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Abstract 

In September 2022, the Structural Engineering Institute of the American Society of Civil 

Engineers commenced a project under National Institute of Standards and Technology Contract 

No. 1333ND22PNB730391 to develop workshops on Advancement in Computational Wind 

Engineering and Advancement in Performance-Based Wind Design. This report documents the 

results of the workshop on Advancement in Performance-Based Wind Design. The workshop and 

subsequent roadmap for the standardization and application of performance-based wind design is 

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

Keywords 

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

engineering; Wind climate characteristics   
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Preface 

In September 2022, the Structural Engineering Institute (SEI) of the American Society of Civil 

Engineers (ASCE) commenced a project under National Institute of Standards and Technology 

(NIST) Contract No. 1333ND22PNB730391 to develop workshops on Advancement in 

Computational Wind Engineering and Advancement in Performance-Based Wind Design. This 

report documents the results of the workshop on Advancement in Performance-Based Wind 

Design. The workshop and subsequent roadmap for the standardization and application of 

Performance-Based Wind Design is to be developed by wind engineering practitioners and 

researchers for buildings. 

The impetus for the project was the extensive casualties and property losses that have occurred 

over the last several decades due to damaging hurricanes, tornadoes, and other wind events 

affecting the United States. NIST has continued to research and provide leadership in the 

advancement of knowledge of these hazards and to develop standards that will lead to more 

resilient communities across the nation. 

The workshop process included a review of the literature, which identified research needs in the 

areas of Wind Climate Characteristics, Structural System Reliability, Wind-Structure Interaction, 

Structural Analysis Techniques, and Structural Design. This review was followed by an 

extensive workshop preparation process, a two-day workshop to obtain input from experts in 

these areas, and report preparation and review. 

The workshop identified a broad range of research and development activities to advance the use 

of Performance-Based Wind Design with the goal of reducing the impacts of these severe wind 

events. This report includes discussion and specific recommendations on the following 10 topics: 

1. Development of main wind force resisting system reliability; 

2. Development of components and cladding reliability; 

3. Integration of performance between the building structural system and the cladding; 

4. Characterization of engineering properties of thunderstorm and tornado wind events; 

5. Characterization of the wind hazard and loads for short and long return periods; 

6. Improvement of the understanding of structural and material properties; 

7. Improvement of physics-informed, computationally efficient methods for nonlinear 

analysis of wind response over long-period durations; 

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

performance; 

9. Development of wind loading protocol for experimental quantification of system 

performance in wind; and  

10. Economic study to identify existing buildings at risk. 

SEI is indebted to the leadership of Don Scott, who served as the Workshop Director; the ASCE 

staffðespecially Bianca Augustin, who served as the Workshop Coordinator, and Amber Davis, 

who served as the Conference Center Managerðthe Workshop Steering Committee members 

Melissa Burton, Roy Denoon, Russell Larsen, Seymour M.J. Spence, and Teng Wu for their 

contributions in putting the workshop together and development of this report; and the Workshop 
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Steering Committee scribes Wenbo Duan, Workamaw Warsido, Juliana Rochester, Srinivasan 

Arunachalam, and Baichuan Deng for helping to document the discussions and prepare the final 

report. 

Appreciation is also extended to the many individuals who participated in the workshop. 

Appendix D lists the names and affiliations of all who contributed to this report. 

SEI also gratefully acknowledges Long Phan, Marc Levitan, Therese McAllister, and DongHun 

Yeo from NIST for their input and guidance in the development of the workshop and in 

preparation of the report. 

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

Managing Director Structural Engineering Institute and American Society of Engineers Chief 

Resilience Officer 

July 1, 2023 
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 Introduction  

The National Institute of Standards and Technology (NIST) has a long history of research 

and development in the area of windstorm engineering and is the lead agency for the 

National Windstorm Impact Reduction Program (NWIRP). This focus recently led to the 

development of the first-ever tornado design provisions in the 2022 edition of ASCE/SEI 7, 

Minimum Design Loads and Associated Criteria for Buildings and Other Structures 

(ASCE/SEI 7; ASCE 2022). To continue with the efforts of windstorm impact reduction 

one of NISTôs strategies is to further develop the use of Performance-Based Wind Design 

(PBWD). The workshop on Advancement in Performance-Based Wind Design  held on 

February 23ï24, 2023, and this resulting report provide a focus on the research and 

development efforts needed over the next decade to enable standardization and application 

of PBWD techniques in design practice.  

 Background 

 Workshop Purpose and Scope  

The purpose of the workshop was to assess the current state of the art in PBWD and to support 

the future development of a Measurement Science Roadmap for advancing the knowledge in this 

area and its application in practice.  

 

The workshop scope covered the broad subject area of PBWD methodologies and two associated 

sub-topics:  

 

Subject Area: Performance-based wind design (PBWD)  

¶ Sub-Topic 1: Review of Current state-of-the-art on PBWD 

¶ Sub-Topic 2: Identification of research needs and prioritization for 

standardization and application in practice.  

 Workshop Development Process 

The development of this workshop began with the selection of the Workshop Steering 

Committee (WSC) consisting of leading experts in the wind engineering field who have been 

involved in the development of previous PBWD documents. Those selected to serve on the WSC 

were Dr. Roy Denoon of CPP Wind Engineering Consultants, Dr. Melissa Burton of Arup, Dr. 

Seymour M.J. Spence of the University of Michigan, Dr. Teng Wu of the University at Buffalo, 

and Russell Larsen of Magnusson Klemencic Associates. Each WSC member also invited a 

young professional to participate in the workshop and report development process: Wenbo Duan 

at Arup, Workamaw Warsido at CPP Wind Engineering Consultants, Juliana Rochester at 

Magnusson Klemencic Associates, Srinivasan Arunachalam at University of Michigan, and 

Baichuan Deng at University at Buffalo  (Fig. 2-1).  
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Fig. 2-1. Workshop Steering Committee. 

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

and to select the leaders in this field to invite to participate. The WSC decided on the following 

topics as the most critical issues to be addressed at the current time and the participants were 

selected based upon their expertise in these areas: 

¶ Wind Climate Characteristics, 

¶ System Reliability, 

¶ Wind-Structure Interaction, 

¶ Structural Analysis Techniques, and 

¶ Design. 

To help understand the current state of the art of PBWD the WSC developed a reading list of 

relevant documents to share with workshop participants, see Appendix B.4. As a result of 

developing the reading list, the WSC determined that the ASCE/SEI Prestandard for 

Performance-Based Wind Design Version  1.1 (Prestandard; ASCE/SEI 2023) was the only 

current design document available to the profession and thus represented the state of the art. 

These documents were used to formulate the workshop sessions. 

The two-day workshop was convened on February 23ï24, 2023, to identify the highest-priority 

needs that form the basis of this report. The WSC, industry-leading experts, academics, and 

representatives from key government agencies attended the workshop, which was also open to 

members of the public. The workshop was held at the headquarters of the American Society of 

Civil Engineers (ASCE) in Reston, Virginia (Fig. 2-2). 
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Fig. 2-2. Participants at the NIST/SEI PBWD workshop on February 23, 2023. 

The design of the NIST/SEI PBWD workshop enabled all 53 participants to contribute in 

multiple ways. The workshop began with several state-of-the-practice presentations and included 

time for the participants to ask questions. The participants were then divided into breakout 

groups based upon the five workshop topics selected by the WSC. In these breakout groups the 

participants were given four tasks: to define the current state of the art in each topic, to define the 

future vision for the use of PBWD, to determine the research needs required to progress from the 

current state of the art to the future vision for their topic, and to prioritize the research and 

development needs for their breakout group topic. 

Each breakout group then reported back to all the workshop participants in a general session and 

described their prioritized research and development needs. Following these presentations and 

subsequent discussions, all the workshop participants prioritized the separate breakout group 

research and development needs. Section 6 lists the top identified research needs, and Appendix 

A contains a further discussion of these research needs.  

 Workshop Framework 

The framework adopted during the workshop to advance PBWD into practice consisted of deep 

consideration of five key areas essential to the overall design process and verification. These 

areas include determining the wind climate characteristics, determining the overall structural 

system and building envelope reliabilities, understanding the wind-structure interaction, 

identifying structural analysis techniques, and determining the design methodologies for the 

overall building. The following briefly describes each of these areas. 
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Wind Climate Characteristics: To progress PBWD into practice, a need exists to examine the 

current state of knowledge regarding characteristics of different windstorm types including 

synoptic gales, hurricanes (tropical cyclones), thunderstorms, and tornadoes. A basis for 

consideration of the effects of different storm types as they relate to PBWD is also essential. 

Research to codify unknowns need to be identified and prioritized.  

System Reliability: Another key need in advancing PBWD is understanding the current state of 

the art and prioritizing future research needs for the reliability estimation (or probability of 

failure) of the main wind force resisting system (MWFRS) of engineered buildings subject to 

extreme winds. This need extends to the envelope systems1 of engineered buildings the reliability 

of which is generally coupled with that of the MWFRS. Areas of focus include fragility analysis, 

computational approaches for reliability/failure probability estimation (e.g., variance reduction 

schemes, machine learning accelerated uncertainty propagation, etc.), loss and consequence 

analysis, and wind demand characterization. Fragility analysis encompasses both experimental 

and computational approaches for characterizing the damage susceptibility of both the MWFRS 

and envelope components. Similarly, loss and consequence analysis are required to characterize 

repair costs, downtimes, and functional recovery of both the MWFRS and envelope system and 

may require a coupled analysis due to the interdependence of the two systems. Wind demand 

characterization for the MWFRS is primarily concerned with the characterization of the overall 

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

debris risk, local net pressures, wind-driven rain, etc. 

Wind-Structure Interaction: The ultimate goal of PBWD is to result in a building that better 

addresses key goals of performance over the buildingôs full life cycle. In a broad sense, wind 

loads on buildings are dealt with in two ways: low and medium-rise buildings with relatively 

rigid structural systems react to the wind loads in a static way; tall buildings, however, tend to 

interact with the wind in a more dynamic fashion and can be significantly more complex to 

predict and manage. Research is needed to enable better quantification of both the reactive 

behavior and the interactive (in some cases aeroelastic) feedback behavior between structural 

response and wind excitation. 

Structural Analysis Techniques: A need exists to understand the current state of the art of 

nonlinear structural modeling and analysis techniques, especially those used for effectively 

addressing the challenges associated with aerodynamic loading (such as large mean load 

component and long durations) that are not present in seismic design. Research needs to perform 

nonlinear structural analysis (along with modeling of deformation-controlled elements) more 

efficiently and accurately under extreme wind events need to be evaluated, including efficient 

incremental dynamic analysis (IDA) for PBWD, development of loading protocols, efficient 

approaches for collapse analysis, and degradation in element strength or stiffness. 

 

Design: To advance PBWD, a review of the current state of practice for designðspecifically the 

current understanding of the apparent reliability of the building envelope (walls and roofing)ð

and the apparent reliability and performance of the MWFRS is needed. Techniques or strategies 

to make buildings more resilient and/or lessen uncertainty regarding performance outcomes in 

high winds need to be evaluated. Performance outcomes considered must include wind-borne 

debris impact, water ingress, and structural system damage caused by extreme wind events 

 
1 This document uses the term ñbuilding envelopeò to refer to the envelope system on the walls and roof of a structure, which are intended to 

prevent transfer of water and thermal energy to the building interior. ASCE 7 (ASCE 2022) refers to these systems as ñcladding.ò 
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(tornado, hurricane, thunderstorm, etc.). The techniques and strategies may include 

enhancements to building codes, enhanced testing, enhanced detailing or toughness, enhanced 

performance objectives, and leveraging of databases or datasets not presently in common use. 

The necessary research needs to enhance understanding in these areas need to be identified and 

prioritized. 

 Workshop Report Organization 

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

as follows:  

¶ Section 3 describes the current state of the art of PBWD and the long-term vision for the 

use of PBWD.  

¶ Section 4 describes the current challenges in using PBWD, as identified during the 

workshop by workshop participants.  

¶ Section 5 describes the recommended research needs that were identified during the 

breakout sessions.  

¶ Section 6 provides a description of the Prioritized Research Needs by the overall 

workshop participants, along with a summary of each research need that includes 

anticipated timelines and relative costs associated with each of the associated projects. 

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

The report also includes four appendices. Appendix A includes additional discussion about the 

highest priority research needs identified during the workshop. Appendix B contains the 

workshop agenda, presentations, breakout session participants, and workshop reading list. 

Appendix C provides the priority research needs, as identified by the workshop participants, 

mapped to the initial set of workshop sessions and NIST programs. Appendix D lists the 

workshop participants alphabetically.  

 Vision for the Use of Performance-Based Wind Design 

 Current State of the Art  

In developing the key topics for the workshop and examining key documents and compiling 

them into a reading list, the WSC came to a consensus that the current state-of-the-art document 

for design practice is the ASCE/SEI Prestandard for Performance Based Wind Design 

(ASCE/SEI 2023). 

3.1.1. Wind Climate Characteristics 

The current state of the art in defining wind climate characteristicsðon which the Prestandard 

(ASCE/SEI 2023) is basedðis to use statistical wind climate models based on a combination of 

historical surface data and, where appropriate, Monte Carlo simulations of hurricane (tropical 

cyclone) events. The most common approach is to use a Type 1 Extreme Value (Gumbel) fit to 

data to extrapolate to extreme events in each storm type, although versions of Weibull 
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distributions may also be used, particularly for shorter mean recurrence interval (MRI) events. 

Separate fits are made to each storm type, and their probabilities are combined to determine 

relationships between wind speed, direction, and MRI. These data are then used in different ways 

(e.g., sector analysis, multisector analyses, storm passage analysis, or up-crossing) in analyzing 

wind tunnel data to provide the wind loading data that are the basis for design. 

Current practice assumes that individual windstorms have stationary, directionally invariant 

boundary-layer characteristics. While this may be reasonable for long-duration storms such as 

synoptic gales, the duration of peak wind speeds in hurricanes may be much shorter, and other 

storm types, such as thunderstorms and tornadoes, have very different temporal and spatial 

characteristics that wind design does not currently account for. The only exceptions to this are 

some limited cases in which thunderstorms have been excluded from the wind climate data used 

to analyze serviceability responses of supertall buildings because the limited duration and lower 

elevation of peak wind speeds in the storms may limit their ability to generate the peak responses 

of interest. 

3.1.2. System Reliability 

Over the past decade, significant progress has been made in developing general PBWD 

frameworks for the probabilistic assessment of building systems subject to extreme winds. Major 

breakthroughs have been achieved in modeling structural and nonstructural damage and loss 

through probabilistic system-level metrics associated with repair costs, downtime, life-cycle 

costs, and occupant comfort. While many of these frameworks were initially inspired by the 

damage/loss modeling approaches based on fragility/consequence functions that were introduced 

by the Pacific Earthquake Engineering Research Center (PEER) framework (Yang et al. 2009), 

they have since evolved to include additional metrics, such as life-cycle costs (Cui and 

Caracoglia 2020); a wind-specific performance criterion associated with, for example, occupant 

comfort (Bernardini et al. 2015); envelope damage (Ierimonti et al. 2019; Ouyang and Spence 

2020); inelasticity in the structural system (Mohammadi et al. 2019; Arunachalam and Spence 

2022); and coupled envelope and structural system assessment (Ouyang and Spence 2021a). 

3.1.3. Wind-Structure Interaction 

Current design practices in wind engineering primarily focus on a singular occurrence interval, 

or return period, for a design event, which may lead to both overly conservative and simplified 

solutions. PBWD aims to consider the entire design space across different occurrence intervals 

and for varying design events, enabling the development of more resilient structures that 

consider this full design space. The Prestandard (ASCE/SEI 2023) serves as a summary of state-

of-the-art practices and provides a nonprescriptive guide for carrying out wind-structure analysis 

to achieve specific performance goals. 

