope installation.

1 RekEvaluation Area4: Establish if presenwind-bornedebris impact testing is
representative of true impact risks and generates the dlsist of performance in situ.
Furthe details of this initiative are providedibsequently

1 RekEvaluation Area 5 Reassessment of the frequency, magnitude, and duration of air
pressure applied during ASTM E 38ASTM 2016 and AAMA 501.1(AAMA 2017b)
testing.

1 ReEvaluation Area 6 Comprehesive review of testing methods relative to
contemporary envelope systems, materials, and locatrenworkshopparticipants
specifically suggest the various segments of the building envelope industry should be
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tasked with evaluating their existing testthuds and developing a priority list for-re
evaluation.

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

The FEMA R58 (FEMA 2019 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
nonstructuratomposition of a facilityWith the methods of the FEMA-B8 initiative designers
can inform building users of the likely result of design decisions insofar as futuré/itbk.

respect to predicting seismic damage, the heart of the FElgR\Rethod is guite of fragility
curves.Each curve is specific to a building component or building content object (e.g., beams,
columns, connections, mechanical olgeptpes, bookshelves, stairs, interior walls, etmyl

these fragilities have been used at thearesdelevel to consider likely building outcomes in high
wind scenarios.

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

1 Direct damage (damage taaterials)

1 Indirect damage (damage due to water leaks and internal mechanical systems)
1 Facility downtime (time and cost to repaiand

1 Risk to occupants (risk of casualties).

Several limitations exist when attemptingrtanscribehe seismic fragilitisinto wind response,
including the following:

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

1 The FEMA R58 (FEMA 2019 fragility curves did not casider damage mechanisms
outside of seismic respondaw or high cycle fatigue was not a testing or failure
condition of envelope systems or internal walls or compon&htslong duration and
multi-cycle realities of wind response motivate additional dgevend repair states when
extending the present seismic fragilities to wind response.

1 Wind-specific response was not considered by the seismic FEBRiRtiative(FEMA
2016. Consequently, the FEMA-B8 fragilitieslack wind-borne debris impact or air
pressurebased damage predictions. Addition of air pressure andvantke debris
based damage states to the envelope fragilities is dgitiogbortart.

1 Addition of water infilration damage stateEhis 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, punctuing walls, roof teawoff, etc.).
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Much of the FEMA P58 (FEMA 2016 fragility dataset can be leveragid wind engineering.

The damage metrics associated with interior building damage from broken water pipes can be
directly applied to water intrusion dagecaused by cladding breachiestthermore, the cost

and consequence data of FEMA® is equally applicable to wind damagetas seismic

damage.

Nevertheless, to make valid predictions of building performance, the design community needs
data linkingbuilding engineering parameters (drift, lateral acceleration, wind pressuhejnd-
bornedebris density) to building damage and consequence metrics (cost, dovamiisecietal
impact).With these links a designer, policymaker, or user can make-\aideoutcoméased
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 lead to mold and decay of interior building contenthis loss ri& is

compounded in storms whichwind-bornedebris breaches the envelope system either directly
(e.g., breakage of windows), or indirectly through tears or dislocation of envelope components
thatlead to water intrusiorFurthemore large storms may disable or destroy mechanical

systems or city uities. 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 relocatéal ttheéestorm

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 resistemeater intrusion for increasing levels of
applied pressure (FGIA/AAMA/I.S.2/A440Fhese tests assess water intrusion for wind

pressures between 686d12% ofallowable stress desigmnd pressures with optional elevated
performance grades approachitgistural design allowable stress pressures.

Theworkshop 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 claddingvind resistanceGiven that nontrivial water intrusion through an envelope

can cause equal or greater overall building use interruptidordods than outright damage to

that same envelope, the workshop participéedban unacceptable disconnesistsbetween

the pressures an envelope system must resist for safety purposes versus theriesat@an

envelope system must resist for water resistance purposes.

Consequently, the workshop participants recomnteatNIST andor thedesign andtandards
communities formally assess (and seek to improve) the present water intrusion testing metrics
applied toresidential, commercial, andarchitecturalgrade envelope systems.

Intrusion of water can also be traced to direct impingement thiloughrs, vents, and similar
openings through the envelogedthrough similar openings breached by the dislocation of
rooftop or similar equipmen©pportunities existo assesdor example, louver systems that may
or may not close and seal against wateusion.Other opportunities exist for furtheode

guidance for the attachment of ventilators, rooftop equipment, and otheisaybfcto

missile impact thatcan dislodge object#\t present those objects are not required to have direct
missile inpact 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, gutteotesiflashing uplift, etc.).

Educational materials, field testingethods, and where needemtle 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 Designbreakout sessioenvelopesystemdesign practitionerandenvelopesystem
researchers identified failure or damage mechanisms inherent to envelope systeuorscititht
lack assessment (testing) techniques readily available for field'bss, the following suggests
creation of evaluation techniques #rdiesignprofession ostandardcommunity calls for the
testing of envelope components that are not assasgedsent

This category also includes continued assessmenindy menstructed fatitiesthathave been
subject to high winds evaluateperformancemprovementorought about by recent code
revisions, industry changes, or elective performance enhancements.

T

Createfield diagnostictests forenvelopecomponenintegritywhere deficiencies in
performance are found and assessment of the deficiency is notteaitny inspection or
verification tests.

Establish drmal requiremestfor envelope system installation andsitu testing.

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

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

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

Assess newer existing structures that have been subject to high wind events and
determinewvhetherimpactresistant design generates the desired level of performance in
situ.

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

Extreme windevents affect the urban environment, heavily damaging buildinggjor cause
of building damage is winrtiorne debris impact, especially on the building envelope-d¥estt
surveys highlight that eventifie wind event does not affdbie structure, ifite building
envelope is breached serious consequetere®ccursuch as internal pressurization, water
infiltration, property lossegndfatalities such as the 14 patients at tieXdhn Medical Ceset
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of Joplin,Missouri,in 2011. Insuchscenarig, the building envelope is the first barrier to protect
or at least mitigatagainsthe 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 windorne debris impacts are based on the following test methods:

1 ASTM E1996 ASTM 2020, Standard Test Method for PerformarafeExterior
Windows, Curtain Walls, Doors, and Impact Protective Systems Impacted bB@irel
Debris in Hurricanes

1 ASTM E1886 ASTM 2019, Standard Test Method for Performance of Exterior
Windows, Curtain Walls, Doors, and Impact Protective Systemachegh by Missile(s)
and Exposed to Cyclic Pressure Differentjals

1 ICC 500 (CC 2020, ICC/NSSA Standard for the Design and Construction of Storm
Shelters and

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

Thesemethodma d opt standard fAimissilesd and I mpact ve
failure of typical balloon frame constructidrthe flight of structuramembers (large missiles,
representative of the 2x4.isection wood frame construction) and the roof aggregate (small

missilesp to conduct impact tests on glazed assemblies. The current testing protocols, therefore,
alsoassume that winflorne objects havithese two feature3hus theimpact energies are not

based on the aerodynamics of wAnorne debris in local environmentgr is adatabasevith

wind-borne debris speeds in windstorms of various intensitiadable The weights and

velocity ofthetes i ng projectiles change according to t
protection (ranging from Wind Zone 1 to Wind Zone 4, following ASCE/SEI 7 (A3TCER)).

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 cycleil8sting 1

seconds.

Through a process of consensudiding, the ASTM E1886 ASTM 2019 standard test method

was created with the participation of manufacturers, consultants, building code authorities, and
other specialists. Threandardncludes thegpermitted tolerances for the testing criteria for both
debris projectile impactslevelopsthe pressure cycle program, atefinesthe test loading

sequence and conditions. The performance requiremenésieveloped through an empirical
approach.

ASTM E1886(ASTM 2019 standard requiremengsve facade designers tlopportunityto go

through engineering assumptions and calculations to develop ad hebaevireldebris impact

tests for their projects, usiahlgytoaatolpedr fAmit heirl
mi s s i | simgact eestihgbatvepresents the locahvironment 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 buildingsd other manmade structures.
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To perform windborne debris impact tests that represent the local environment, two design steps
should be conductedebris failure wind speed assessmentwmdl-borne debris flight
trajectory assessment.

Debris failure wnd speed assessmeMarious methodare availabléo 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 hadadvn force on the debris element. The evaluatican

be conducted through a deterministic or a stochastic approach, or through a comthaetiai
Potentialdebris sourcgin the surroundingsicludes ur r ounding buil dingsd r
aggregate, roof pavers, and other building envelope comfzonen

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, consideringptisé case in terms of
negative/positive pressures acting on the building envelope. The désighi¢ identified for

various areas on the walls and on the roof slopes, for various building Byeesthough this
outcome is conservative terms ofbuilding envelope design (maximum and minimum pressure

to test the facade element)ddes not accurately estimate the wind speed at which a component
of the building envelope miglféil and thus become wirddlorne debrisA larger localized

suction on the roofan occur at dowerthan desigwind speedresulting in a localized hiding
component failure. Accordingly, if the failure occurs at a lower than design wind speed, in some
scenarios the designer can underestimate the problem obweind debris

Wind-borne debris flight trajectory assessmerithe first windborne debris studies to assess
flight and trajectory were developed by Tachikgd@83, who defined the equations of motion
for a general winéborne debris object, in uniform flow. Debris failure is associated with wind
gusts and Kordi et al. 010 found that the 3econd gust failure wind speed represents a
practical and reasonable upiEund wind speed to estimate the uppeund flight trajectory,
but that it overestimates the mean trajectory.

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

1 Between 4% and 120%of the 3-second gust wind speed at failure for roof shingles
(Kordi and Kopp 201}

1 Between 206 and 95%of the3-second gust wind speed at failure for roof sheathing
panels Kordi et al. 201, and

1 Between 3% and 60%of the3-second gst wind speed at failure for roof tilekdrdi
and Kopp 2011

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

Further research is needed to assess theroebsurface flow to derive roof tile wind uplift
loads, the same way th&teterkaet al. 1997 did for asphalt shingle ASCE/SEI 7 (ASCE

2022 requirements extend wirabrne debris impact testing upXanile (1.6 km from an
Exposure D conditionlt should be determined if rdike wind-borne debris can aghgreater
flight distances, based on the source locafiatasets to validate the numerical calculations of
wind-borne debris trajectory analysis are limited, and most studies do not consideontdal
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scenariosn whichthe windborne debris elementiginates from a source buildinBevelopng

a wider database on various wibhdrne debris types, based on various building components or
objectsin the urban environment identified pione tofailure in extreme windswvould be

useful Considering the soce building, studyng the failure and trajectory of wirblorne debris
elements from lowise and higfrise buildingsandfor various roofing systems (roof tiles,
shingles, roof aggregate, roof pavers, green roof technologies, etc.) and roofing shapes
(gale/hip/flat roof typeswould also be usefulrall buildings have not yet been assessed
through wind tunnel experiments for wihdrne debris generation.

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

With regard to prformancebased multmeteorologeal (wind/hail/rain) desigrwhen a building
envelopdails under wind loads, the primary damage to the building and contents often results
from damagelue towater infiltration. Atpresentjoint probability models for wind and
precipitationare not readily availablé needexiststo conduct these analyses to develop maps
for different MRIs across the United Statesorporating suchoint probabilistic analysesould
allow total reliability to be determined based on the watertightneswiaddesistance of

different building envelopsystemtypes. As discussed elsewhere, consistent reliability across
components of a building neededo ensure thahe buildingmeets its performance goals, and
this is currently missing. This research viaé 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 relevamealworld 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 Penetratiofxferior Windows Skylights,

Doors, andCurtain Walls Uniform Static Air Pressure Differen@STM 2016, describes the

static testing method by which water is sprayed at a constant rate (5 dattbrrisponding to a
heavy rainfall of 8 idhr) onto the exterior face of a cladding specimen while a pressure
differential is maintained across the specimiére static test is meant to be performed for 15
minutes at a minimum pressure differential of 2.86 psf, but for the architectural claddingyindust
it is more frequently conducted at a minimum pressure of 6.24 psf, or at greater pressures of up
to 12 or 15 psf (appramately equivalent to 50, §&nd 77 mph static wind pressures,
respectively)The AAMA 101 standardAAMA 2022) recommends testingrainimum 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 bdiltgngs.
AAMA 101 narrative also suggests that 15 gsfidd be the maximum pressure considered for
testing.Notealsda hat AAMA states, #Alt is important to
permit significant leakage under normal service conditilins.generally accepted, however,