Despite these advancements, challenges and uncertainties remain from baseline structural 

property assumptions, from the methodology of applying the wind load effects to structures 

through to establishing inspection regimes to improve performance in existing building stock.  

At present, the wind engineering community is working to develop comprehensive 

methodologies for accounting for wind structure interaction in PBWD (Ciampoli et al. 2011; 

Bezabeh et al. 2020). Collaborative efforts to engage interdisciplinary research support from 
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fields such as urban planning, architecture, materials science, and economics are in progress, as 

the benefit of PBWD clearly stretches beyond engineered structures and has the potential to 

create long-term resilience for communities. Further work is needed to raise awareness, attract 

funding, and promote the adoption of PBWD among practitioners and policymakers. Addressing 

challenges and concerns in the approaches to considering wind structure interaction is necessary 

to achieve this ambition. 

3.1.4. Structural Analysis Techniques 

Currently, the literature has limited information on performing nonlinear analysis of structures 

subject to wind loads. The nonlinear modeling and analysis techniques for structures under wind 

loads mainly refer to the guidelines and publications for performance-based seismic engineering 

(e.g., NIST 2010; ASCE 2017; NIST 2017; PEER 2017). However, the modeling and analysis 

details of structural systems may need changes according to the unique characteristics of wind 

loads. For example, the demand-to-capacity ratio (DCR) for deformation-controlled actions is 

limited to 1.25 (Method 1) or 1.5 (Method 2 and 3) in the Prestandard (ASCE/SEI 2023) partially 

due to the long duration of wind loads. As for the envelope system, the state-of-practice methods 

adopted in the analysis of high-rise buildings are mainly based on structural response (e.g., peak 

interstory drifts or accelerations). Although some recent studies have embedded the envelope 

system into the analysis model during the response history analysis (Chen et al. 2023), the 

envelope component mechanism properties need further investigation (Bedon et al. 2018; Wang 

et al. 2021). 

3.1.5. Design 

3.1.5.1. Design of the Main Wind Force Resisting System 

PBWD design tasks require the engineer to assess the time-variable load effects established by 

analysis of structural components such as walls, beams, columns, and foundations. The engineer 

must further assess the motions (drifts, accelerations, and strains) associated with the analysis 

findings of the structural and nonstructural components of the structure. Assessment of the 

capability of structural components to accept the demands revealed by analysis requires 

understanding the strength, stiffness, and durability of chosen structural and nonstructural 

components. As of the date of this report, PBWD relies heavily upon the performance 

capabilities assessed for seismic motions from the Applied Technology Council (ATC) and 

Federal Emergency Management Agency (FEMA) FEMA P-58 program, Development of Next 

Generation Performance-Based Seismic Design Procedures for New and Existing Buildings, and 

the many component tests underpinning the PEER Tall Buildings Initiative publications. 

Additional PBWD component tests have been conducted by Wallace (2023), Abdullah et al. 

(2020a,b; 2021), and Motter (2019), with further testing currently underway. The findings and 

recommendations from these initial PBWD-specific studies have just begun making their way 

into research literature and practicing engineering as of early 2023. 

At the time of this report, one tower in Austin, Texas, has been designed using the Prestandard 

(ASCE/SEI 2023). The tower design is based on Prestandard Method 1 and is expected to be 

completed in late 2024.  
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The authors of this report are not aware of specific projects that have yet utilized the component 

and cladding/building envelope procedures of the Prestandard.  

3.1.5.2. Design of Envelope Systems  

To date, PBWD for envelope systems has concentrated on reducing envelope damage and losses 

observed during extreme wind events. This concentration was motivated by damage assessments 

following Hurricanes Andrew and Hugo (Smith 2022) that revealed unacceptable losses caused 

by breaches or removal of envelope components by wind suction, tear-off, or debris impact. The 

result of these breaches is direct damage to the structure envelope and interior and rainwater 

penetrating the structure and causing further internal water and mold damage.  

In terms of the current state of the art in envelope construction techniques, the following 

constitute the distilled best practices according to the experience of the workshop members: 

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

¶ Good workmanship during installation and a suitable amount of inspection during 

application, coupled with applicable field testing; 

¶ Adequate maintenance after installation; and 

¶ Replacement of the system prior to the end of its effective service life. 

 Long-Term Vision for Performance-Based Wind Design 

3.2.1. Wind Climate Characteristics 

The long-term vision for optimal use of PBWD approaches requires accurate matching of wind 

effects to the performance goals. This may mean that different wind climate models are used for 

different goals for the same building, while different wind characteristics and models may be 

required for different buildings on the same site. The end goal is a framework to assess the 

effects of different wind types and to model these appropriately through the design process using 

readily available techniques. 

3.2.2. System Reliability 

The long-term vision for PBWD and reliability foresees the integrated assessment of the 

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 models for the rapid 

characterization of the nonlinear response of the MWFRS and the estimation of the cladding 

performance through the development of wind-specific fragility functions. Methods based on 

surrogate modeling, artificial intelligence (e.g., machine learning), and uncertainty propagation 

through stochastic simulation are predicted to be central to the computational approaches that 

will enable rapid and integrated (coupled) estimation of the reliability of the MWFRS and the 

envelope system. The performance of the envelope system will be addressed through holistic 

(multi-demand) fragility functions developed for a full range of nonstructural components. Wind 
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demands will consider the explicit estimation of wind-borne debris risk through analytical 

models and approaches based on computational fluid dynamics. Reliability will be estimated for 

a full range of probabilistic performance matrices that go beyond the traditional definition of 

reliability and will enable a full characterization of the resilience of the system, a concept that 

holistically encompasses the design, reliability/risk assessment, and repair/recovery of the 

system. Within the computational environments developed for estimating the probabilistic 

performance matrices, simulation of fully nonstationary and non-straight-line wind events will 

become commonplace, as will the incorporation of nonstationary wind risk in models of climate 

change. 

3.2.3. Wind-Structure Interaction 

The long-term vision for PBWD revolves around an exhaustive understanding of the intricate 

feedback systems between tall building response and windstorm excitation and the reactive 

response of low- and medium-rise buildings to wind loads. To achieve this goal, our current 

understanding of structural uncertainties, wind demand characterization, load application to 

structural models, and the impact that aeroelastic effects have on structural demands must 

advance. To attain this understanding, systematic testing is necessary to dissect the complexities 

of structural and material properties, in conjunction with a universally adopted set of design 

assumptions, whether they are parametric or based on specific scenarios. Workshop participants 

envision the enhancement of wind tunnel testing methodologies that can capture the subtle 

variations in the flow behavior surrounding intricate structural forms and characterize wind load 

demand under many scenarios. The development of both simplified and comprehensive 

modeling techniques will be instrumental in transcribing this wind demand onto the structural 

models and in comprehending the impact of aeroelastic effects on the responses of tall buildings 

and special structures to wind loads. 

A holistic approach to PBWD is also required to address the needs of communities that live in 

vulnerable, nonengineered low- and medium-rise buildings. These are often situated on the 

outskirts of cities, where the most devastating lossesðin terms of both financial and community 

impactðtypically occur. This will be augmented by thorough documentation of the performance 

of various existing building archetypes following severe windstorms, facilitating improvements 

in design and policy. Policies encompassing inspection and approval will be implemented, with 

an aim to mitigate the economic impact of such events, particularly in wind-vulnerable 

communities. Ultimately, this long-term vision seeks not only to enhance scientific and 

engineering knowledge, but also to safeguard communities and promote their resilience in this 

era of increasing climate uncertainty. 

3.2.4. Structural Analysis Techniques 

In the long-term vision of structural modeling and analysis techniques in PBWD, an ideal goal is 

to develop more accurate component nonlinear models and more efficient nonlinear analysis 

methods under wind loads (for both structural and envelope systems) to facilitate the 

implementation of analysis tools that enable practicing engineers to incorporate PBWD 

routinely. To accurately model the component nonlinear behavior under wind loads, the wind-

specific datasets of the component behaviors are expected to be established, either through 

component tests under well-designed wind loading protocols (for various types of windstorms) 
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or through extrapolation of the available datasets in seismic engineering with the help of high-

fidelity finite element models. To realize efficient wind nonlinear response history analysis, the 

development of fast integration algorithms and the implementation of surrogate models and 

artificial intelligence techniques show great potential. The development of efficient and accurate 

tools for structural modeling and analysis will improve reliability, reduce the time costs, and 

facilitate PBWD implementation. 

3.2.5. Design 

3.2.5.1. Main Wind Force Resisting System 

The long-term design objective of PBWD is to allow the designer/engineer to use scientifically 

valid methods to predict the most likely response of structures and building envelopes to the 

demands caused by common and extreme wind demands. 

Higher-quality engineering predictions provided by more complete building component 

performance models, building damage prediction models, and models considering indirect 

impacts to building users enable the designer to make value-based design decisions considering 

expected loss and expected repair given defined performance requirements such as movement, 

acceleration, safety reserve, and financial loss targets. 

Through these higher-fidelity engineering methods, the design team can allocate structural 

materials (e.g., rebar, concrete, steel, etc.) to maintain or exceed safety targets while minimizing 

initial financial, environmental, and time costs.  

3.2.5.2. Building Envelope Systems 

The long-term vision for PBWD of envelope systems matches the basic vision for the building 

MWFRS. Specifically, designers wish to reduce losses and hindrances to society as measured 

through financial, environmental, and quality-of-life metrics.  

As of early 2023, the structural engineering community is concerned that the level of damage 

protection offered by envelope systems is not achieving the expected performance implied by 

ASCE/SEI 7 (ASCE 2022) target reliabilities. Consequently, too many buildings and facilities 

are taken offline, damaged, and in some cases destroyed because of the envelope system 

permitting wind-borne debris damage in wind events less severe than those prescribed by 

ASCE/SEI 7. These observations form the basis for the need for long-term building envelope 

system improvement. 

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

¶ Formal evaluation through testing of envelope systems to quantify performance with 

respect to wind effects and water infiltration, 

¶ Reassessment of envelope testing methods to ensure the testing methods adequately 

predict in-place performance, 

¶ Generation of additional performance test metrics to assess failure modes not currently 

tested, 
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¶ Enhancement of current testing methods deemed to fall short of desired envelope 

performance outcomes, 

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

¶ Development of methods to assess the efficacy of envelope components years to decades 

after installation. 

 Challenges in the Use of Performance-Based Wind Design 

 Wind Climate Characteristics  

The key challenges in terms of wind climate characteristics are primarily associated with the 

differing levels of knowledge of the structures and characteristics of different windstorm types.  

While ASCE/SEI 7 (ASCE 2022) gives single nondirectional wind and tornado speeds, PBWD 

needs separate directionality and speed characteristics for different storm types, including 

tropical and extratropical storms, thunderstorms, and tornadoes. These characteristics include 

spatial and temporal characteristics and recurrence probabilities. At present, PBWD has been 

based on the assumption of stationary windstorm characteristics like those of a classical synoptic 

storm with a turbulent boundary layer generated by surface roughness effects. 

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

¶ Tropical storms (hurricanes): Good data combined with Monte Carlo modeling exist to 

define these reasonably well, but design does not currently account for the effects of air 

density variations during these events. More data are needed from dropsondes to refine 

the radius of maximum winds and atmospheric pressure wind relationships, and the 

hurricane boundary-layer characteristics. 

¶ Extratropical storms: Data sets are generally good with availability (in the United States) 

of daily summaries and more detailed hourly data. 

¶ Thunderstorms: Knowledge of the lateral extent, vertical profiles, and durations of 

different thunderstorm types is very limited. While most research has concentrated on 

downbursts, recent damage from derechos (gust front thunderstorms) has highlighted that 

characteristics of extreme events may be different. The vertical profiles of derechos may 

resemble a classical boundary layer, but no field data are available to confirm this.  

¶ Tornadoes: Knowledge of tornado wind structure and the significance of multi-vortex 

tornadoes is very limited. 

Another challenge that has been inadequately addressed in the past is the transfer of wind speeds 

and directionality from the locations at which they have been measured to sites of interest. The 

Deaves and Harris model (Deaves and Harris 1978), as adopted by ESDU and incorporated into 

ASCE/SEI 7 (ASCE 2022), is generally used for all storm types even though it was developed 

for extratropical storms. Its applicability to other storm types has not been fully investigated. 

In addition to the characteristics of different windstorm types, and with respect to influences on 

design, the ways the intensities, frequencies of occurrence, or attributes of windstorm types 

might alter as a result of climate change will also be important to understand in coming years. 
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While moderate knowledge exists about this for extratropical storms and hurricanes, the effects 

of climate change on thunderstorms and tornadoes are much less certain. 

 System Reliability  

Current challenges of many frameworks developed for the implementation of PBWD include the 

comprehensive inclusion of damage to the envelope system due to the direct action of local net 

wind pressure and wind-borne debris and the inelastic (or nonlinear) modeling of the MWFRS 

within the setting of general uncertainty. Nonetheless, notable advances have been made.  

4.2.1.  Envelope 

With respect to envelope systems, extensions of the Florida Public Hurricane Loss Model to 

mid-rise residential buildings (e.g., Pita et al. 2016) have enabled various demands to be 

considered. Nevertheless, the intent of the Florida Public Hurricane Loss Model is the 

performance assessment of portfolios of buildings. The detail with which each building is 

modeled is not, therefore, at the level of PBWD, where the focus is on the performance 

assessment of individual buildings.  

Explicitly focusing on individual buildings, Ouyang and Spence (2019) introduced fragility-

based progressive damage models in which each component of the envelope system was 

modeled as susceptible to multiple coupled damage states characterized through suites of 

fragility functions. These models considered various wind demands, including local dynamic net 

pressure, interstory drifts, and wind-driven rain modeled through Eulerian multiphase models. To 

efficiently propagate uncertainty, the approach was embedded with stratified sampling schemes 

(Arunachalam and Spence 2023) and through the use of consequence analysis, the possibility of 

characterizing system-level performance of the envelope through decision variables such as 

repair costs and ingressed water was demonstrated (Ouyang and Spence 2020). 

This approach has recently been extended to illustrate how nonlinearity in the MWFRS can also 

be considered (Ouyang and Spence 2021a), as can more complex representations of the wind 

hazard, i.e., the nonstationary/non-straight-line/Gaussian stochastic wind pressures (Ouyang and 

Spence 2021b). 

4.2.2. Structural System 

One challenge of including nonlinearity in the MWFRS can be traced back to the long duration 

(on the order of hours) of typical wind load histories, which creates a computational barrier to 

evaluation of probabilistic metrics, including reliability indices, related to the nonlinear 

performance of the system. Another challenge concerns the complexities of modeling the 

nonlinear response of the MWFRS in the presence, for certain wind directions, of a substantial 

mean wind load component, which can create theoretical challenges in applying state-of-the-art 

nonlinear modeling approaches developed for seismic loads without a mean load component. 

These issues can also complicate the exploration of energy dissipation through nonlinear material 

behavior since potential difficulties can arise due to the lack of a complete internal force reversal 

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

Nevertheless, including nonlinear behavior and damage is central to the probabilistic/reliability 
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evaluation of the MWFRS, which aims to characterize the systemôs performance over a full 

range of hazard intensities. 

Motivated by this, several researchers and practitioners have pioneered approaches that explicitly 

treat damage through nonlinear modeling. Within the setting of probabilistic PBWD, two 

approaches have essentially been investigated, with the first focused on the application of the 

theory of dynamic shakedown (Tabbuso et al. 2016; Chuang and Spence 2017, 2019, 2020, 

2022) and the second focused on applying nonlinear modeling approaches based on direct 

integration (Judd and Charney 2015; Mohammadi et al. 2019; Nikellis et al. 2019; Ghaffary and 

Moustafa 2021; Ouyang and Spence 2021a; Arunachalam and Spence 2022; Huang and Chen 

2022). The fundamental idea underpinning the first approach is to rapidly identify a region in 

which controlled inelasticity can occur. The computational efficacy of the algorithms developed 

to evaluate the state of dynamic shakedown enables the evaluation of many probabilistic 

performance metrics through methods based on robust direct stochastic simulation (Chuang and 

Spence 2022). The key advantage of the second approach is the modeling flexibility it provides. 