that water leakagean be tolerated during periods combining high winds and heavy Irains.
recognition of this, water resistance is generally determined at a pressure less than Design
Pressure. o
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AAMA 501.1, Standard Test Method fovater Penetration of Wind@aCurtain Wdls and
Doors Using Dynamic Pressu(@AMA 2017b), describes the dynamic testing method by
which water is sprayed at a constant rate (5 gafhofftto the exterior face of a cladding
specimen while a windenerating device (i.e., airplane propellor) progs a dynamic velocity
pressure against the specimé&he test is performed for 15 minutes at a selected dynamic
pressure anywhere from 6.24 psf up to 15 psf (apmprately equivalent to 50 and 77 mph
winds, respectively)Typically, both static and dynaotestswould 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 penetrativvorkshop participants are concerned that the duration of the
tests and test pressures utilized may not realistically recreate storm corttaidhes cladding

may experiencdn addition, the relatively high frequency sifnulatedair gust application

during the dynamic test may napresenthe lowerfrequencylongerduration application of
wind and water demands during storm conditikuasigerduration rain events and slower
variation of wind pressure (relative to pressures observed in the AAMA t&&t) Inay permit
greater levels of air and water infiltration than suggested by testing.

Workshop participants assoconcerned thaturrent testingloes not consistently assé¢ise
relationship between building movement (which displaces seals and pmdsmultaneous
application of wind and water loaddore extensiveaestingof the assembly under a realistic
displaced conditiofike testing per AAMA 501.4Recommended Static Test Method for
Evaluating Curtain Wall and Storefront Systems Subject&eaittmic 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 systemsterials, and locatianThe workshopparticipantsspecifically
suggestdthatvarious segments of the building envelope industry should be tasked with
evaluating their existing test methods and developing a priority listfevakiation However,

the following selection of tests were highlighted for reassessment

1 ANSI/SPRI/FM 4435 ES, Test Standard for Edge Systems Used with Low Slope
Roofing System@&NSI 2017;

ANSI/SPRI GF1, Test Standard for External Gutter SystdiiISI 2022);

1 ASTM E907 Standard Test Method for Field Testing Uplift Resistance of Adhered
Membrane Roofing Systel@@STM 1996; and

1 Lab and field test methods for evaluating wirtven rain resistance of glazed
assemblies.

Of this list, tests EQ and GTF1 are most in need oéview, due to the many roof failures being
initiated with lifting of edge flashing, copings, or gutters.

Notably, these tests do not evaluate dynamic (cyclical) loaBecpuse these assemblies
typically use light gauge metals, which are susceptibiailiore due to dynamic loading, urgent
testing may not adequately evaluate kbegn performance.
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ASTM E907(ASTM 1996 is an important test for evaluation ofplace membrane roofs.
However, ithasseverabpotential limitationsFinally, laboratory testfor winddriven rain
resistance are generally lacking and do not assdsiently highpressures in view of the
workshopparticipants

The enhancements to current envelsypstemdesignpracticessuggested here represent a
notable departure from currepractice and represent a substantial research initiative to fully
implement.The workshop members sugg#sdtindustry groups with the support of NIST (or
other similar organizationggarry out many of these enhanceme@ertain enhancements, such
asa requirement for structures to resist wardven 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

Estimatingthe overallperformance of building systems subject to extreme winds involves
estimatingthe performance of both the structural dmelenvelope 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
comprisea twoway coupled system that is progressive in nature. For example, the dynamic net
pressure wind demand on the building envelope components is coupled vdémtage

occurring in the envelope components themselves. In other words, a damatijastateursn

an envelope component can cause an opening in the building envelgpeéramatically altering

the internal pressure (which will, in general, becomeadyin) 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 damagéhasturther changes in net pressure

demands.

In addition, a damage statetoccursin an envelope component can change the capacity of the
component to resist other wind demands. For example, envelope components are susceptible to
severaldamage states related to excessive dynamic interstory drift. The occurrence of one of
thesedamage states will, in general, affect the capacity of the envelope component to resist
dynamic net pressure, water penetration due to concurrent rain, antavireddebris.

Therefore, not only are wind demands often-tmayy coupled, but the damage stdighich can

be initiated byariouswind demands, e.g., dynamic net pressure, dynamic drift, andbeime

debris) are also coupled.

Notethat wind damage is progressive in nature as it accumulates over the duration of the wind
event, i.e., identifyng asingle instant during the wind event in which the damage ot
possible This makes the simulation of wind damage a complex task. This is further complicated
if propagaing uncertainty through the coupled and progressive damage preceEssredo

estimae the probabilistic damage and loss metrics that are key to effgatimemunicatng the
advantages of PBWD to decisiomakers and stakeholdesto mayhavevarioustechnical and
nontechnical backgroundshese winespecific aspects differentiate the development of
probabilistic performanebased wind frameworks from those for performabased earthquake
engineering andn particular from the FEMA R58 (FEMA 2016 procedure for the
implementation of semnd-generationperformancebased earthquake engineering that is based
on decoupling loss analysis from damage analygigh in turn is decoupled from demand
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analysiswhichis assumed independent of hazard analysis. This defines a Masdwa and
Peres 2017 model that substantially simplifies the implementation of performaased
earthquake engineering.

Notwithstanding the differences between the evaluation of damage and loss between wind and
seismic engineeringecently severaesearchers havekian the basic framework underpinning

the FEMA R58 procedurdFEMA 2019, i.e., the probabilistic framework developed by the
PEER centerYang et al. 2009 and applied it to performantmsed wind desigrCjampoli et

al. 2011 Spence and Kareen 2Q1Motably, over the past five years, significant steps have been
taken to explicitly account for the twway coupling and progressive nature of wind damage
accumulation and loss estimatidef¢nardini et al. 2013Chuang and Spence 2Q1Gui and
Caracoglia 2018Judd 2018lerimonti et al. 2019Mohammadi et al. 201®uyang and Spence
2019;Cui and Caracoglia 202@uyang and Spence 2Q02ZBhaffary and Moustafa 2021

Ouyang and Spence 202i;2Arunachalam and Spence 20Zhuang and Spence 2022
Nevertheless, mualork remaindefore probabilistic frameworks are available that enable the
holistic estimation of wind damage and losses in terms of a class obpaudfic probabilistic
metrics related to aspects such as repair costs, downtinhel{imgimpeding factors), injuries,

and life-cycle costsThislist of metrics willlikely expand as more fundamental research is
carried out in this area.

In developing probabilistic frameworks that enable the estimation of probabilistic nmelaiesd

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 nonstma¢t(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 perfermance
based wind design frameworks hdeen based on simply adopting the fragility functions
developed for seismic engineering. While this has allowed the concept of RBD
demonstratedhe next step is to begin creating wisykcific fragilities that account for the
multiple demands a cgmonent will generally experience during a windstorm. For example, an
envelope component may be exposed to interstory drift demands, net pressure damdands,
impact demands coming from witmbrne debrisTo 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 wspécific damage states (e.g.,

water penetration, wintdorne debris penetratioandcracking due toxexessive pressure/drift) to
component wind demands (e.g., wibdrne 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 theelepment and practical application of probabilistic
PBWD frameworks, testing of structural components to veipecific 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 stockthroughoutmuchof the United States. However, current design processes are
based on characteristics gathered frontlnargerscale storms. Examples of characteristics that
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do not necessarily apply to thunderstorms and tornadoes are the assumptions of Hayedary

wind speed profiles and turbulence intensities (and length scales) that are a function of upwind
terrainroughnessThecharacteristics aralso assumed to lendamentally selbtationary 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 esspons

Current wind climate models used in engineering are based, with the exception of hurricanes, on
historical datdypically measured &3 ft above ground. Since Automated Surface Observing
System implementation this has become the standardized measuhengét in théJnited

Statesand recorded data on both mean and gust wind speedwailableOther meteorological

data gathered at the same time can help identify the storm types associated with each wind
record. However, fultime histories are generallynavailable and informations lackingon the
variation of the wind speeds and directionality with height.

Some very limited datareavailable on tornado wind speed profile$ich wereused in

developing the current ASCE/SEIChapte32 tornado profile (ASCER022. The data on which

this profile was developed showed a very large degree of variation over the small number of
measured tornado profiles (fewer ti&field radar snapshots and eight radar averages) on
whichtheywerebasedTheexisting datarenot sufficient for the development of reliable
engineering models. Large assumptions were made in the incorporation of what is intended to be
a conservative profilen ASCE/SEI 7 Much less datareavailable on thunderstms.

However, dfficulties 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 asdarderstorms such as
hurricanes. So, measurement instrumentatiostbe distibuted across areas where these storms
are likely andvhereboth temporal and spatial attributes of the storarsbe capted. This type

of work has been done, and continues to be executed, for hurricanes anddalgstorms with

the use of arrays ohobile masts that are deployadrossegions in advance of incoming

storms. However, these masts are of limited height and so only provide information in the lowest
100 ft or saof the storm profileThis may provide much of the information needed for-fse
buildings but not for highiise structured_arger mastsvith permanent instrumentation to greater
heightsare present in a few locatigrsich as aheWind Engineering Research Field

Laboratory at Texas Tech Umirsity. However, onsistent data in severe storm events from
locations like this are very limited, as the stormastpass over the site be recordedlo obtain

data higher above the ground, other mobile technologies will need to be employed.

To obtain thenecessary information er@uy mastsis not possibleand hence nonphysical
approaches will be required, such as rastaric detection andanging (SODAR)andlight

detection andanging (LIDAR). SODAR isagood technology for obtaining vertical profilasa

site but is limited in the extent of its measurements and frequency responses at greater heights.
LIDAR is the technology that is most likely suitednmstof this work as it can provide data at a
greater range of heights and over a larger areard\ffecessary, this can be supplemented by
other instrumentation.

To develop engineering models of the windstorm characteristicsingaagtrumentation in
regions where this type of storm is common and then degjaybased on weather forecast and
rada predictionswill be necessaryin the case of thunderstorms, the goaktbe to capture
sufficient information on all types of thunderstorms. Most of the work to date has been on
downburst events, bt recent years significant damalgas occurredueto derechetype
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events where lines of thunderstorms are translated on a gusW¥fankishopparticipants posited
that these derecho events may have structures more similar to bolaygargvents with higher
wind speeds at upper levels, littte dataare availablgo support this at the present time.

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

To do this, develdpg alternative methodologies for physical or numerical predictions of the
effects of different storm characteristics on building performanitde necessaryn addition

to codified approache®ne main outcome will be the development of methusiisgexiging
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 traditidresly carried out using idealizations

of the wind hazardwhichinvolves idealizations of the local wind climatedthe aerodynamic

loads impacting the building. Current wind practices for characterizing these aspects are based
on many years of accumuldt&nowledge and best practices that have been developed based on
available knowledge, computational resources available to practicing engineering and
researchers alikendexperimental methods. The resulting state of practice is generally based on
assumig winds to be straight (i.e., no change of wind direction) and stationary (no change of
wind speed) over a duration ohbur (a duration that can find its roots in the spectral gap in the
Van der Hoven spectrurivan der Hoven 1957

While this situatiorreconciles 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 alichitte

associated aerodynamic loads in greater detail, espegidigthat inelastic analysis, unlike

elastic analysis, is pattiependent and therefore inherently sensitiidecevaluation 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.

Evenwind events associated with large weather fronts can have wind direction changes of up to
180 degrees during their passagGedk 1982, andhurricanes and tornadoes are characterized by
major swings in wind direction throughttheir duration ad majorchanges 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 straightine wind event greatly sipiifies 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 computatioreffortsto explore approaches for better characterizing the
nonstationarityand nomrstraightline nature of wind event&re growing in numbemuch

remainsto be done, especially if robust models and methodologies are to be defined with
confidence in probabilistic frameworks for the implementatioRB¥VD.
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From a climatabgical standpoint, another major issue associated with nonstationaritg telate
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, ulgrfesding to

greater sustainability through reduced use of materials, requires the wind loads used in assessing
performanceo account for any likely increases over the next century or nicmméeili and

Barbato 202p The continued use of traditional appches 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 intetysas many climate modegsedict Thereforejnvestigaing this issue

as it pertains to PBWE imperative

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

Severalfactors including shape, stiffness, mass, and dangomgrnthe 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 trder both traditional design and for performasxesed 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
theamplitude 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 valugermulatedfrom a very small researdample(Davenpet and Hill-Carroll

1986 Kareem and Gurley 1996IRCC 201%. The damping estimates used in practice vary
significantlyaroundthe globe andamongdesign firms. The selection of appropriate damping

ratios for these analyses is often basedrapirical 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 froamguaed

nonlinearities or other cophex behaviors@harney 2008 The possibility to experimentally
determine damping characteristics from-&dhle measurements has been investigated over the
years {Jeary 1996Tamura and Suganuma 19%Gjewski-Correa et al. 20Q65uo et al. 201
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 coriSitnaths

2016. Severadamping models have been proposed for damping estimatiomfezsurement

datg however, many in the literature are inappropriate for tall buildiBgsltfor et al. 2005

Actual energy dissipation in buildings is very complex and has been observed as being
amplitudedependent, deformation histodependent, and fregacyindependent§pence and
Karean 2014).