The major challenge is the huge computational effort that is generally necessary to propagate 

uncertainty and therefore estimate the system-level damage/loss metrics that are core to 

probabilistic PBWD. 

 Wind-Structure Interaction  

A primary goal of PBWD is to design efficient systems that make the best use of all the 

structural material; therefore, the ideal scenario is that the refinement of structural loading across 

the full building life cycle should result in a system in which material is introduced in locations 

where needed and a higher utilization of structural members is targeted, thereby ensuring no 

material wastage. When pushing structures to this higher utilization, more sophisticated analysis 

in the design stages is required. Typically, this comes in the form of nonlinear modeling. 

However, to capture a structureôs key responses in nonlinear time history analysis an implicit 

understanding of each structureôs unique sensitivity to wind-structure interaction is needed. 

The application of time history wind loading to highly dynamic structures is complex. A great 

deal of care is needed to make certain the wind loading is appropriately applied to the structural 

model to ensure the accurate distribution of load and that the intended response of the structure is 

achieved. With taller buildings, small changes to dynamic characteristics (such as damping level 

or natural frequency) can lead to significant changes in behavior in the wind. Capturing this 

inherent uncertainty in structural modeling is challenging due to poor understanding of the 

magnitude of potential uncertainty, and a lack of component-level testing and system-level 

performance monitoring. 

The analysis models and load application are easier with a more straightforward building layout; 

however, it is uncertain that the current methodology will hold true with a structure that has 

complex features or is located in complex surroundings. These complexities could further affect 

the critical wind profile and loading necessary to capture the peak response of the structure. 

Layering on top the fact that cities evolve and change over time, an approach that accounts for 

this natural evolution and change in wind load effects must be considered. 

Applying wind loading to a structure requires applying varying load time histories up the height 

of the structure, which in turn requires mapping of floor-by-floor loading to relevant structural 

members at floor levels. Once mapped accurately, the length of the analyses required is 
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considerable. For reference, a five-minute seismic event is toward the upper end of what would 

typically be considered for performance-based seismic design, whereas PBWD can require a 

suite of analyses to be completed with input time histories of three hours or more. The 

computational power and storage space for running this quantum of analyses is significant. The 

analysis time grows, or compresses based on the magnitude of nonlinearity in the system. 

Tangential to the application of the load is the development of the wind loading time histories. 

Inherent to the Prestandard methodology is ensuring the ñcritical loading scenariosò are used in 

the analyses. The development of these scenarios and time histories is based on the dynamic 

properties of the structure. Therefore, this process might become iterative if significant changes 

are made to the structural design after the wind load time histories are developed, or if system 

nonlinearity alters the directional response sensitivity of the structure. 

The exact point at which the peak demand occurs within the time histories can also have a 

significant effect on the predicted performance of the structure. A nonlinear response at the 

beginning of the time history forces the structure to cope with this behavior for a longer response 

time and may lead to fatigue issues or ratcheting that could be uncaptured if the peak demand 

occurs later in the applied time history.  

The current Prestandard methodology focuses mostly on the design of tall buildings where the 

over (or in some cases under) design of structures may happen under the existing prescriptive 

procedures. A similar focus on structures where the most damage occurs, and failures arise 

during significant windstorms, is needed. These structures are often low-rise structures, 

potentially nonengineered or engineered but with no post-construction inspection, or existing 

structures that were designed using outdated codes of practice. Simplified design procedures that 

incorporate the PBWD philosophy is needed to better capture the reactive behavior of these 

structures to wind loads. 

Applying PBWD for tornadoes presents unique challenges. Tornadoes exhibit complex and 

highly localized wind fields, with rapidly changing intensities and directions. Consequently, 

accurately modeling tornado-induced loads and capturing their effects on structures requires 

tools that can account for these complexities.  

 Structural Analysis Techniques  

Structural nonlinear modeling and analysis under seismic loads have been under development for 

many decades. The related challenges that this report discusses mainly concern the differences 

between wind loads and seismic loads, including the long duration of wind loads, the complexity 

of wind loading, and the importance of the envelope system. 

¶ The long duration of wind loads: This characteristic makes low cycle fatigue a 

significant failure mode for structures with nonlinear behaviors. Long wind duration will 

also lead to different degradation properties. Current structural degradation modeling 

under wind loads mainly refers to the backbone curve developed for performance-based 

seismic design. The specific backbone curve for component modeling under wind loads 

is still unavailable and a better understanding of the component behavior under wind 

loads is critically required. A large number of component tests under wind loading 

protocol are needed for establishing a comprehensive structural component database for 

PBWD. 
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In addition, the long duration of wind loads will lead to difficulties in developing 

nonlinear response history analysis. The currently utilized nonlinear response history 

analysis algorithms or methods for seismic engineering are time consuming when applied 

to wind engineering, given that the durations of seismic and wind loads are respectively 

on the order of minutes and hours. Figure 4-1 presents examples of wind speed time 

histories that have been applied in nonlinear structural response history analysis. More 

efficient nonlinear response history analysis methods and collapse analysis methods are 

needed. 

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

Source: Wang and Wu (2022). Reprinted from Journal of Wind Engineering and Industrial 

Aerodynamics, 221, 104908, H. Wang and T. Wu, ñStatistical Investigation of Wind Duration Using a 

Refined Hurricane Track Model,ò © 2022, with permission from Elsevier. 

¶ The complexity of wind loading: The along-wind and across-wind excitation 

mechanisms and their associated responses differ significantly. While the failure 

mechanisms initiated by along-wind loading can include along-wind (drift) ratcheting in 

addition to member-specific failure mechanisms, across-wind loading with a near-zero 

mean is in a sense closer to the cyclic loading of seismic design. This complexity of wind 

loads can lead to special behaviors of buildings under investigation. For example, the 

structural responses may be larger at lower MRI wind speeds due to vortex-induced 

vibrations.  

¶ The importance of the envelope system: Damage to the envelope system of buildings 

under wind loads may result in large economic losses due to wind-driven rain. Therefore, 

performance analysis of the envelope system becomes more critical in wind engineering 

than in seismic engineering. Although the external wind loads directly impact the 

envelope system, the current practice for damage assessment of the envelope system is 

based on the structural drift of the lateral system. More comprehensive analyses of the 

envelope system under wind loads that consider the correlations among wind pressure, 

wind-induced drift, and wind-driven rain are needed. Further research to develop 

practical methods for assessing the performance of the envelope system under wind loads 

and to identify design strategies to mitigate wind-induced damage is also needed. 
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  Design  

4.5.1. Main Wind Force Resisting System 

As of early 2023, the state of the art in PBWD of building lateral systems is based on a limited 

set of structural component tests that have investigated the demands caused by multi-cycle wind 

effects by Wallace (2023), Motter (2019), Abdullah et al. (2020a,b; 2021), and Sharooz (2019). 

Beyond these specific test series, the remainder of material understanding depends on available 

traditional monotonic load assessment (i.e., testing for permanent loads such as dead and live), 

high cycle fatigue assessment (e.g., bridge fatigue), or high ductility assessment (e.g., seismic 

performance).  

However, wind loading into the yielding range of a structure differs from traditional testing 

assessments in that storm passage is expected to cause a limited number of cycles greater than 

yield among many cycles of demand below the yield point of the structure. Thus, the tests of 

monotonic load, high cycle fatigue, and seismic loading likely do not adequately evaluate the 

low cycle fatigue demands on the primary structural system of a building that are specific to 

PBWD . Figure 4-2 illustrates an example design space between cycle count and demand level.  

 
Fig. 4-2. Load Cycle versus Strain Design Space. 

4.5.2. Building Envelope Systems 

The current state of the art in envelope system design constitutes an assemblage of code, industry 

group, and best practice documents, including the International Building Code (ICC 2021) and 

the Fenestration and Glazing Industry Alliance (FGIA 2008). Additional resources and standards 

include various ASTM (ASTM International), Factory Mutual, and Underwriters Laboratories 

standards for the testing of envelope systems including water and air penetration, load resistance 

testing, and roofing adhesion and integrity testing. 
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Project implementation of these standards does not appear consistent throughout practice and 

certainly varies depending on geographic region, project type, and, to a degree, the design team 

and developer of a project.  

Looking ahead, the challenge for PBWD of envelope systems revolves around many envelope 

systems that exist among the many types of construction in the United States. The workshop 

participants recommended that focusing on a select set of performance metrics can meaningfully 

improve envelope performance and reliability despite the many nuances of envelope design.  

 Recommendations for Research and Development Tools 

 Introduction  

The participants were divided into smaller breakout groups that coincided with their expertise in 

one of the five workshop topics. These breakout groups discussed the challenges in their specific 

topic and what would be required to advance PBWD from the current state of the art to the long-

term vision for PBWD. Each group discussed the research needs and then prioritized them in 

their breakout session (Table 5-1). 

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

No. Research Needs 

Wind Climate Characteristics 

A Thunderstorm/tornado characterization 

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

C Transferring non-atmospheric boundary layer winds to practice in testing 

D Risk mapping for different building stock types 

E Redo Deaves and Harris model 

F Extratropical simulations/climate modeling 

System Reliability 

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

A1 Address special design needs through probability: wind-borne debris, water penetration, 
progressive failure, and components and cladding testing 

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

C Characterize hazard and load for short and long return periods 

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

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

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

D3 Organize and standardize reliability targets (benchmarking ranges) 

Wind-Structure Interaction 

A Improving the understanding of structural and material properties 

B Challenges with nonlinear time history analysis  
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C Performance of existing structures  

D Economic study identifying existing buildings at risk in vulnerable communities 

E Policies around inspections and approvals 

F Promoting wind engineering education and funding curriculum 

Structural Analysis Techniques 

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

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

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

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

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

F Improved understanding and quantification of inherent damping 

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

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

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

J Gather more full-scale structural response data 

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

Design 

A Re-evaluation of envelope test methods 

B Field diagnostic tests for envelope component integrity 

C Development of wind componentςspecific fragility curves 

E Further structural MWFRS PBWD testing 

F Further MWFRS reliability studies 

 

Workshop participants then voted on these research needs to prioritize the top 10 research needs 

for PBWD discussed in Section 6.2. 

 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 

  

 

The breakout group worked through a range of key topics within the field that contribute to 

reliability of design and identified strengths and weaknesses in the current state of the art. 

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

While reasonable knowledge of the structure and properties of extratropical storms and tropical 

cyclones (hurricanes) exists, knowledge of tornadoes and thunderstorms is much sparser. In 

particular, no good engineering models of thunderstorms can as yet be applied to design for taller 

buildings. One specific area identified is the potential differences between isolated downburst 

thunderstorms (the subject of most of the limited research to date) and gust front thunderstorms 

such as those connected to the derecho events that have caused widespread damage in recent 

years.  

While reasonable confidence exists about the influence of climate change on tropical and 

extratropical storms, confidence for thunderstorms and tornadoes is much lower. These effects 

also need to be translated to engineering models. The importance of combined wind/rain and 

wind/hail effects must be emphasized. 

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

In terms of the ability to predict extreme windstorms, the Type 1 probability distribution is 

considered reasonable, but tails can be refined with the application of superstation techniques 

where possible. However, this does not address the difference between extreme windstorm 

characteristics and extreme wind effects on buildings and structures. The need to combine hazard 

and responses is critical considering the structural analysis demands of a reasonable number of 

wind time histories. 

The Deaves and Harris model (Deaves and Harris 1978), as adopted by ESDU and incorporated 

into ASCE/SEI 7 (ASCE 2022), is generally used for all storm types even though it was 

developed for extratropical storms. In regions where local surface data are scant, weather 

research and forecasting models may be used for larger-scale events. 

Large full-scale field experiments will be needed to look at both the Deaves and Harris model 

and thunderstorm characteristics as they might apply to design. This would assist in more clearly 

defining which storm types will govern which design objective and in developing methods of 

modeling these in wind tunnels. 

Topographic effects are very simplified, have not been revisited in many years and would benefit 

from refinement with more experimental data to support computational fluid dynamics (CFD) 

modeling. 
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5.2.3. Significance of Different Storms Type for Load Effects  

Different storm types will influence load effects differently on various buildings. The temporal 

effects of thunderstorms and tornadoes may limit their ability to generate large resonant 

responses in tall buildings. To date, vertical profiles of thunderstorms have also been assumed to 

be less influential on the loading and responses of supertall buildings, but this was based on the 

information about downburst characteristics and less so on derechos and gust front 

thunderstorms. 

Thunderstorms are likely to govern wind loads for cladding on almost all building types. Again, 

water penetration following wind damage is likely to be the primary cause of loss. A suggestion 

was made to use PBWD savings on the primary structural system to improve the building 

envelope.  

Risk mapping of the building stock across the United States could be used to refine the differing 

PBWD significance in different areas and hence the value of different components (e.g., 

structural vs. envelope) across the country. 

5.2.4. Review of State of the Art for Testing  

Boundary-layer wind tunnel testing is the current standard. Facilities capable of accurately 

modeling the characteristics of nonstationary storms are scarce, and therefore their use in design 

is limited. The ability to model the effects of different storm types on existing facilities is 

needed. To do this requires greater understanding of the characteristics that need to be replicated. 

CFD can be used to further investigate storm structures. There is a lot of work needed to be able 

to implement this with confidence. 

5.2.5. Identified Research Needs  

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

2). 

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

Priority based on votes Topic (votes) 

A Thunderstorm/tornado characterization (14) 

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

C Transferring non-atmospheric boundary layer winds to practice in testing (10) 

D Risk mapping for different building stock types (3) 

E Redo Deaves and Harris model (2) 

F Extratropical simulations/climate modeling (2) 

    

 

 Priority of System Reliability Topics 

The breakout was composed of the following members:  
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Moderator: Seymour M.J. Spence 

Scribe:  Srinivasan Arunachalam 

Reporter: Luca Caracoglia 

Participants: Michele Barbato  

  Xinzhong Chen 

  Do-Eun Choe 

  Greg Deierlein 

  Jeff Dragovich 

  Terri McAllister 

  Chris Raebel 

  John Wallace 

 

The main topics discussed were associated with the state of the art, the long-term vision, and 

research needs for estimating the reliability of the MWFRS (structural system) and the 

components and cladding (C&C) (envelope system). The discussion revolved around the 

computational modeling required to enable the reliability estimation of both the structural and 

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

and the envelope systems) in estimating the reliability of building systems, the need to develop 

target reliabilities for various archetype systems, the need for wind-specific fragility functions to 

characterize the wind-damage susceptibility of typical structural and nonstructural components 

composing the building system, and the need for better modeling of the nonstationary 

characteristics of wind loads at aerodynamic and climatological levels.  

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

Estimating the reliability, or more generally the probability of failure, of the structural system is 

central to implementing PBWD for maximum benefit. The Prestandard (ASCE/SEI 2023) 

reflects this, suggesting three analysis methods for PBWD implementation. The methods, termed 

Methods 1, 2, and 3, range from simplified approaches that rely on several prescriptions (Method 

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

3). 

While Method 3ïtype analysis will afford the greatest design freedomðand therefore the 

innovations in design that can lead to advances in sustainable design, economic savings, and 

predictable performance in extreme eventsðseveral challenges to its implementation were 

identified, including the need for integrated probabilistic performance assessment frameworks 

that holistically treat the structural and envelope system through two-way coupled (ñfeedbackò 

system) modeling based on component-specific structural and nonstructural fragility functions.  