In addition to research aimed at better understanding the damping levels assumed in design,
frequencies derived during structural analysis in the design itggeee further studpecause
theyoften differ from the actual frequencies of motion measurddiildings. 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 loaith, $mrnecases

negative effectsan occuiat MRIs ofinterest in the assessment of performance goals. However,
for very tall or very slender buildingthe increased frequencies may result in vemekiced
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vibration being exhibited under higher wind speeds and thereby the wind load effect increasing
beyondthat considered in desigim some rare instances, frequencies measured in taller
buildings are lower than the design frequencidss has the inverse effect to thmeviously
described. The mismatch between design frequencies arstdldl frequencidsas been

attributed to multiple factors, such as connection detailing, modeling assumptions (e.qg., rigid
diaphragms or levels of cracking), material properties, and foundation stiffness.

The development of advanced monitoring and sensing techniques ssstohicéural health
monitoring (SHM) systems, can provide r#ate 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 undertarzdttual behavior of structures under
various loading conditions.

In summary, undertaking a wideachingfull-scale SHM monitoring campaign that includes

the deployment of suitable motiamonitoring devices in taller buildings (either a skterin
storm-chasing campaign, or a lostgrm campaign) would enable better assumptions to be made
in the design stage. Better assumptionh@design stage lead to a more accurate assessment of
the wind load effect and an enhanced ability to represent talleifgsloh nonlineamodeling
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 smallscale specimens, which magt fully represent the complexities of fisitale 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, permittiagapion 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 extensivlaboratory testing and research conducted over the past few decades on
material properties and nonlinear behaviors under loading protoooésof these studies have
focused on showuration, highintensity loads typical of seismic zon&&ry little researcthas
lookedinto longduration loading protocokhat aremore representative of wind loading
(Abdullah et al. 202(20217). Considering that wind events can last for several hours, this could
potentially induce a distinct type of responseomponents exhibiting nonlinear behavior and

in some cases, may lead to loycle fatigue.

Workshop participants suggebkat researchers address these limitations and uncertainties related
to material properties under wind loading protocols by develamngprehensive testing

regimes, similar to those undertaken in recent years for seismic lo&bies(ani et al. 2033to

better understand the impact of nonlinear behavior in structures subjected to wind loads. This can
be achieved through advanced expental techniques, such as laigmale 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

Severayears ago, the American Concrete Institute undertook a study to survey design firms
across the bited Statesthatwere designing tall buildings at that time. The survey reviewed
typical assumptions made in the design of this building typology: levalsaoking assumed,
foundation stiffness included, levels of damping assumed, etc. The results were staggering,
demonstrating the lack of consistency in the assumptions made. Givandbhedte

characterization of wind loading and responses hinges onftiretsmmental assumptions, clear
valueexistsin 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&oparametric or scenasimsed bringing forward some
consistency to the approabhs value

Potentiallyquantifying the impact of current simplified (or conservative) assumptions on
predicted wind effecta/ould provide engineers with a better understagdf 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 signifaiaotepancies 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 inherenvariability 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 variabilityatenal 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 inbowéte to greater material
efficiency and freedom from prescriptive requirements but also increased reliability due to
explicit modeling of systemmespons@ver a full range of wind events. Central to this vision is
the possibility to estimate systgmarformanceby evaluatingnanyprobabilistic metrics

associated with wingpecific design variables. This will generally include traditional metrics,
such as structural system and component system reliabiityyew metrics, such as repair

costs, downtime,ral 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 pholistic 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 rdquired.
recognizingthat typical windstormsdve duration®n the order of hours, the computational
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burden required for propagating uncertainty and estimating the probabilistic rhettaraes

clear. It is important to underline how the use of nonlinear analysis will make the problem path
dependent,e., the response used to estimate the metrics will depend on theteeoecdrd
variability inherent to different wind load histories. This eliminatesathibty to applymany of

the general methods used for probabilistically characterizing the sespbwindexcited

systems that are founded on an elastic system and therefoiiagegtendent responses.

These issues have been recognisee@ntlywith various approaches proposed for modeling the
inelastic response of structural systems subject gpdomation wind loads. However, most work
to datehasprimarily focused on establishing the feasibility of carrying out nonlinear wind
analysis and is based on direct integration approaches developed in seismic engineering. While
recentadvancementisave occurreth this areé@ for example, the suite of methods that combine
direct stochastic simulation with dynamic shakedo@nuang and Spence 20292Q 2022,

the approaches based on reduced order madei2013 Wu and Kareem 201Zhaoet al.

2019 Li et al. 2021 Li and Spence 2024ac), and the methods that leverage machine learning
(Li and Spence 2022&reetha Hareendran et al. 2p22nuchwork remaingto solvethe

problem of rapidly evaluating the nonlinear response of s@xuitedstructural systems in ways
that are both robust to the complexity of the computational mtukidescribe the nonlinear
response of systenamdcompatible with general purpose uncertainty propagation schemes.
Areaswith promises in this respect are thaglated to metamodeling/surrogate modeling,
reducedorder modeling, methods for leveraging massive parallelization through GPUs and
supercomputing, and methods that leverage artificial intelligence (e.g., pimfeitsed and/or
datadrivenmachine learning).

While the physicdbased reducedr der model s have performed well
simulatiors of selected structures, the numerical and/or experimental identification of their
parameters remains quite challengigu(2013 Wu and Kareem 2015 However datadriven
reducedorder models have recently become a popular choice for modeling complex nonlinear
dynamics, due partially to the emergence of numerousdeslned training/learning

algorithms €.g.,Peherstorfer and Willco015. Among the datariven models, the artificial

neural network (ANN) associated with the rapid development of machine learning techniques
shows great promise in modeling nonlinear structural respoviaeartd Snaiki 2022 While

ANN models have been &d 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 Hareen@diaf2022 recently
investigated the use of a long shtmtm memory (LSTM) architecture to predict the story
displacement and acceleration of a bb@all steel building under wind loads while Li and
SpenceZ022ab,c) combined LSTM architectures with reduesdier nodeling in defining a

global LSTM network capablef predicting the time history response of all degafdseedom

of high-dimensional systems from a single LSTM network. However, further research is needed
to fully explore the feasibility and accuracyd#tadriven methods for tall buildings.