In addition, the need to understand the reliability of buildings designed to current codes and 

standards is a fundamental step in advancing codes and standards on PBWD. Such assessments 
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should treat the systems as a whole and therefore consider the reliability of both the structural 

and the envelope systems at the component and system levels. Ideally, such assessments should 

be carried out over suites of archetype buildings that accurately represent the current state of 

practice.  

5.3.2. A1. Address Special Design Needs through Probability: Wind-Borne Debris, 
Water Penetration, Progressive Failure, and Components and Cladding 
Testing  

The envelope system is central to the performance of a building subject to extreme winds. 

However, this system is scrutinized less than the structural system. Moving to a PBWD paradigm 

necessitates the holistic treatment of the structural and the envelope systems, which constitutes a 

two-way coupled system (feedback system) that experiences progressive damage during extreme 

winds.  

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

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

to those developed in performance-based seismic design and the FEMA P-58 procedure (FEMA 

2016) but be specific to wind and therefore capture aspects such as the progressive and coupled 

nature of envelope damage in moderate to extreme winds. The development of such fragility 

functions will require a combination of experimental and computational methods and should 

result in databases of fragility functions that can be used in probabilistic performance assessment 

frameworks. Questions that require addressing in developing the fragility functions include 

identifying appropriate damage states and considering a full range of wind demands, e.g., wind-

borne debris, local net pressure, and dynamic story drift.  

The need for greater transparency and information on existing fragilities used to characterize the 

damage susceptibility of envelope systems was also recognized. Fundamental questions 

discussed included how to accommodate for established limit states the long-duration and 

progressive nature of wind damage mechanisms, for example, for a given amount of drift and 

how much capacity does an envelope component lose by withstanding dynamic net pressure. The 

need for local building officials to require the results of envelope tests, thereby gradually 

collecting data on the current performance of envelope systems, was seen as a step that would 

help demystify the performance assessment of envelope systems.  

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

Estimating probabilistic metrics, such as reliability, probability of failure, or future metrics based 

on the decision-making process, generally requires the direct propagation of uncertainty by 

stochastic simulation. Even for the most efficient stochastic simulation schemes, this requires 

repeated evaluation of the system, necessitating rapid nonlinear time history analysis, especially 

considering the typical long duration of extreme windstorms (several hours). Directions 

discussed by the breakout group included approaches based on machine learning (ML), massive 

parallelization using graphics-processing units (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, performance assessments are carried out under the assumption of a stationary 

(invariant) wind climate. To better leverage the capacity of structural systems to resist extreme 

wind events through PBWD, and therefore controlled inelastic design, accounting for the 

potential increase in severity of future wind events over the design life span is essential. 

Consequently, accounting for climate change is necessary in assessing the reliability of structural 

systems over the time horizons inherent to the current codes and standards, e.g., 50 to 100 years. 

In addition, a need exists for stochastic models capable of rapidly generating realizations of fully 

nonstationary and non-straight wind load records to be used in nonlinear time history analysis. 

While methods based on modeling the joint probability between wind speed directions, or the 

use of sector-by-sector approaches, can be adequate, it is generally recognized that modeling the 

actual time-varying wind speed and direction would increase the fidelity of the probabilistic 

metrics estimated from a reliability/probabilistic analysis. The possibility of harnessing CFD is a 

long-term goal, while the use of wind tunnel data to calibrate future models is a short-term goal. 

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

The Prestandard (ASCE/SEI 2023) identifies three methods of analysis for carrying out PBWD. 

However, these analysis methods do not map to the nonstructural system, in particular the 

envelope system, even though the envelope system is recognized as key to the performance of 

the buildings. This results in the need for performance objectives that better integrate the desired 

performance of the envelope and the structural systems by defining new wind-specific 

probabilistic limit states that are related to metrics that enhance the sustainability of the building 

system (e.g., life-cycle analysis). 

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

As PBWD moves into the future, the use of probabilistic performance metrics to characterize the 

performance of building systems that go beyond traditional reliability is essential. Consequently, 

a need exists for probabilistic performance-based design frameworks that foresee the integrated 

and coupled damage and loss assessment of the envelope and the structural systems through 

metrics that are related to the decision-making process, e.g., repair costs and downtime 

(including impeding factors).  

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

To date, PBWD has focused primarily on highly engineered high-rise structures. Nevertheless, 

the possibility of applying it to low-rise buildings could significantly reduce the massive 

damages and losses that occur to low-rise residential buildings during extreme windstorms. 

While many concepts and methodologies translate from highly engineered high-rise systems to 

low-rise buildings, for the application of PBWD to low-rise buildings to succeed, differentiating 
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the needs of low-rise building from the needs of highly engineered (high-rise) buildings is 

necessary. This differentiation should occur for both the structural and the envelope systems.  

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

The full acceptance of PBWD requires an understanding of the performance of building systems 

built to current codes and standards in terms of the probabilistic metrics that will characterize 

PBWD in the future. In the breakout discussion, participants felt that there is less of a need for 

target reliabilities than there is a need for system metrics that enable decision-making based on 

benchmarking of the metrics for buildings that satisfy current codes and standards. 

In addition, the development of rating systems that promote the enhanced performance of 

buildings designed following PBWD procedures was identified as a means to encourage the 

adoption of PBWD in practice. For example, the Leadership in Energy and Environmental 

Design rating system has become very successful in promoting greater sustainability. A similar 

system could be developed to promote greater resiliency in design. Such a system would be 

related to the probabilistic PBWD metrics associated with a holistic characterization of the 

building performance, e.g., repair cost, recovery time, and life-cycle costs. 

 Priority of Wind-Structure Interaction Topics  

The breakout was composed of the following members:  

Moderator: Melissa Burton 

Scribe:  Wenbo Duan 

Reporter: Jason Garber 

Participants: Ramon Gilsanz 

  Larry Griffis 

  Wendy Reyes 

  Ahmad Rahimian 

  Dan Rhee 

 

The workshop participants brainstormed many ideas for research that is needed to address the 

challenges identified during the workshop discussion. In analyzing the information gathered 

during the breakout session, participants developed research ideas on sticky notes that were then 

mapped to a list of generalized research needs. The workshop participants then voted on these 

research needs. The following subsections discuss the top five research needs. A final suggestion 

identifying the importance of education in overarching performance-based design was also 

highlighted. 
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5.4.1. A. Improving the Understanding of Structural and Material Properties 

A more comprehensive understanding of structural and material properties is crucial for the 

successful implementation of PBWD. To elucidate the impact of wind-structure interaction and 

accurately model the behavior of structures under wind loading, several research directions can 

be explored. First, a need exists to understand and quantify inherent damping properties across 

existing building stock, ideally from tall buildings through to supertall buildings. Second, 

understanding and quantifying structural parameters like stiffness and the impact that cracking 

has on changing stiffness of various structural systems will provide confidence and inform 

modeling assumptions. Building a consensus regarding analysis model assumptions is essential 

for consistent practice. Research on nonlinear analysis of concrete buildings and the behavior of 

structural members in different building systems will provide insights into their responses to 

wind loads. The impact of these parameters can significantly influence the wind-structure 

interaction. Addressing challenges due to uncertainties in structural properties, lack of 

component testing, and system-level performance monitoring is essential. 

5.4.2. B. Challenges with Nonlinear Time History Analysis 

Applying time history wind loading to highly dynamic structures is a complex process that 

requires careful consideration of structural models for accurate load distribution and intended 

interaction response. Standardizing wind tunnel testing techniques and characterizing wind load 

response time series formats can ensure consistency and accuracy in application of wind loads to 

structural models. Assessing the impact of changes in the structureôs surroundings on wind loads, 

including documenting assumptions in surrounding models, is important. Analyzing structures 

with complex features or surroundings may necessitate investigating wind design restrictions on 

seismic design and exploring methods for integrating both approaches. The development of 

critical loading scenarios and time histories, based on a structureôs dynamic properties, may 

become iterative, especially if significant design changes occur. With nonlinear time history 

analyses for PBWD requiring significant computational power and storage space the desire to 

limit the conditions considered is natural but given some of the uncertainties listed previously 

doing that poses a risk. Ultimately, developing an understanding about some of these concerns 

will help refine the requirements for an adequate time history suite for PBWD applications.  

5.4.3. C. Performance of Existing Structures 

Comparative studies of buildings constructed over previous decades, such as the 1960s, 1980s, 

and 2000s, which were designed using varying codes and standards, can provide valuable 

insights into the overall performance and effectiveness of code changes in improving wind 

resistance. Funding research for wind event monitoring, improved documentation of damage and 

building details, and continued support for initiatives like Structural Extreme Events 

Reconnaissance (STEER) can help drive advancements in wind engineering and promote the 

development of resilient communities. This research need is linked to research needs 1 and 6 

described in Section 6. 



NIST GCR 23-045-upd1 

November 2023 

26 

5.4.4. D. Economic Study Identifying Existing Buildings at Risk in Vulnerable 
Communities 

Conducting comprehensive studies that demonstrate the wide-ranging benefits of PBWD, 

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

build a strong case for its implementation and prioritize retrofitting and adaptation efforts for 

high-risk structures in vulnerable communities. Identifying potential improvements for existing 

building stock, in building performance and long-term resilience, and providing a funding 

mechanism to embrace these enhancements could be persuasive for building owner participation. 

Such incentives could potentially involve tax breaks or subsidies, or rebate programs to support 

the funding of performance or resilience improvement. This exercise could extend beyond 

engineered structures and into communities requiring the biggest resilience-based engineering 

retrofits.  

Proposing feasible adaptation measures; considering structural, economic, social, and equity 

factors; and investigating opportunities to convert building usage to more resilient or lower-risk 

functions can enhance community resilience while preserving the value of existing buildings. 

Exploring resilience opportunities during re-cladding processes and assessing the potential 

benefits of incorporating wind-resistant features can lead to improved building performance. 

Funding research for wind event monitoring, improved documentation of damage and building 

details, and continued support for initiatives like STEER can help drive advancements in wind 

engineering and promote the development of resilient communities. 

5.4.5. E. Policies around Inspections and Approvals 

Developing effective policies for inspections and approvals is crucial for ensuring the successful 

implementation of PBWD in practice. The following research ideas were discussed during the 

workshop to address these needs: 

¶ Developing special inspection requirements and standardized cladding and building 

envelope detailing can help ensure structural integrity and safety during wind events.  

¶ Engaging with policymakers and local jurisdictions, promoting the benefits of PBWD, 

and providing educational resources can facilitate its incorporation into local codes and 

regulations.  

¶ Collecting and analyzing data on construction methods used across different regions can 

help identify best practices and areas for improvement, informing the development of 

region-specific guidelines and recommendations for building construction and inspection 

while considering the unique characteristics of various building materials and designs. 

5.4.6. F. Promoting Wind Engineering Education and Funding Curriculum 

The workshop emphasized the importance of increasing awareness and knowledge about wind 

engineering among professionals such as engineers, architects, contractors, building officials, 

and inspectors. Creating a series of educational webinars tailored to different professionals in the 

building industry can help disseminate knowledge about wind engineering principles and 

practices, covering topics ranging from basic concepts to advanced design methodologies. 
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To encourage attendance and engagement in these webinars, offering incentives for participation 

is essential, which could include continuing education credits, professional development hours, 

or even financial rewards for attending the webinars and implementing the learned concepts in 

participantsô work. Collaborating with professional organizations and industry associations can 

further increase the reach of these educational efforts, as leveraging the networks and resources 

of these organizations enables the wind engineering community to effectively promote the 

adoption of advanced wind design practices and foster a culture of continuous learning among 

industry professionals. 

 Priority of Structural Analysis Technique Topics 

The breakout was composed of the following members:  

Moderator: Teng Wu 

Scribe:  Baichuan Deng 

Reporter: Ricardo Medina 

Participants: Kevin Aswegan 

Scott Erickson 

 Jennifer Goupil 

 Hitomitsu Kikitsu 

 Marcos Martinez 

 Viral Patel 

 Juan Paulino 

Donghun Yeo 

 

The breakout session participants first reviewed and formed a consensus on the current state of 

the art in structural modeling and analysis techniques. As the Prestandard (ASCE/SEI 2023) 

states, the literature has little information on performing nonlinear analysis of structures 

subjected to wind loads. Hence, the current structural analysis techniques are essentially based 

on information related to performing nonlinear analysis under seismic loading. However, the 

breakout session participants agreed that these techniques need to be revisited due to the 

significant differences between wind and seismic loads. Then, the research needs and priorities 

discussed centered on two aspects, namely structural modeling and structural analysis. Finally, 

the breakout group proposed the following 11 research needs and priorities.  

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

To develop the component backbone curve and refine the DCR limitations for deformation-

controlled components, it is important to establish a comprehensive procedure to evaluate current 

loading protocols for extreme wind performance cyclic testing of MWFRS members and, if 
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needed, adjust the currently used loading protocols. Several key features need to be identified, 

such as the number, amplitude, and sequence of cycles. 

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

Similar to the component model development process in seismic engineering, lab tests of various 

components under rational wind loading protocols are required to develop the backbone curve of 

various components, e.g., columns, beams, slab-to-column connections, shear walls, and steel 

joints. 

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

Proper treatment of extreme values in wind loading time history records is very important. In the 

wind tunnel test, peaks always occur due to the random nature of wind pressure. These peaks 

will directly lead the force-controlled element to exceed acceptance criteria while this 

phenomenon will rarely lead to component failure. The selection and post-processing methods 

for wind loading records require further study. 

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

The large-scale component lab test is time consuming and requires a large amount of financial 

support. High-fidelity finite element models provide an alternative way to estimate and calibrate 

parameters to construct numerical models of structural components under wind loading 

protocols. Current practice is based on the available database developed under seismic loading 

protocols. 

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

Currently, the allowed nonlinear behaviors during wind design are very limited (DCR<1.5) in the 

Prestandard (ASCE/SEI 2023). To better understand the componentsô behavior in wind-induced 

response, the strong nonlinear behaviors can also be included in lab tests. 

5.5.6. F. Improved Understanding and Quantification of Inherent Damping 

The understanding of inherent damping is significant in estimating wind-induced structural 

performance because it contributes to significant energy dissipation due to limited 

nonlinearity/ductility in the response. 
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5.5.7. G. Leveraging the High Efficiency of Method 3 of the Prestandard to Study 
Various Archetype Buildings to Facilitate Its Application in Design 

The fully coupled uncertainty assessment is challenging for PBWD due to the large 

computational costs. Rapid methods are proposed such as the dynamic shakedown and reduced-

order model, but these methods are mostly validated with limited archetype buildings. It is 

necessary to validate and extend the applications of these methods.  

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

Static pushover is a classical method suggested in seismic engineering, but current wind 

engineering practice barely uses it. Introducing static pushover to the nonlinear structural 

analysis under wind loads provides a way to develop efficient estimation for nonlinear structural 

behaviors. 

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

With the recent development of artificial neural networks and other ML techniques, a promising 

way to efficiently get the structure response is based on data-driven models. While the limited 

physical meaning of the ñblack-boxò surrogate models poses an obstacle to implementing them 

in the structural performance evaluation, theory-guided, data-driven approaches (e.g., 

knowledge-enhanced machine learning) provide an alternative way to improve the performance 

of the surrogate model and make it more reliable for application in engineering practice. 

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

Although modern structural wind engineering has been developed for decades, real field 

measurement data remain limited (e.g., the wind pressure applied to real buildings and the 

structure responses under wind loads). To validate analysis results of PBWD, more full-scale 

structural response data and on-site wind pressure measurements are needed. 

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

Research on the nonlinear behaviors of various foundation types and their effects on wind-

excited tall buildings is very limited. It is important to explore the nonlinear behaviors of various 

foundation types in evaluating controlled inelastic responses of wind-excited tall buildings. 