While ANN models have become popular for structural analysis, they are often viewed as
fiblack-boxo models due to their lack of interpretability and reliance on labeled data. This can
lead to reduced accuracy and getizability, especially when dasasescarce, 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 emsynence with
physical laws. Wang and WR@20 proposed a knowledgenhanced deep learning model for
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wind-induced nonlinear structural dynamic analysis, leveraging mackatable knowledge in
the form of physicdbased equations and seempirical fornulas to enhance the regularization
mechanism during deep network training.

To efficiently estimate nonlinear structural responses, redoaizr modeling methodologs

using either physiebased analytical models or dataven metamodelsavebeen widely
employed. WuZ013 utilized the truncated Volterra model to predict nonlinear vimtdiced
bridge deck response. The statistical linearization approach, where the nonlinear system is
represented by an equivalent linear system, has been utilized by BoMatl. 2014, Feng

and ChenZ017 2018, and Saitua et al2018. Recently, Zhao et al2019 combined the

proper orthogonal decomposition with statistical linearization to efficiently estimate nonlinear
structural response under nonstationary aoib. Li andcolleaguegLi et al. 2021 Li and

Spence 2022h) effectively combined proper orthogonal decomposition for model order
reduction with both nonlinear autoregressive exogenous models and LSTM networks for the time
history response estimatiohwind and seismically excited mulliegreeof-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 engineaiimgio efficiently approximate
structural response under external dynamic excitation. Saiidi and @84 gimplified a
structure to a singidegreeof-freedom (SDOF) system and applied inceemal static loaithg to
estimate the structural capacity. Krawinkler and Senevird®@8 provided a comprehensive
review of SPO and pointed oitd assumptions: & single mode controthe response of the
structureandb) the mode shape remains constaroughout the time history response. Despite
these two strong assumptions, several studiessteoxen that SPO can provide good predictions
of the structural responses for muegreeof-freedom (MDOF) structuret é&wson et al. 1994
Miranda and Beri® 1999.

In the mid1990s, the rapid development of performabesed seismic design required an
efficient method to assess structural performance. The seismic engineering comvideiyty
accepted SPa@t that time, such as FEMA 278EHRP Guidelines fathe Seismic Rehabilitation
of Buildings(FEMA 1997, and ATG40, Seismic Evaluation and Retrofit of Concrete Buildings
(ATC 1996. AlthoughSPOhaslimitationsin 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 8®P@limitations mainly come

from its inherent inability to qature structural dynamic propertiesch as the following:

1 Multi-mode dynamic behavior, which limits SPO to the analysis ofrisgvbuildings or
buildings controlled byirst mode response

Material®and componentsd degradation and cyclic

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

1 Ratedependent effects (interactions between structure and soil, structure and dampers,
andstructure and isoteon system)and

1 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 G@8I02 proposed the modalushover analysis (MPA)
procedurein whichdifferent 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 MRas attracted attention in recent years, and much
work has been done to validate the method usirepdimensionabnd unsymmetric structures
(Reyes and Chopra 201 by to validate the application to buildings with dampétagsan and

Reyes 202)) and to extend the application to bridgBgrgami et al. 2020 However, the theory

of the application of modal superposition in nonlinear analysis is still not rigorous.

To capture material degradatidrgjfar andG a g p €109%) iprbposed the N2 method t

estimate cumulative damage using the Pang 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 quagatic loading protoca@ppliedto thestructure to

account for material degradatioPanyakapo 20)4However, the degradation property is highly
path-dependent, and the accuracy of #fi@ementioned methods need further examination.

With improvements in computational capacity, noaéinresponse 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 structute understand its nonlinear behavior.

While incremental dynamic analysiggmvatsikos and Cornell 20p2lso known as dynamic
pushover analysis, is widely used for structural fragility analysis, the computational demand for
IDA remainsa challenge. In FA P-58 (FEMA 2019, 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 quarilinear) and described with paramettratcan be used to fit the IDA curves. Good
accuracy is shown with a validation using2DOF structure\(amvatsikos and Cornell 2006

and this method has also been applied to MDOF structdees\atsikos 200R A static

pushover to fragility analysis tool was also developed based on SPORHNAqpoulos et al.

2017). As for the MDOF structure, to account for the high mode effects, SPO2IDA was also
combined with MPA Klan and Chopra 2006

In wind engineering, SP@ not yet commonlysed. MosSPOapplicationshavefocused on
analysis of transmission tovgand offshore turbined{enen and Cassidy 200Banik et al

2010. With the increasing attention on PBWD, reseamperformance asssasent for

structures under wind loads has been developed anch&RQually served as one of the
assessment steps for tall buildinlygohammadi et al. 201 %haffary and Moustafa 2021

Preetha Hareendran et al. 2D22uang and Cher2023 applied modal pshover to wind

analysis for a 6Gtory highrise steel building. The displacemeamntrolled loading pattern was
simply used in their pushover analysis, without capturing stiffness degradation of the structure.

To apply the IDA approach to wind enginegriior fragility analysis, challenges arise due to the
significantly longer duration of wind time histories (typically several hours) compatied
seismic records (typicallgn theorder of 60 seconds). Therefore, practical methods need to be
developed foefficient fragility analysis of structures under wind loads, as required by the
PrestandarASCE/SEI 2023 Investigaing the implementation of the SPO method to wind
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engineering in detaik crucial as this approach shewromise for fragility analysisef
structures.

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

Determination of the loading profileDuring SPO analysis, the determination of the lateral
loading profile needs carefirlvestigation. In FEMA 356FEMA 2000, two groups with five
methods are proposed for the determination of lateral loading for seismic ar@igsig 1 is

mainly based on the modal of the structure and pretidee methods, namely the loading
distribution proportional to a factor associated with story height, raastheb ui | di ng dé s
frequency the loading distribution proportional to the shape of the fundamental; raodé¢he
loading distribution proportional to the story shear distributionutaded 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 ciges as the structure is displaced. In wind engineering,
Ghaffary and Moustaf&2021) developed the SPO to wind analysis for es&fly steel building

with the loading distribution proportional to a value associated with story height, matise and
buidng 6s nat ur al f, Methgdule whichys the @aostomdely uted 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 (ASTX) directioral procedure
based on Davenpor tDavenpatu3iMoHamnaadi etalg20ii®Pleetlar vy (
Hareendran et al. 2022The purpose adevelopingthe equivalent static wind load is to use the
static method to predict the maximum dynamic responséhdéiwalidation 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 crosswindrosswind effects can be significant for tall
buildings. The general SPO procedure and-postessing method only takes a single direction
load into consideration. More research is required to develop thediralttiion SPO for wind
engineering, especiglconsideringhatthe quassteady assumption cannot be used in crosswind
andthathighermode contributions may need to be considered.

Development oPBWD-specific performance assessment criteria using SP®the research

using SPO to develop wind ansiy, 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 SPGo wind IDA: The development of a procedure to transform
from wind SPO to IDA, as the FEMA R58 (FEMA 2016 methoddor seismic engineering,
provides an efficient way to obtain the fragility curveaifivatsikos and Cornell 20p6To
develop this procade, 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 elements
at the component level. Accurate characterization of component behavior relies heavily on the
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calibration of the sengthdeformation 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 mearsctiraponents 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 dxXtexds such as seismic or wind,
component testing should replicate the loading path experienced in the actual structure.
However, the loading protocaimsrepresent different wind records or seismic recordlen

real world, so two problemesultwhendeveloping the loading protocols on component testing:
a) how to determine the cycles, amplitude, and sequence of cycles for the loading pratbol
howto generalizehe 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 frequengergused as prototype buildings and a

set of 15 ground motiongereselected to develop the respohssory analysis. From the

response history analysis results, the statistical method can be appleertoinghe number

of cycles, inelastic excursiopsnd amplitude of deformation atitenform a generalized

loading protocol. Generally, the loadipgptocol should also be material based, which

Krawinkler doesot mention. With a similar concept, SEAOSC/SAR0Q0 developed the

widely used SAGSteel Projecloading protocol for steel beato-column assemblies. CUREE
(2002 developed the Consortium Bhiversities 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 structugabmnss limitations of the

MWEFRS in the codes and standards for wind design. For the envelope system, KoffDé&Pal.
introduced a presswteading actuator and udéhe scaled recorded wind pressure in wind tunnel
tests to study the performance of thetaded roofto-wall connections for lowise wood

buildings. Thepressurdoading actuatocan also be applied to other envelope components (e.g.,
doors and glassapels).

With the development d?BWD, the nonlinear response of deformatbomtrolled elements is
allowed with a DCR limitation of 1.5. To develop an experimental test for coupling beams,
which are highly deformatienontrolled componentg&bdullah et al (2020 proposed method

to develop loading protocoll 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 buildingNotethatthe developed loading protocol may not meet the requirement

of generalizatiobecausé comes frononly one wind tunnel test scenario. Hence, whether the
protocols currently used are more or less demanding comyéted rationally developed

testing provcol that refled realistic wind loading histories on buildingsunknown To this

end, establishg a basic procedure to develop the loading protocols for extreme wind
performance testing of deformatiaontrolled MWFRS membeis 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 withagitlecation of structural motien

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 teseads are
identified adollows.

Simulation-based wind loading protocol desigWalidation ofcurrent wind loading protocols is
required because they are mostly designedlmasase. For instance, the design is usually based
on the numerical simulatioof a certain case building under a specific wind time history. A more
comprehensive approach using structures watiousnatural frequencies and wind time

histories that can repsent the statistical properties of wind hazards needs to be developed for a
rational wind loading protocol desigiklany computation realizations need to be generated using
the highfidelity numerical model with different materials and/or building types.

Material-specific loading protocols desigmBuildings constructed with different materials may
have different response characteristics at the component level, and the designed cycles and
amplitude should be variad accordance witlbonstruction material$ience, the design loading
protocol should be materiapecified and highfidelity models provide a promising way for
validation purposes.

Wind hazard specific loading protocol desigrnThe current consideration of wind loading
protocols focuses on largeale winds (e.g., tropical cyclones), while characteristicsof
synoptic winds, such as thunderstorms and tornadoes, are usually notedd¢ouihe unique
characteristics of these nesgnoptic 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 reporte impetus for this work with NIST is the extensive
casualties and property losses that have occurred over the last several deeddeéamaging
hurricanes, tornadoes, and other wind events affecting the United $tateghanhalf of these
losseswvereuninsured and reseltl fromlargescale wind events impacting communities with a

high percentage of wengineered building®elivering to these communities means and

methods to improve the performance of these built structandd reducdoth casudies 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 withstamir@cover positively from largecale

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 guidingecisionmakers 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 damageouldalso help stakeholders establish a realistic performance objective at the
onset of design and/or result in building inveshtsin perfamance 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 Stat&®,iwa¢e
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extensively researchedd Moel et al. 201,35trauss et al. 2021Initiatives like STEER also
produced reports that detail the damages observed on site after Hurricane Mitpaet ét al.

2018, Hurricane IdaRrevatt et al. 2091 Texas and auisianatornadas (Roueche et al. 2022
Hurricane lanRrevatt et al. 2022andothers In terms of tornado events, Prevatt et201Q
summarized the posbrnado buildingdamage surveys that were carried out afte2@iel

tornado outbreak in therlited States These studies examined the financial implications of this
significant event and provided valuable insights intoassociatedlirect and indirect costs.
However, fev 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 asated with various natural hazards across the United
States Zuzak et al. 2022 TheNational Risk Indexstimates the expected annual losses for
multiple hazards, including strong winds and tornadoes. The expected annual losses for strong
wind events arealculated 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 cureassed 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 performamaevements 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
exanple, 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 concurremédgsing the

reliability and resiliency of the building envelope. In inland regions, winenederstorms or
tornadoes may dominatiesign wind effectPBWD efforts may be better focused on building
envelopes to increase resiliency and reduce lossewinfjcsevere 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 bldings to reduce risk of losses.