In addition to the aforementioned topics discussed during the breakout session, the modeling and 

analysis of envelope systems are also considered very important. Therefore, high-fidelity finite 

element models of the envelope system need to be developed for effective characterization and 

quantification of the damage it sustains during various windstorms (along with water penetration 

amount). Some research tools are also needed to better understand the interaction between the 

main wind force resisting system and the envelope system. 
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 Priority of Design Topics 

The breakout was composed of the following members:  

Moderator: Russell Larsen 

Scribe:  Juliana Rochester 

Reporter: Juliana Rochester 

Participants: David Bott 

 Mehedy Mashnad 

 Angela Mejorin 

 Long Phan 

 Don Scott 

 Pataya Scott 

 Tom Smith 

 

The breakout session participants identified five overarching areas of design-related research 

needs. The following discusses each area. The order in which they are presented reflects the 

breakout participantsô view of relative importance to the advancement of building performance, 

from critically important to important. 

5.6.1. A. Re-Evaluation of Envelope Test Methods 

Entry of water into the interior of a building as a result of wind-driven rain or breaches of the 

building envelope (by wind-borne debris impact or wind pressure) greatly magnifies the degree 

of loss brought about by severe weather. Current envelope testing methods do not apply wind 

pressures as large as those required for structural design. These tests, including water plus wind 

testing, wind-borne debris impact testing, and the loading regimen of each should be reassessed 

for their effectiveness in managing loss. 

5.6.2. B. Field Diagnostic Tests for Envelope Component Integrity 

The ability of an envelope system to successfully resist the demands of severe weather depends 

in large part on quality installation and compatible details. Assessment of installation quality 

relies on mock-up tests or in-field nondestructive tests. Not all envelope components have 

standardized nondestructive tests, and mock-ups, while best practice, are not required. Additional 

nondestructive tests, industry group guidance for mock-up testing, and assessment of newer 

construction performance in high winds would provide evidence of when envelope systems are 

installed well and what envelope systems perform well.  
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5.6.3. C. Development of Wind ComponentïSpecific Fragility Curves 

The FEMA P-58 initiative (FEMA 2016) generated fragility curves for building components 

responding to seismic demands. Similar curves need to be generated for wind demands. Many of 

the seismic fragility findings can be recalibrated or extended to wind response. Wind-specific 

damage states considering, for example, wind pressure damage and debris impact need to be 

developed.  

5.6.4. D. Further Structural MWFRS PBWD Testing  

As of early 2023, no traditional structural steel assemblies have been evaluated for the expected 

low cycle fatigue cyclic loading in PBWD. Seismically detailed assemblies may be assessed 

using strain-based methods such as Coffin-Manson relationships (Coffin 1954; Manson 1953). 

While testing has been carried out on non-seismically detailed structural concrete assemblies, no 

similar non-seismically detailed structural steel assemblies have been tested. These structural 

steel assemblies include non-seismically detailed (R=3) braced frame connections and non-

seismically detailed (R=3) moment frame connections.  

5.6.5. E. Further MWFRS Reliability Studies 

Formal adoption of PBWD in the ASCE/SEI 7 standard (ASCE 2022) requires assessment of 

PBWD protocols relative to the safety (reliability) targets expressed in Chapter 1 of ASCE/SEI 7 

(ASCE 2022). The present Chapter 1 reliability targets are based on component response in lieu 

of global system reliability. PBWD requires consideration of the overall margin of safety 

achieved by a structural system, and hence research and review are required to determine 

appropriate building global reliability targets that agree with the present levels of safety achieved 

by ASCE/SEI 7.  

 Prioritization and Benefits of Recommended Research Topics 

 Prioritization of Research Topics by Workshop Participants 

Following the breakout sessions, the workshop participants reconvened into a single group and 

reviewed the recommended research needs from each breakout session. Table 5-1 summarizes 

the breakout session research needs. After the breakout session reporters presented and described 

their sessionsô research needs, the full group of participants voted to prioritize the research 

recommendations from all breakout sessions. 

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

Based on participant votes and the combination of similar research needs by the Workshop 

Steering Committee, the research priorities were selected and the most urgent needs identified 

(Table 6-1). The table shows the order of priority, the Priority Research Need, and its estimated 

cost and time. Section 6.3, Summaries of Research Priority Needs, describes the needs in greater 

detail. These summaries include a description, estimated cost, estimated time, measurement 
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science challenges and potential solutions, stakeholders and roles, and impacts on 

standardization and application in practice. Sections 6.4 and 6.5 describe the comprehensive 

schedule, costs, and benefits.  

The Workshop Steering Committee provided the cost estimates, based upon its membersô 

knowledge of costs of similar research efforts. Estimated costs for each research topic are 

provided using one of the following ranges: less than $1,000,000 (low cost); $1,000,000ï

$3,000,000 (moderate cost); and more than $3,000,000 (high cost). 

Similarly, the Workshop Steering Committee estimated the time requirements to properly 

address each research topic, based on member experience with comparable research efforts. 

Estimates are provided using the following time period ranges: 1ï2 years (short time period), 2ï

5 years (moderate time period), and 5ï10 years (long time period). 

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

Workshop Steering Committee.  

Rank Priority Research Needs Estimated 

Cost 

Estimated 

Time 

1 Development of Main Wind Force Resisting System 

Reliability 

Moderate cost  Short and 

moderate time 

periods  

 

2 Enhancement of components and cladding reliability 

through re-evaluation of testing 

High cost Long time 

period 

3 Integrate performance between structural system and 

cladding 

High cost Moderate time 

period 

4 Characterization of engineering properties of 

thunderstorm and tornado wind events 

High cost Moderate to 

long time 

period 

5 Characterize hazard and loads for short and long return 

periods 

Moderate cost Moderate time 

period 

6 Improve understanding of structural and material 

properties 

Moderate cost Long time 

period 

7 Improve physics-informed, computationally efficient 

methods for nonlinear analysis of wind response over 

long-period durations 

High cost Long time 

period 

8 Static pushover for wind engineering to quickly 

evaluate nonlinear structural performance 

Low cost Moderate time 

period 

9 Development of wind loading protocol for 

experimental quantification of system performance in 

wind 

Low cost Moderate time 

period 

10 Economic study to identify existing buildings at risk High cost Long time 

period 

 

As noted previously, some of the research needs identified in the individual breakout sessions 

were similar in scope, and thus the Workshop Steering Committee combined similar research 

needs. These research needs were then prioritized based on votes from the workshop 

participants. The following summarizes how these research needs were combined. 
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Priority Research Need 1: Development of main wind force resisting system reliability: This 

research need was identified in the Design breakout session and was brought to the top of the list 

because one of the main goals of the workshop was to identify needs that would allow PBWD to 

be standardized in practice. An understanding of the structural reliability of the MWFRS as 

provided by current code-/standard-conforming designs compared with an understanding of the 

structural reliability provided by the Prestandard (ASCE/SEI 2023) are essential to progress 

PBWD procedures to a consensus-based standard. 

Priority Research Need 2: Enhancement of components and cladding reliability through re-

evaluation of testing: This research need was identified in the Design breakout session as its 

number 1 and number 2 priorities. The research need was determined from combining the 

research needs (A) Re-evaluation of envelope test methods and (B) Field diagnostic tests for 

envelope component integrity. 

Priority Research Need 3: Integrate performance between structural system and cladding: 

This research need was identified in the System Reliability breakout session as (A) Integrate 

performance between structural system and cladding and generate structural and nonstructural 

damage functions that are component-specific and combined with (C) Development of wind 

componentïspecific fragility curves from the Design breakout session. 

Priority Research Needï 4: Characterization of engineering properties of thunderstorm and 

tornado wind events: This research need was identified as the top priority in the Wind Climate 

Characteristics breakout session. 

Priority Research Need 5: Characterize hazard and loads for short and long return periods: 

This research need was identified as priority I in the System Reliability breakout session. 

Priority Research ïNeed 6: Improve understanding of structural and material properties: This 

research need combines priorities (A) Improving the understanding of structural and material 

properties from the Wind-Structure Interaction breakout session and (F) Improved understanding 

and quantification of inherent damping from the Structural Analysis breakout session. 

Priority Research ïNeed 7: Improve physics-informed, computationally efficient methods for 

nonlinear analysis of wind response over long-period durations: This research need aims to 

reduce the computational time required for nonlinear analysis for wind response of structures and 

combines the priorities identified in the System Reliability breakout session, (B) Improve 

physics-informed, computationally efficient models for nonlinear analysis of wind response over 

long-period durations, and the Structural Analysis breakout session, (I) Theory-guided, data-

driven approaches for efficient nonlinear analysis. 

Priority Research Need 8: Static pushover for wind engineering to quickly evaluate nonlinear 

structural performance: This research need was identified as (H) in the Structural Analysis 

breakout session. 

Priority Research ïNeed 9: Development of wind loading protocol for experimental 

quantification of system performance in wind: This research need was identified as priority (A) 

in the Structural Analysis breakout session. 

Priority Research Need 10: Economic study to identify existing buildings at risk: This research 

need combines the priorities identified in the Wind-Structure Interaction breakout session, (D) 

Economic study identifying existing buildings at risk in vulnerable communities, and the Wind 

Climate Characteristics breakout session, (D) Risk mapping for different building stock types. 
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Section 5 describes in further detail the priorities identified by the breakout groups, which were 

combined to form the Priority Research Needs in Table 6-1. 

 Summaries of Research Priority Needs 

The Workshop Steering Committee developed the following in-depth summaries of the Priority 

Research Needs identified in Section 6.2, which include a description, estimated cost, estimated 

time, measurement science challenges and potential solutions, stakeholders and roles, and 

impacts on standardization and application in practice.  
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Priority Research Need 1: Development of Main Wind Force Resisting System 
Reliability 

Description  

Identification of the collapse reliabilities associated with building systems designed to comply 

with the current provisions of the Prestandard (ASCE 2023) and knowledge of how these 

reliabilities compare with those associated with buildings designed to satisfy current prescriptive 

standards and codes is critical to advance performance-based wind design (PBWD) into 

structural engineering practice. 

For this research topic, collapse reliability should be characterized both at the component level, 

which is consistent with Table 1.1-3 of the design standard ASCE/SEI 7(ASCE 2022), and at the 

system level. In estimating reliability, a full range of uncertainties must be considered to ensure 

consistency with the reliability underpinning current codes and standards. Modeling of the main 

wind force resisting system will be carried out using nonlinear finite element approaches that 

fully capture all effects generated by large deformation and material nonlinearity. The collapse 

reliability will be estimated for a full range of limit states and over a comprehensive set of 

archetype buildings that adequately represent current building practices in terms of materials and 

systems. A second, smaller scoped research initiative supports current assessments of structural 

reliability associated with stress, drift, and avoidance of incipient collapse limit states modeled 

using simplified approaches for building systems designed to comply with the current provisions 

of ASCE/SEI 7 (ASCE 2022).  

Estimated Cost  

1.1. Collapse assessment: $1,500,000ï$3,000,000  

1.2. ASCE/SEI 7 system reliability review: $600,000 

Estimated Time  

1.1. Collapse assessment: 3ï5 years 

1.2. ASCE/SEI 7 system reliability review: 2ï3 years 

Measurement Science Challenges and Potential Solutions 

Challenges Potential Solutions 

Need for a large suite of archetype buildings that are 

representative of current building practices 

Engagement of practicing engineers 

The significant computational resources (at the 

supercomputer level) necessary to run the reliability 

analysis 

The use of computer clusters 

Stakeholders and Roles 

Stakeholder Role 
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Universities/Research Organizations Conduct research and identify the reliabilities of the 

buildings built to current codes and standards 

Industry  Provide the suite of archetype buildings, advise on 

limit states, and review results 

Standards Organizations Adopt the identified reliabilities as targets 

Impacts on Standardization and Application in Practice 

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

¶ Provides the fundamental knowledge and critical data for understanding PBWD 

reliability to advance the standardization and application of PBWD for practice. 

References 

ASCE. (2022). ASCE/SEI 7, Minimum Design Loads and Associated Criteria for Buildings 

and Other Structures. Reston, VA: American Society of Civil Engineers. 

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

VA: American Society of Civil Engineers. 
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Priority Research Need 2: Enhancement of Components and Cladding Reliability 
through Re-Evaluation of Testing 

Description 

This combined category stems from the observation that modern structural systems stand up well 

to high winds. Unfortunately, envelope systemsðwhich are the first defense against wind 

forcesðoften fail. That failure then leads to internal building damage and in some cases 

structural failure. This research priority stresses the critical need to improve the reliability of the 

components and cladding (C&C) systems to take advantage of the benefits of performance-based 

wind design (PBWD). The following subtopics have also been identified: improvement of 

current envelope system tests (for walls and roofs) to identify weak points of cladding testing 

before installation, generation of new or more stringent performance requirements to overcome 

these weak points, and creation or confirmation of in situ testing methods to demonstrate 

satisfactory in-place/as-installed performance. 

Estimated Cost 

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

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

2.3. Create field diagnostic in situ tests for components and cladding: $100,000ï$500,000 

2.4a. Develop site-specific wind-borne debris impact design framework: $500,000ï$1,000,000 

2.4b. Derive roof tile wind uplift loads: $1,000,000ï$3,000,000 

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

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

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

Estimated Time 

2.1. Extend FEMA P-58 (FEMA 2016) fragility dataset: 1ï2 years 

2.2. Components and cladding water infiltration study: 3ï5 years 

2.3. Create field diagnostic in situ tests for components and cladding: 1ï2 years 

2.4a. Develop site-specific wind-borne debris impact design framework: 1ï2 years 

2.4b. Derive roof tile wind uplift loads: 2ï5 years 

2.4c. Evaluate envelope for multi-meteorological event: 2ï5 years 

2.5. Reassessment of existing envelope testing for wind pressure: 1ï2 years 

2.6. Evaluation of current components and cladding testing methods: 1ï2 years 
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Measurement Science Challenges and Potential Solutions 

Challenges Potential Solutions 

Consideration of water intrusion Early inclusion of envelope manufacturers 

Creation of useful testing techniques  Early inclusion of contractors using the tests 

Stakeholders and Roles 

Stakeholder Role 

Universities/Research Organizations Assess wind/rain application histories to understand 

appropriate test wind pressures, rain pressures, and 

application times 

 

Continued assessment of post-disaster performance of 

cladding, specifically, looking for evidence of 

particularly good or particularly poor performance of 

buildings constructed in the last +/- 20 years 

Industry Collection of best practices to inform standard 

development 

Standards Organizations Tightening of standards to inhibit water intrusion 

Impacts on Standardization and Application in Practice 

¶ Reduce losses from moderate wind hazards by confirming the building envelope can 

remain functional with the building movements and external wind pressures required by 

PBWD. 

¶ Confirm the reliability required by PBWD by comparing the design intent and in-place 

performance of envelope components. 

Reference 

FEMA. (2016). FEMA P-58, Seismic Performance Assessment of Buildings. Washington, 

DC: Federal Emergency Management Agency. 
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Priority Research Need 3: Integrate Performance between Structural System and 
Cladding 

Description 

The performance-based wind design frameworks of tomorrow will require the explicit treatment 

of uncertainty and damage to both structural and nonstructural components and the consideration 

of the interdependent (feedback system) and progressive nature of wind damage accumulation. 

This research topic encompasses research into novel computational modeling frameworks that 

respond to this need and the characterization of the wind damage susceptibility of structural and 

nonstructural components. This can be achieved by developing appropriate fragility functions 

through the extension of the FEMA P-58 (FEMA 2016) seismic fragility dataset to consider wind 

damage and consequence. This extension is expected to encompass repurposing some existing 

FEMA P-58 seismic fragilities while developing new fragilities that explicitly consider wind-

specific damage (such as wind-induced pressure damage, water intrusion, and damage due to 

cyclic long-duration effects). 