Recogniing that the greatest losses, both financially and from a community perspective, often
occur in vulnerable, nonengineered famd mediurrrise housing communities situated at the
periphery of citiess also key Theneed for improved connectivity and performance across all
these layers of a city must remain a key focus in adopting PBWD approAthbeee layers

need to recover post eveand therefore a holistic and bretdnking approach to PBWD is
necessary taddress the varying needs of diverse communities. By involving local governmental
organizations in this effoendin providing information about their building stock, the
opportunityexiststo engage a much larger group of stakeholdeasliancing?BWD 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. 2324, 2023
LOCATION: ASCE Bechtel Conference Center;
1801 Alexander Bell Drive, Reston, VA 20191

Workshop AgendaFINAL_v3
Presiding: Workshop Director Don Scott, S.E., P.E., F.SEI, F.ASCE

Day 1: Thurs., Feb. 23; 9:0@mi 5:00 pm Eastern
GENERAL SESSION
9:00ani 9:30am Welcome
1 Purpose, Goals, and Workshop Agenda
0 Opening Remarks from Long Phan, Ph.D., P.E., M.ASCE, F.ACI; NIST
0 Welcome from Laura Champion, P.E., F.SEI, F.ASCE; ASCE/SEI
9 Introductions
9:30am 12:00pm: Stateof-the-Art Presentations/Panel Discussions

{1 Case study: 321 W B Streef Practical Implementation of the Prestandard for
Performance-Based Wind Design
Kevin P. Aswegan, P.E., S.E.; Senior Associate, Magnusson Klemencic Associates

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

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

1 Panel discussion: The paradigm shift to PBWDhow can we get there and where
could it go wrong?
Moderator: Melissa Burton, FD., C.Eng; Principal, Arup

Panelists:
1 David Bott P.E., S.E., AlA; PrincipaHeintges Consulting
Architects & Enginers
1 Xinzhong Chen, Dr. Eng.; Professor, Texas Tech University
1 Mehedy Mashnad, PB., P.E., Principal, Walter P. Moore
1 Roy Denoon, PID., Senior Principal, CPP Wind Engineering
Consultants
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BREAKOUT SESSIONS
12:30pmi 4:45pm: Five concurrent sessions

1.
2.
3.
4.
5.

Wind climate characteristicModerator Roy Denoon

System reliability Moderator Seymour M.J. Spence

Wind-structure interactiorModerator Melissa Burton

Structural analysis techniquédoderator Teng Wu

Design Moderator Rusell Larsen

4:45pmi 5:00pm: Reconvene

Summary and Adjourn Day 1

Day 2: Fri., Feb. 24; 8:00ami 12:00pm Eastern
GENERAL SESSION
8:00am 8:15am Welcome

Purpose and Goals of Day 2

8:15am 11:45am ReportOut and Prioritization

1 Breakout SessioReportOut:

1.

» wDn

5.

Wind climate characteristics
System reliability
Wind-structure interaction
Structural analysis techniques
Design

1 Moderated Panel Discussion of Workshop Steering Committee

9 Perioritization of Research Needs

11:45ani 12:00pm: Conclusion

Summary ad Adjourn Day 2

12:00pmi 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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SEENIST
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S QATE Feb. 3334, 202)
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1807 Awnsnder bat Ovive, Resten, VA 20191
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Performance-Based Wind Design Methodologies

1. Review of the Current State-of-the-Art of

Performance-Based Wind Design
2. |ldentification of Research Needs and
Prioritization for Standardization in Practice.
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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
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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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MOMENT MY (million kip-ft)

-0.5 0.0 0.5 1.0
MOMENT MX (million kip-ft)

Prestandard for
Performance-Based
—— Wind Design

American Society of Civil Engineers

§ e
ASCE U ccorccn =
- gl FOUNDATION -
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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:
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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°

109



NIST GCR 23045 upd1
November 2023

CONVENTIONAL COUPLING BEAM ROTATION -- 110° SRC COUPLING BEAM ROTATION -- 110°

ol o[.oos I ’

1 cyde] :

(1 cydle] |

e
‘, 0.004
o (210 opdles)

0.004

f_ (210 ydes) |

|
|
o :

F A

O gd R

COUPLING BEAM ROTATION CYCLE COUNT EXAMPLES -- WIND ANGLE 110°
CONVENTIONAL COUPLING BEAM L36 N2

400

300

SHEAR FORCE

0.005 0.000 0.005
TOTAL ROTATION (red)

TOTAL ROTATION (RAD)
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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
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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

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
and failure occurrences

Most surprising

(high entropy);
102l | -abundant. 1

~ p—m——— o information

X

=S '

A | H

N O e—e—— PR .

> * l 1‘

10 I ¢

0 10 20 30 40 50 60 70
Up [m/s]
Rarely interesting Typically interesting Rarely interesting

scheme for the simultaneous estimation of small failure probabrities in wind engineering 47
STRATIFIED SAMPLING
Total probability theorem:
@ A _ T e |
)~ PO — Yi(x. ! __ . MCS estimator of the conditional
Py’ ~ Py gl?l!/"' 2. HE; (X)} ; > failure probability
4 | Smm - —————
; 0 T > Stratum probability ¢(X) = ¢(X)1{X € D;}p;*
g = = Estimator variance:
QG o . ,
E %] rmu 5() L p?P};)(l - P};) Optimal sample allocation?
§ pm W= 7= =0 ) &
; ry =1 n = arg ;mnz:n,

I=1
subject to
AOR) <D i=1,.,.M

(2 023 mmﬁumwng scheme for the simultaneous estimation of small failure probabiities in wind engineering 48
01,102310
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nce-

S .0
— e
@ =
-Um.g’
o B A
= 5AQ
L a9
» =1

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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CASE STUDY 1 - OVERVIEW
—— Structural model v
Descnpnon uncertainties, §,, B [ ? N
Parameter Mean COV_Distribution 7\_1"/'T> J
i 1di : : E 200 GPa 0.04 Lognormal
= 45-story building in New York City 5 LA, 60 Lopuicmel
* Mega-braced steel frame b 0.001 0.01 Lognormal
* W14 sections for columns and braces @ (2’6077 8"::, l_fgnormal
" s & R .1 runcated Normal
ngld dlaphragm n:) 0.01 2 Lognormal
az 0.02 0.5  Lognormal
= Limit States 5 0.000556L " 0.77 Normal
4 . 5 . ¢ 0.015 04 1 1
p System first Y,leld g * Fy, : Nominal yield strength.
D R + Component first yield ** L : Member length.
.2 + Component fracture ;
» Component buckling 10° N
« System collapse reliminary study: 250 samples =
y P g R i e
= Wind load model 102
*  Weibull distribution for Fy, =
+ CPP wind tunnel data B
* 1-hr duration, 300 s ramp up and ramp  10*
down portions, 200s free vibration
o
,,, Ll
e Wik 9 59
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