Estimated Cost  

$3,000,000ï$6,000,000, including the development of computational frameworks and 

physical/computational testing of dozens of archetype envelope components 

Estimated Time  

3ï6 years 

Measurement Science Challenges and Potential Solutions 

Challenges Potential Solutions 

Computational modeling will be multi-hazard, coupled, 

and progressive 

Use of disparate simulation methods and advances in 

uncertainty propagation 

Many envelope systems are proprietary Some fragilities may be generic, as was done with 

FEMA P-58 

Water intrusion likely requires physical testing/multi-

physics modeling due to the complexity of 

air/water/cladding interaction 

Conduct physical testing first and use multi-physics 

modeling in the computational frameworks 

Stakeholders and Roles 

Stakeholder Role 

Universities/Research Organizations Develop holistic computational modeling frameworks 

 

Assemble existing testing data and reassess FEMA P-

58 fragility dataset for wind 

 

Advise on sensible wind pressure/rain intensity rates 
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Carry out physical/computational testing of envelope 

components to determine damage states and demand 

parameters 

Industry Assemble repair time, repair cost, and casualty risk 

datasets 

Standards Organizations Enable code-based fragility assessment benefits within 

standards 

Impacts on Standardization and Application in Practice 

¶ Enable the introduction of a new generation of holistic (combined structural and 

nonstructural) performance objectives. 

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

¶ Reduce high wind damage to future building stock and/or refurbished facilities following 

the generated guidelines. 

Reference 

FEMA. (2016). FEMA P-58, Seismic Performance Assessment of Buildings. Washington, 

DC: Federal Emergency Management Agency. 
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Priority Research Need 4: Characterization of Engineering Properties of 
Thunderstorm and Tornado Wind Events 

Description 

The temporal and spatial characteristics of large-scale storms is relatively well known. For much 

of the United States, however, the strongest wind events (as measured at 33 ft.) are governed by 

thunderstorms and tornado events. Their structure is much less well understood. This research 

topic requires gathering field data to build engineering models of these storms. These storms can 

then be incorporated into design methodologies so that their effects can be more appropriately 

considered during design to optimize performance of building structures and envelope systems. 

This research topic is critical because no time history data are available for a performance-based 

wind design (PBWD) analysis for regions of the country where these non-synoptic storm types 

govern design wind speeds.  

Estimated Cost  

4.1. Field instrumentation, deployment, and measurements: More than $5,000,000  

4.2. Development of implementation methodologies: $1,000,000 

Estimated Time  

4.1. Field instrumentation, deployment, and measurements: 3ï5 years  

4.2. Development of implementation methodologies: 1ï2 years  

Measurement Science Challenges and Potential Solutions 

Challenges Potential Solutions 

Capturing enough field data Funding for sufficient instrumentation in enough 

locations 

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

analytical or experimental 

Stakeholders and Roles 

Stakeholder Role 

Universities/Research Organizations Gather field data and develop engineering models of 

smaller-scale storm types 

Industry Investigation of effects of new engineering storm 

models on design reliability 

Standards Organizations Provide standardized methods for integration of new 

knowledge into the design process 

Impacts on Standardization and Application in Practice 

¶ 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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¶ Provides critical data to include dominant storm types for many regions of the United 

States, which is needed to execute PBWD in these regions.  
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Priority Research Need 5: Characterize Hazard and Loads for Short and Long 
Return Periods 

Description  

The state of the practice for defining wind loads to be used in implementing performance-based 

wind design (PBWD) is based on idealizations of the local wind climate and the aerodynamic 

loads impacting the building. Current practice assumes winds to be straight (including no change 

of wind direction) and stationary (including no change of wind speed) for a duration of 1 hour or 

longer.  

PBWD centers on leveraging the inherent capacity of the system by permitting inelasticity 

during extreme wind events. Greater emphasis must therefore be placed on the detailed modeling 

of the local wind climate and the associated aerodynamic loads. Capture of the nonstationarities 

in the wind climate (including climate change) and aerodynamic loads (including changing wind 

speeds and directions during the wind event) is necessary to execute PBWD. Methods that can 

leverage existing climatological data, downscaling of global weather models, and standard 

boundary-layer wind tunnel data have potential for immediate impact on design practice. 

Estimated Cost 

$1,000,000ï$2,500,000  

Estimated Time 

3ï5 years 

Measurement Science Challenges and Potential Solutions 

Challenges Potential Solutions 

Modeling of extreme wind events, including 

nonstationarity, utilizing standard wind tunnel facilities 

Use of state-of-the-art wind tunnel 

facilities/computational methods 

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

building response 

Stakeholders and Roles 

Stakeholder Role 

Universities/Research Organizations Develop and validate the nonstationary wind climate 

and aerodynamic load models 

Industry Provide insight into the current capabilities of state-of-

the-art wind tunnel facilities  

Standards Organizations Incorporate provisions for nonstationary wind climates 

Impacts on Standardization and Application in Practice 

¶ Develops estimations of the inelastic performance of buildings subject to extreme winds 

with high confidence. 
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¶ Develops recommended selections of wind records for time history analysis that are 

needed for PBWD analysis. 

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

Description  

A comprehensive understanding of structural and material properties is crucial for the successful 

implementation of performance-based wind design, as the uncertainties in the modeling 

assumptions around these parameters can often overwhelm the changes in the wind load effect at 

various performance levels. To improve the identification of the wind-structure interaction and 

accurately model the behavior of structures under wind loading, several research directions can 

be explored, for example, quantifying inherent damping properties across all building types, 

understanding structural parameters like stiffness, and assessing the impact of component 

cracking on these properties. Building consensus on analysis model assumptions and researching 

nonlinear material behavior will provide valuable insights. Addressing uncertainties in structural 

properties, component testing, and system-level full-scale monitoring are essential for consistent 

practice and enhanced wind-structure interaction understanding. 

Estimated Cost 

$500,000ï$3,000,000 

Estimated Time  

2ï6 years 

Measurement Science Challenges and Potential Solutions 

Challenges Potential Solutions 

Difficult to get access to existing buildings for full-

scale monitoring 

Strengthen collaboration among stakeholders such as 

property owners and local authorities  

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

the industry and most sensitive to long-duration wind 

loads and build a network of researchers to tackle 

different categories 

Stakeholders and Roles 

Stakeholder Role 

Universities/Research Organizations Develop framework and tools for full-scale monitoring 

of existing buildings 

 

Develop methodology to quantify structural properties 

for different building materials 

Industry Provide feedback on the developed framework 

 

Develop relationships with property owners 

 

Identify opportunities for full-scale monitoring (could 

be short-duration monitoring around storm chasing or 
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long-duration monitoring, which would provide insight 

in how properties change over time and post 

cumulative storm events) 

Standards Organizations Incorporate the outcomes of the monitoring into 

standards 

 

Define structural property assumptions to be made in 

design 

Impacts on Standardization and Application in Practice 

¶ Enables designers to assess the structural performance of buildings in design consistently 

using accurate modeling assumptions. 

¶ Reduces the uncertainty in structural performance modeling and optimizes building 

designs. 

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

Description  

Performance-based wind design (PBWD) is based on evaluation of the nonlinear dynamic 

response of the main wind force resisting system. The need to estimate the performance of the 

main wind force resisting system in terms of probabilistic performance metricsðboth traditional, 

such as reliability, and future metrics, such as repair costs and timeðgenerally requires the 

propagation of uncertainty through nonlinear finite element models that are subject to long-

duration dynamic wind loads (on the order of several hours), which are generally characterized 

as nonstationary vector valued stochastic processes. 

This presents a significant computational burden (weeks of computational time on current 

supercomputers for each time history of interest) that cannot be overcome by simply using 

additional computational resources. This challenge can only be overcome by developing new 

computational methods and strategies based on, for example, metamodeling, reduced order 

modeling, data-/physics-informed artificial intelligence (such as machine learning), and novel 

strategies based on leveraging graphics-processing unit computing and massive parallelization.  

Estimated Cost 

$2,500,000ï$5,000,000  

Estimated Time  

3ï6 years 

Measurement Science Challenges and Potential Solutions 

Challenges Potential Solutions 

To have practical significance the 

algorithms/approaches must be capable of handling 

general problems 

Ensure the algorithms are developed with input from 

the industry 

Ensuring methods based on artificial intelligence have 

buy-in from industry 

Partnering with industry to solve problems of practical 

interest 

Stakeholders and Roles 

Stakeholder Role 

Universities/Research Organizations Conduct research and develop the necessary algorithm 

advances 

Industry Provide the practical problems to solve 

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

¶ Creates a method to rapidly carry out nonlinear response history analysis required for 

PBWD. 

¶ Provides the fundamental knowledge necessary to standardize methods based on explicit 

nonlinear time history analysis and uncertainty propagation needed for PBWD. 
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Priority Research Need 8: Static Pushover for Wind Engineering to Quickly 
Evaluate Nonlinear Structural Performance 

Description 

This research establishes a comprehensive framework for inelastic static pushover (SPO) 

analysis in wind engineering. In performance-based wind design (PBWD), the computational 

demands for nonlinear response history analysis are extremely high. As an alternative method, 

SPO analysis shows potential to provide an efficient way to quickly assess the structureôs 

performance with respect to the performance objectives required in PBWD. No codes and 

standards in wind engineering incorporate SPO analysis, and the research on PBWD using SPO 

is mainly based on the seismic assessment framework. Establishing wind SPO analysis for 

PBWD will provide an efficient method of acquiring wind force and deformation demands for 

performance evaluation of structures under extreme winds.  

Estimated Cost 

$500,000ï$1,000,000  

Estimated Time  

2ï3 years  

Measurement Science Challenges and Potential Solutions  

Challenges Potential Solutions 

Lateral loading profile considering nonlinear structural 

behaviors 

Adaptive loading distribution 

Interaction between along-wind and crosswind 

responses 

Multidirection SPO 

Connection between SPO and incremental dynamic 

analysis 

Comprehensive simulation and validation 

Stakeholders and Roles 

Stakeholder Role 

Universities/Research Organizations  Develop analysis tools 

Industry Validate the performance of the proposed wind SPO 

analysis framework in engineering practice 

 

Provide feedback on the quality of the methods 

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

¶ Provides an alternative efficient method to assess structural performance. 

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

Description 

This research develops rational loading protocols for extreme wind performance cyclic testing of 

deformation-controlled main wind force resisting system members. While the nonlinear response 

history analysis is introduced to performance-based wind design (PBWD), the current backbone 

curve used in component modeling is mainly based on research in seismic engineering, with the 

exception of recently published PBWD-specific research (Abdullah et al. 2020, Motter 2019, 

Sharooz 2019). To develop wind-specific backbone curves for deformation-controlled members, 

well-designed (or confirmed) testing protocols are needed. Present loading protocols are based 

on statistical analysis and are specific to reinforced concrete and structural steel. Further 

statistical analysis is needed to extend loading protocols to wood structures and to assess 

windstorm typeïspecific (synoptic and non-synoptic wind) effects. Upon completion, the 

research will result in loading protocols that engineers can follow for pre-qualification of 

component details to use in performance-based wind design of structural members. 

Estimated Cost  

$750,000ï$1,500,000 

Estimated Time  

1ï3 years  

Measurement Science Challenges and Potential Solutions  

Challenges Potential Solutions 

Loading protocols depend on windstorm types Generate intensity-duration-frequency curves for each 

storm type and develop corresponding wind tunnel 

facilities/techniques 

Loading protocols depend on structural materials Develop high-fidelity finite element models 

A large number of nonlinear structural analyses are 

needed   

Develop efficient computational algorithms or 

approaches 

Stakeholders and Roles 

Stakeholder Role 

Universities/Research Organizations Develop simulation and wind tunnel tests 

Industry Review the proposed loading protocol 

Standards Organizations Adapt wind-specific loading protocol in standards 

 

Provide feedback 
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Impacts on Standardization and Application in Practice 

Provides a criterion for material-specific component tests to develop backbone curves required 

for nonlinear analysis for PBWD. 

References 

Abdullah, S., K. Aswegan, S. Jaberansari, R. Klemencic, and J. Wallace. (2020). 

ñPerformance of Reinforced Concrete Coupling Beams Subjected to Simulated Wind 

Loading.ò ACI Struct. J. 117: 283ï295. 

Motter, C. (2019). Charles Pankow Foundation Research Grant #06-19, ñNonlinear Wind 

Design of Steel Reinforced Concrete (SRC) Coupling Beams.ò Testing ongoing. Charles 

Pankow Foundation, Haymarket, VA. 

Sharooz, B. (2019). Charles Pankow Foundation Research Grant #05-19, ñSteel Coupling 

Beams in Low-Seismic and Wind Applications.ò Testing ongoing. Charles Pankow 

Foundation. 
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Priority Research Need 10: Economic Study to Identify Existing Buildings at Risk 
and Risk Mapping for Different Building Stock Types. 

Description 

This research will quantify the economic impact of wind damage to existing buildings and the 

potential benefits of implementing performance-based wind design measures, such as to enable 

adaptation or change use of existing buildings. The risk mapping will help identify areas where 

different types of buildings are most vulnerable to wind damage and provide guidance on the 

most effective measures for mitigating damage of these buildings. 

Estimated Cost  

$3,000,000ï$5,000,000  

Estimated Time  

5ï10 years  

Measurement Science Challenges and Potential Solutions 

Challenges Potential Solutions 

Difficult to acquire damage observations on a large 

scale that are representative of various existing 

building types 

Identify regions with diverse building typologies that 

have experienced strong windstorm events 

 

Collaboration between researchers and governmental 

organizations to share data 

Addressing the multiple vulnerabilities that may exist 

across existing building stock 

Separate existing building stock into subsets and 

address the most typical points of failure or 

vulnerability for the subset 

Stakeholders and Roles 

Stakeholder Role 

Governmental Organizations Provide feedback and access to data on building stock 

and classifications 

Universities/Research Organizations Conduct research 

 

Develop methodology for data collection  

 

Develop points of vulnerability for different building 

types 

Industry Develop relationship between cost and damage for 

different building types  

 

Support the mapping of risk to vulnerable communities 

Standards Organizations Address code changes that specifically address 

vulnerabilities in existing building stock 
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Impacts on Standardization and Application in Practice 

¶ Creates methodology for retrofitting and adaptation efforts using performance-based 

wind design to reduce overall costs.  

¶ Enables high-risk existing structures in vulnerable communities to consider cost-effective 

options. 
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 Proposed Program Budget and Schedule for the First 10 Years 

Based on the Priority Research Summaries provided in Section 6.3, Table 6-2 summarizes the 

proposed program budget and schedule for the first 10 years. Effort was made to identify where, 

and which, research efforts depend on or need subsequent efforts. These relationships are 

explained in more detail following the table.  

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

of Dollars). 

 

 

6.4.1 Interrelationship of Research Activities 

Tables 6-1 and 6-2 list the top 10 research needs identified during the workshop. Each of these 

research needs seeks to improve the built environment by maintaining or enhancing safety, 

reducing loss, and minimizing resource allocation when challenged by extreme weather events. 
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Consequently, completion of certain research needs will depend on the status, development, and 

perhaps completion of other research needs. The Workshop Steering Committee offers the 

following commentary regarding the likely interrelationships of the research needs. 

Priority Research Need 1 can proceed immediately with the understanding that present wind 

engineering is based on wind engineering protocols developed for synoptic- and hurricane-

dominated wind risks. Priority Research Need 1 can begin with evaluation of present design 

performance achieved by national design standards (e.g., ASCE/SEI 7 (ASCE 2022), AISC 360 

(AISC 2022), and ACI 318 (ACI 2019)) with the objective of finding appropriate building 

systemïbased reliability targets.  

Priority Research Needs 2 and 3 pertain to reduction of undue damage observed in envelope 

systems. Launch and completion of Priority Research Needs 2 and 3 can and should take place 

concurrently with the other research needs. 

Current non-PBWD design is also developed on assumptions of synoptic- and hurricane-

dominated wind fields, hence once the study of Priority Research Needs 4 and 5 are complete 

and published, updates to the Prestandard (ASCE/SEI 2023) and PBWD engineering practice can 

be pursued by the various national design standards. Priority Research Needs 4 and 5 can likely 

proceed in parallel.  

Priority Research Need 9 considers the appropriate application of loads and deformations to 

laboratory tested components subject to wind demands. Until a consistent loading history is 

agreed upon (or at least followed) within the testing community there is a risk of incompatible or 

conflicting findings within the work of Research Needs 6, 7, and 8.  

Priority Research Needs 6 and 7 consider methods to expand or make structural components, 

analysis techniques, or design approaches more efficient. These initiatives must either begin after 

Priority Research Needs 1 and 9 or must be conducted so as to avoid relying upon the present 

assumptions or the current state of practice with regard to structural system safety (Priority 

Research Need 1) or the specific level of loading (cyclic or otherwise) of Priority Research Need 

9. Hence, NIST is advised to require researchers evaluating Priority Research Needs 6 and 7 to 

conduct their work either with knowledge of the outcomes or directions of Priority Research 

Needs 1 and 9, or in such a way that would accept future refinements of Priority Research Needs 

1 and 9.  

Priority Research Need 8 represents a simplified solution to full nonlinear time history 

evaluation of system safety. Consequently, Priority Research Need 1 must be complete (and 

preferably codified) before similar implementation of Priority Research Need 8. Additionally, it 

would be helpful for Priority Research Needs 6 and 7 to be underway or complete before 

codification of Priority Research Need 8. Finally, outcomes of Priority Research Needs 4 and 5 

could notably affect Priority Research Need 8.  

Priority Research Need 10 can commence immediately as it primarily serves to inform national 

codes and standards. Existing post-disaster reconnaissance reports contain sufficient guidance 

that Priority Research Needs 2 and 3 can proceed independently of Priority Research Need 10. 

Ideally the findings of Priority Research Need 10 can be provided in stages to provide those 

findings more quickly to designers, researchers, and policymakers. 
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 Benefits of Implementing Research Activities for Performance-Based Wind 
Design 

The benefits of the recommended research program include 

¶ Fundamental knowledge and critical data for understanding PBWD reliability to advance 

the standardization and application of PBWD in practice; 

¶ Reduction of high wind damage to future building stock and/or facilities refurbished 

utilizing PBWD methodologies; 

¶ Lower initial and retrofit costs related to wind-resistant construction; 

¶ Increased reliability of buildings with minimized overdesign; 

¶ Increased confidence in the estimation of the inelastic performance of buildings subjected 

to high winds; 

¶ Fewer lives lost in destructive windstorms (especially tornadoes); and 

¶ Better written, more easily understood codes and standards. 

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

benefits: 

¶ Reduction in traumatic life loss, injury, damage, and economic impacts when windstorm 

events occur; 

¶ Rapid recovery and restoration of physical communities and economic activities 

following a significant windstorm event; and 

¶ Reduced initial investments required to achieve risk-consistent design and construction of 

buildings subjected to wind events. 

Benefits will accrue to design practice almost immediately after this program begins because the 

Prestandard (ASCE/SEI 2023) is currently utilized for the design of buildings and results from 

the recommended program can be implemented immediately. Researchers and design 

practitioners in the wind engineering community have been requesting research help for these 

technical issues, particularly as they relate to envelope system design and installation, for many 

years now. Implementation of the proposed research program will immediately signal an 

important positive change to the profession and research communities that should yield new 

enthusiasm for pursuing worthy research and developmental efforts that will improve current 

knowledge about windstorm hazards and ways to significantly reduce impacts felt from these 

events. 

 Acronyms and Abbreviations 

ANN   artificial neural network 

ASCE   American Society of Civil Engineers 

ASTM   ASTM International 

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

water infiltration 

C&C   components and cladding 

CFD   computational fluid dynamics 

DCR   demand-to-capacity ratio 

FEMA   Federal Emergency Management Agency 

GPU   graphics-processing unit 

IDA   incremental dynamic analysis 

LIDAR  light detection and ranging 

LSTM   long short-term memory 

MDOF   multi degree of freedom 

ML   machine learning 

MPA   modal pushover analysis 

MRI   mean recurrence interval 

MWFRS  main wind force resisting system 

NIST   National Institute of Standards and Technology 

NWIRP  National Windstorm Impact Reduction Program  

PBD   performance-based design 

PBWD   performance-based wind design 

PEER   Pacific Earthquake Engineering Research Center 

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

(ASCE/SEI 2023) 

SEI   Structural Engineering Institute of ASCE 

SHM   structural health monitoring 

SDOF   single degree of freedom 

SODAR  sonic detection and ranging 

SPO   static pushover 

SPO2IDA  static pushover to incremental dynamic analysis 

STEER  Structural Extreme Events Reconnaissance 

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

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

ASCE/SEI 7 (ASCE 2022) defines the minimum required building loading for code-compliant 

structures in the United States. At the heart of the ASCE/SEI 7 standard is the objective of 

protecting the life safety of building occupants. A single table in Chapter 1 of ASCE/SEI 7 

summarizes this objective, which is expressed as the reliability against failure of various 

structural components with respect to different limit states of increasing severity. This table is 

predicated upon the idea that if all the structural components of a building respond with a certain 

reliability (margin of safety against collapse, failure, etc.), then the entire building (considered as 

a system) will achieve that reliability. Reliability as defined in the table is, therefore, not defined 

in terms of the overall reliability of the structure, nor do the values directly consider global 

building responses, such as stability and drift, or the possibility of load redistribution through 

damage, e.g., yielding and/or buckling. 

The design community recognizes that the main objective of PBWD, namely the explicit 

estimation of damage, risk, and overall performance, can only truly be achieved through treating 

the building as a whole (i.e., as a system composed of multiple components that interact in 

determining the overall performance of the structure). System reliability represents a means to 

this end by providing a holistic understanding of performance while allowing system-based 

choices when allocating material and development resources.  

Motivated by system reliability, researchers and practitioners have over the past five years 

pioneered approaches that explicitly treat damage through nonlinear modeling within the context 

of system reliability. These include approaches based on the application of the theory of dynamic 

shakedown (Chuang and Spence 2022; Spence et al. 2022) and the application of nonlinear 

modeling approaches based on direct integration (Arunachalam and Spence 2022; Xu and 

Spence 2022). The fundamental idea underpinning the first approach is to rapidly identify a 

region in which controlled inelasticity can occur. The computational efficacy of the algorithms 

developed to evaluate the state of dynamic shakedown enables the direct evaluation system 

reliability by robust direct stochastic simulation (Chuang and Spence 2022). The key advantage 

of the second approach is the modeling flexibility it provides. The major challenge is the huge 

computational effort that is generally necessary to propagate uncertainty and therefore estimate 

system-level reliability. Notwithstanding, the use of supercomputers and specialized uncertainty 

propagation schemes (Arunachalam and Spence 2023) has allowed progress in this direction 

(Arunachalam and Spence 2022; Xu and Spence 2022).  

As a direct consequence of the fundamental and immutable importance of safety to the 

ASCE/SEI 7 (ASCE 2022) standard, no progress in the implementation of PBWD can be 

achieved until the system reliability of buildings designed to current codes and standards is 

understood over an adequate number of archetype structures that properly represent current 

practices in the design of steel, reinforced concrete, and hybrid MWFRS. The ASCE/SEI 7 and 

research communities are beginning to evaluate suites of structures for system reliability. 

Extension of this work to more building types, geometries, and lateral system configurations is 

needed. A robust evaluation of the forms of structures being designed will enable not only an 

educated and appropriate update of the component reliabilities within ASCE/SEI 7 but also the 
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fundamental extension to building system reliability. The participants of the workshop are aware 

that efforts are underway within the Structural Engineering Institute of ASCE to address system 

reliability and that progress is being made. Research and review continue to be needed. NIST 

resources, if applied soon, would accelerate this critical need.  

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

This research category aims to improve the observed poor performance of envelope systems to 

high winds. Several initiatives were identified with the common goal of reducing the economic 

and societal losses attributed to failure of the envelope system to prevent damage to the internal 

areas of buildings due to wind-borne debris, water intrusion, or wind pressures.  

As voiced by nearly all workshop participants, the penetration of water and moisture into a 

building through breaches or failures of the envelope endangers the internal contents and 

continued use likelihood of nearly all building types. While life safety is the stated design 

objective of model codes (i.e., the International Building Code (ICC 2021) and ASCE/SEI 7 

(ASCE 2022)), the economic and societal penalties when a building is taken offline following 

modest storms or hurricanes is not in keeping with the level of performance expected by 

ASCE/SEI 7. Put simply, the workshop participants feel the degree of envelope damage and or 

internal damage initiated by envelope damage observed following modest winds is too great 

considering the satisfactory performance of the main structural systems of the same facilities. In 

the hopes of rectifying this disconnect in performance level, the workshop participants suggest 

advancement in the following areas: 

¶ Re-Evaluation Area 1: Creation and adoption of the formal evaluation, through testing, 

of envelope systems to quantify performance relative to wind effects with water 

infiltration. 

¶ Re-Evaluation Area 2: Requirement for water intrusion resistance of envelope systems at 

pressures commensurate with the pressures mandated within ASCE/SEI 7 (ASCE 2022). 

At present water intrusion pressure testing occurs at 6% to 12% of the allowable stress 

design pressures mandated for structural design.  

¶ Re-Evaluation Area 3: Reassessment of envelope testing methods to ensure the testing 

methods adequately predict in-place performance coupled with expansion of testing 

during envelope installation. 

¶ Re-Evaluation Area 4: Establish if present wind-borne debris impact testing is 

representative of true impact risks and generates the desired level of performance in situ. 

Further details of this initiative are provided subsequently. 

¶ Re-Evaluation Area 5: Reassessment of the frequency, magnitude, and duration of air 

pressure applied during ASTM E 331 (ASTM 2016) and AAMA 501.1 (AAMA 2017b) 

testing.  

¶ Re-Evaluation Area 6: Comprehensive review of testing methods relative to 

contemporary envelope systems, materials, and location. The workshop participants 

specifically suggest the various segments of the building envelope industry should be 
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tasked with evaluating their existing test methods and developing a priority list for re-

evaluation.  

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

The FEMA P-58 (FEMA 2016) research initiative provided the design community with a 

scientifically based method to assess likely damage, facility use interruption time, and risk to 

occupants (casualties) as a function of seismic hazard and the specific structural and 

nonstructural composition of a facility. With the methods of the FEMA P-58 initiative, designers 

can inform building users of the likely result of design decisions insofar as future risk. With 

respect to predicting seismic damage, the heart of the FEMA P-58 method is a suite of fragility 

curves. Each curve is specific to a building component or building content object (e.g., beams, 

columns, connections, mechanical objects, pipes, bookshelves, stairs, interior walls, etc.), and 

these fragilities have been used at the research level to consider likely building outcomes in high 

wind scenarios.  

The fragility predictions offer for a suite of building components and systems the most likely 

consequences from the most relevant sources of loss, which are 

¶ Direct damage (damage to materials), 

¶ Indirect damage (damage due to water leaks and internal mechanical systems), 

¶ Facility downtime (time and cost to repair), and 

¶ Risk to occupants (risk of casualties). 

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

including the following:  

¶ Seismic fragilities were created with seismic response in mind. Consequently, the 

goodness of fit between the raw data and the fitted fragilities was biased toward the levels 

of response seen in earthquakes. Consequently, for example, not all the cladding 

fragilities fit the lower magnitude interstory displacements expected in wind versus much 

higher displacements observed in seismic response. 

¶ The FEMA P-58 (FEMA 2016) fragility curves did not consider damage mechanisms 

outside of seismic response. Low or high cycle fatigue was not a testing or failure 

condition of envelope systems or internal walls or components. The long duration and 

multi-cycle realities of wind response motivate additional damage and repair states when 

extending the present seismic fragilities to wind response. 

¶ Wind-specific response was not considered by the seismic FEMA P-58 initiative (FEMA 

2016). Consequently, the FEMA P-58 fragilities lack wind-borne debris impact or air 

pressureïbased damage predictions. Addition of air pressure and wind-borne debris-

based damage states to the envelope fragilities is critically important. 

¶ Addition of water infiltration damage states. This damage state is the specific risk of 

water forcing its way through the envelope at door and window joints, louvers and vents, 

or any other avenue of entry not brought about by cladding breach (i.e., debris breaking 

glass, puncturing walls, roof tear-off, etc.).  
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Much of the FEMA P-58 (FEMA 2016) fragility dataset can be leveraged for wind engineering. 

The damage metrics associated with interior building damage from broken water pipes can be 

directly applied to water intrusion damage caused by cladding breaches. Furthermore, the cost 

and consequence data of FEMA P-58 is equally applicable to wind damage as it is seismic 

damage.  

Nevertheless, to make valid predictions of building performance, the design community needs 

data linking building engineering parameters (drift, lateral acceleration, wind pressure, and wind-

borne debris density) to building damage and consequence metrics (cost, downtime, and societal 

impact). With these links a designer, policymaker, or user can make value- and outcome-based 

decisions. 

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

Water entering a building initiates a damaging chain of loss beginning with direct water damage, 

which potentially leads to mold and decay of interior building contents. This loss risk is 

compounded in storms in which wind-borne debris breaches the envelope system either directly 

(e.g., breakage of windows), or indirectly through tears or dislocation of envelope components 

that lead to water intrusion. Furthermore, large storms may disable or destroy mechanical 

systems or city utilities. Loss of building environmental control (i.e., HVAC systems) increases 

the risk of mold or decay in cases where humidity control is lost, thus allowing moisture to 

persist. Finally, in the largest storms the building occupants may have relocated due to the storm 

risk and will be unable to conduct timely cleanup of water within the building interior.  

At present, Fenestration and Glazing Industry Alliance testing includes a suite of ratings for door 

and window assemblies with respect to the resistance to water intrusion for increasing levels of 

applied pressure (FGIA/AAMA/I.S.2/A440). These tests assess water intrusion for wind 

pressures between 6% and 12% of allowable stress design wind pressures with optional elevated 

performance grades approaching structural design allowable stress pressures.  

The workshop participants are concerned that the present water intrusion performance class tests 

are allowed to assess wind risk disproportionately below the performance targets otherwise 

required for cladding wind resistance. Given that nontrivial water intrusion through an envelope 

can cause equal or greater overall building use interruption and/or loss than outright damage to 

that same envelope, the workshop participants feel an unacceptable disconnect exists between 

the pressures an envelope system must resist for safety purposes versus the level of pressure an 

envelope system must resist for water resistance purposes. 

Consequently, the workshop participants recommend that NIST and/or the design and standards 

communities formally assess (and seek to improve) the present water intrusion testing metrics 

applied to residential-, commercial-, and architectural-grade envelope systems. 

Intrusion of water can also be traced to direct impingement through louvers, vents, and similar 

openings through the envelope and through similar openings breached by the dislocation of 

rooftop or similar equipment. Opportunities exist to assess, for example, louver systems that may 

or may not close and seal against water intrusion. Other opportunities exist for further code 

guidance for the attachment of ventilators, rooftop equipment, and other objects subject to 

missile impacts that can dislodge objects. At present those objects are not required to have direct 

missile impact energy force resistance. 
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Finally, water intrusion can occur through tears, separations, or similar breaks in an envelope 

system (e.g., roofing membrane, coping materials, gutter tear-offs, flashing uplift, etc.). 

Educational materials, field testing methods, and where needed code requirements for the 

securing and integrity of these elements appear overdue and useful.  

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

During the Design breakout session, envelope system design practitioners and envelope system 

researchers identified failure or damage mechanisms inherent to envelope systems that currently 

lack assessment (testing) techniques readily available for field use. Thus, the following suggests 

creation of evaluation techniques and/or design profession or standard community calls for the 

testing of envelope components that are not assessed at present. 

This category also includes continued assessment of newly constructed facilities that have been 

subject to high winds to evaluate performance improvement brought about by recent code 

revisions, industry changes, or elective performance enhancements. 

¶ Create field diagnostic tests for envelope component integrity where deficiencies in 

performance are found and assessment of the deficiency is not supported by inspection or 

verification tests. 

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

¶ Develop methods to assess the efficacy of envelope components years to decades after 

installation. The workshop members are concerned that degradation of seal and jointing 

materials is not quantified or well understood. Assessment is recommended around the 

degradation of materials causing joints to open, seals to lose efficacy, and envelopes to 

lose resistance.  

¶ Implement an industry group evaluation of best practices, maintenance, and replacement 

protocols or guidance relative to materials commonly utilized in the envelope system 

community. Ideally such a group would produce nonbiased and freely available 

educational materials for facility operators and owners speaking to the needs for 

preventative maintenance and inspection of envelope system materials. 

¶ Incentivize insurance premium rebates for developments that adopt envelope 

performance improvements above code and industry group minimums.  

¶ Assess newer existing structures that have been subject to high wind events and 

determine whether impact-resistant design generates the desired level of performance in 

situ. 

A.2.4. Detailed Commentary on Re-Evaluation Area 4ïPart I 

Extreme wind events affect the urban environment, heavily damaging buildings. A major cause 

of building damage is wind-borne debris impact, especially on the building envelope. Post-event 

surveys highlight that even if the wind event does not affect the structure, if the building 

envelope is breached serious consequences can occur, such as internal pressurization, water 

infiltration, property losses, and fatalities, such as the 14 patients at the St. John Medical Center 
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of Joplin, Missouri, in 2011. In such scenarios, the building envelope is the first barrier to protect 

or at least mitigate against the effects of extreme wind events on people and property. 

Current impact testing to certify glazed assemblies, sectional and rolling doors, and storm 

shelters to resist wind-borne debris impacts are based on the following test methods: 

¶ ASTM E1996 (ASTM 2020), Standard Test Method for Performance of Exterior 

Windows, Curtain Walls, Doors, and Impact Protective Systems Impacted by Wind-Borne 

Debris in Hurricanes;  

¶ ASTM E1886 (ASTM 2019), Standard Test Method for Performance of Exterior 

Windows, Curtain Walls, Doors, and Impact Protective Systems Impacted by Missile(s) 

and Exposed to Cyclic Pressure Differentials;  

¶ ICC 500 (ICC 2020), ICC/NSSA Standard for the Design and Construction of Storm 

Shelters; and 

¶ DASMA (2017), Standard Method for Testing Sectional Doors, Rolling Doors, and 

Flexible Doors: Determination of Structural Performance Under Missile Impact and 

Cyclic Wind Pressure 

These methods adopt standard ñmissilesò and impact velocities. These consider the complete 

failure of typical balloon frame constructionðthe flight of structural members (large missiles, 

representative of the 2x4 in. section wood frame construction) and the roof aggregate (small 

missiles)ðto conduct impact tests on glazed assemblies. The current testing protocols, therefore, 

also assume that wind-borne objects have these two features. Thus, the impact energies are not 

based on the aerodynamics of wind-borne debris in local environments, nor is a database with 

wind-borne debris speeds in windstorms of various intensities available. The weights and 

velocity of the testing projectiles change according to the buildingôs wind zone and level of 

protection (ranging from Wind Zone 1 to Wind Zone 4, following ASCE/SEI 7 (ASCE 2022)). 

The design wind pressures (inward and outward) from the Building Code are therefore used to 

determine the pressure cycling to be performed on the façade once the impact test passes. It is 

necessary to do 4,500 cycles of positive and negative pressure, with each cycle lasting 1ï3 

seconds.  

Through a process of consensus building, the ASTM E1886 (ASTM 2019) standard test method 

was created with the participation of manufacturers, consultants, building code authorities, and 

other specialists. The standard includes the permitted tolerances for the testing criteria for both 

debris projectile impacts, develops the pressure cycle program, and defines the test loading 

sequence and conditions. The performance requirements were developed through an empirical 

approach. 

ASTM E1886 (ASTM 2019) standard requirements give façade designers the opportunity to go 

through engineering assumptions and calculations to develop ad hoc wind-borne debris impact 

tests for their projects, using ñother missilesò for the impact tests. This ability to adopt ñother 

missilesò allows impact testing that represents the local environment both in terms of debris type 

and impact features on the building envelope (impact velocity, impact orientation, impact 

locations, etc.). In extreme wind events, debris can originate from the failure of materials and 

pieces from source buildings and other manmade structures.  
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To perform wind-borne debris impact tests that represent the local environment, two design steps 

should be conducted: debris failure wind speed assessment and wind-borne debris flight 

trajectory assessment.  

Debris failure wind speed assessment: Various methods are available to estimate the failure 

wind speeds of an object. The failure of a building component is assumed to occur when the 

aerodynamic force exceeds the total hold-down force on the debris element. The evaluations can 

be conducted through a deterministic or a stochastic approach, or through a combination thereof. 

Potential debris sources in the surroundings include surrounding buildingsô roof tiles, roof 

aggregate, roof pavers, and other building envelope components. 

To design such elements, peak pressure coefficients (ASCE/SEI 7) have been developed through 

wind tunnel tests of different building geometries, terrain conditions, and directions. The code 

requirements, therefore, have been maximized, considering the worst case in terms of 

negative/positive pressures acting on the building envelope. The design (GCp) is identified for 

various areas on the walls and on the roof slopes, for various building types. Even though this 

outcome is conservative in terms of building envelope design (maximum and minimum pressure 

to test the façade element), it does not accurately estimate the wind speed at which a component 

of the building envelope might fail and thus become wind-borne debris. A larger localized 

suction on the roof can occur at a lower than design wind speed, resulting in a localized building 

component failure. Accordingly, if the failure occurs at a lower than design wind speed, in some 

scenarios the designer can underestimate the problem of wind-borne debris. 

Wind-borne debris flight trajectory assessment: The first wind-borne debris studies to assess 

flight and trajectory were developed by Tachikawa (1983), who defined the equations of motion 

for a general wind-borne debris object, in uniform flow. Debris failure is associated with wind 

gusts, and Kordi et al. (2010) found that the 3-second gust failure wind speed represents a 

practical and reasonable upper-bound wind speed to estimate the upper-bound flight trajectory, 

but that it overestimates the mean trajectory. 

Experimental results for plate-like debris showed that, considering numerical results to estimate 

flight speeds, the ranges of debris speed are 

¶ Between 40% and 120% of the 3-second gust wind speed at failure for roof shingles 

(Kordi and Kopp 2011), 

¶ Between 20% and 95% of the 3-second gust wind speed at failure for roof sheathing 

panels (Kordi et al. 2010), and 

¶ Between 30% and 60% of the 3-second gust wind speed at failure for roof tiles (Kordi 

and Kopp 2011). 

A.2.5.  Detailed Commentary on Re-Evaluation Area 4ïPart II  

Further research is needed to assess the near-roof surface flow to derive roof tile wind uplift 

loads, the same way that Peterka et al. (1997) did for asphalt shingles. ASCE/SEI 7 (ASCE 

2022) requirements extend wind-borne debris impact testing up to 1 mile (1.6 km) from an 

Exposure D condition. It should be determined if rod-like wind-borne debris can reach greater 

flight distances, based on the source location. Datasets to validate the numerical calculations of 

wind-borne debris trajectory analysis are limited, and most studies do not consider real-world 
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scenarios in which the wind-borne debris element originates from a source building. Developing 

a wider database on various wind-borne debris types, based on various building components or 

objects in the urban environment identified as prone to failure in extreme winds, would be 

useful. Considering the source building, studying the failure and trajectory of wind-borne debris 

elements from low-rise and high-rise buildings and for various roofing systems (roof tiles, 

shingles, roof aggregate, roof pavers, green roof technologies, etc.) and roofing shapes 

(gable/hip/flat roof types) would also be useful. Tall buildings have not yet been assessed 

through wind tunnel experiments for wind-borne debris generation. 

A.2.6. Detailed Commentary on Re-Evaluation Area 4ïPart III 

With regard to performance-based multi-meteorological (wind/hail/rain) design, when a building 

envelope fails under wind loads, the primary damage to the building and contents often results 

from damage due to water infiltration. At present, joint probability models for wind and 

precipitation are not readily available. A need exists to conduct these analyses to develop maps 

for different MRIs across the United States. Incorporating such joint probabilistic analyses would 

allow total reliability to be determined based on the watertightness and wind resistance of 

different building envelope system types. As discussed elsewhere, consistent reliability across 

components of a building is needed to ensure that the building meets its performance goals, and 

this is currently missing. This research will be a major contributor to design and verification of 

total building reliability in limiting losses due to wind effects. 

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

Workshop participants voiced concern that tests for wind and pressure of cladding may not 

recreate relevant real-world demands on cladding systems.  

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

and dynamic water penetration.  

ASTM E 331, Standard Test Method for Water Penetration of Exterior Windows, Skylights, 

Doors, and Curtain Walls Uniform Static Air Pressure Difference (ASTM 2016), describes the 

static testing method by which water is sprayed at a constant rate (5 gal/hr/ft2, corresponding to a 

heavy rainfall of 8 in./hr) onto the exterior face of a cladding specimen while a pressure 

differential is maintained across the specimen. The static test is meant to be performed for 15 

minutes at a minimum pressure differential of 2.86 psf, but for the architectural cladding industry 

it is more frequently conducted at a minimum pressure of 6.24 psf, or at greater pressures of up 

to 12 or 15 psf (approximately equivalent to 50, 69, and 77 mph static wind pressures, 

respectively). The AAMA 101 standard (AAMA 2022) recommends testing a minimum of 15% 

of the positive design cladding pressure for residential and commercial windows, skylights, and 

doors, and 20% of the positive design pressure for architectural grade cladding on buildings. The 

AAMA 101 narrative also suggests that 15 psf should be the maximum pressure considered for 

testing. Note also that AAMA states, ñIt is important to design and select products that will not 

permit significant leakage under normal service conditions. It is generally accepted, however, 

that water leakage can be tolerated during periods combining high winds and heavy rains. In 

recognition of this, water resistance is generally determined at a pressure less than Design 

Pressure.ò  
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AAMA 501.1, Standard Test Method for Water Penetration of Windows, Curtain Walls and 

Doors Using Dynamic Pressure (AAMA 2017b), describes the dynamic testing method by 

which water is sprayed at a constant rate (5 gal/hr/ft2) onto the exterior face of a cladding 

specimen while a wind-generating device (i.e., airplane propellor) produces a dynamic velocity 

pressure against the specimen. The test is performed for 15 minutes at a selected dynamic 

pressure anywhere from 6.24 psf up to 15 psf (approximately equivalent to 50 and 77 mph 

winds, respectively). Typically, both static and dynamic tests would be conducted at the same 

pressure for a given project.  

Both tests are intended to simulate storm conditions and evaluate the ability of the cladding 

system to resist water penetration. Workshop participants are concerned that the duration of the 

tests and test pressures utilized may not realistically recreate storm conditions that the cladding 

may experience. In addition, the relatively high frequency of simulated air gust application 

during the dynamic test may not represent the lower-frequency, longer-duration application of 

wind and water demands during storm conditions. Longer-duration rain events and slower 

variation of wind pressure (relative to pressures observed in the AAMA 501.1 test) may permit 

greater levels of air and water infiltration than suggested by testing. 

Workshop participants are also concerned that current testing does not consistently assess the 

relationship between building movement (which displaces seals and joints) and simultaneous 

application of wind and water loads. More extensive testing of the assembly under a realistic 

displaced condition like testing per AAMA 501.4, Recommended Static Test Method for 

Evaluating Curtain Wall and Storefront Systems Subjected to Seismic and Wind Induced 

Interstory Drifts (AAMA 2017a), would be valuable.  

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

Workshop participants voiced a desire for a comprehensive review of testing methods relative to 

contemporary envelope systems, materials, and locations. The workshop participants specifically 

suggested that various segments of the building envelope industry should be tasked with 

evaluating their existing test methods and developing a priority list for re-evaluation. However, 

the following selection of tests were highlighted for reassessment:  

¶ ANSI/SPRI/FM 4435 ES-1, Test Standard for Edge Systems Used with Low Slope 

Roofing Systems (ANSI 2017); 

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

¶ ASTM E907, Standard Test Method for Field Testing Uplift Resistance of Adhered 

Membrane Roofing Systems (ASTM 1996); and 

¶ Lab and field test methods for evaluating wind-driven rain resistance of glazed 

assemblies. 

Of this list, tests ES-1 and GT-1 are most in need of review, due to the many roof failures being 

initiated with lifting of edge flashing, copings, or gutters.  

Notably, these tests do not evaluate dynamic (cyclical) loading. Because these assemblies 

typically use light gauge metals, which are susceptible to failure due to dynamic loading, urgent 

testing may not adequately evaluate long-term performance.  
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ASTM E907 (ASTM 1996) is an important test for evaluation of in-place membrane roofs. 

However, it has several potential limitations. Finally, laboratory tests for wind-driven rain 

resistance are generally lacking and do not assess sufficiently high pressures in view of the 

workshop participants. 

The enhancements to current envelope system design practices suggested here represent a 

notable departure from current practice and represent a substantial research initiative to fully 

implement. The workshop members suggest that industry groups with the support of NIST (or 

other similar organizations) carry out many of these enhancements. Certain enhancements, such 

as a requirement for structures to resist wind-driven rain, could be implemented by code changes 

with little to no direct cost to NIST.  

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

Estimating the overall performance of building systems subject to extreme winds involves 

estimating the performance of both the structural and the envelope systems. Both systems are 

key to the overall integrity of the building. Because of the way in which wind damage occurs, the 

performance assessment of the two systems cannot be separated from one another. They 

comprise a two-way coupled system that is progressive in nature. For example, the dynamic net 

pressure wind demand on the building envelope components is coupled with the damage 

occurring in the envelope components themselves. In other words, a damage state that occurs in 

an envelope component can cause an opening in the building envelope, thus dramatically altering 

the internal pressure (which will, in general, become dynamic) and thereby changing the 

dynamic net pressure wind demand on any envelope component that is affected by the change of 

internal pressure. This can cause further damage and thus further changes in net pressure 

demands.  

In addition, a damage state that occurs in an envelope component can change the capacity of the 

component to resist other wind demands. For example, envelope components are susceptible to 

several damage states related to excessive dynamic interstory drift. The occurrence of one of 

these damage states will, in general, affect the capacity of the envelope component to resist 

dynamic net pressure, water penetration due to concurrent rain, and wind-borne debris. 

Therefore, not only are wind demands often two-way coupled, but the damage states (which can 

be initiated by various wind demands, e.g., dynamic net pressure, dynamic drift, and wind-borne 

debris) are also coupled. 

Note that wind damage is progressive in nature as it accumulates over the duration of the wind 

event, i.e., identifying a single instant during the wind event in which the damage occurs is not 

possible. This makes the simulation of wind damage a complex task. This is further complicated 

if propagating uncertainty through the coupled and progressive damage process is desired to 

estimate the probabilistic damage and loss metrics that are key to effectively communicating the 

advantages of PBWD to decision-makers and stakeholders who may have various technical and 

nontechnical backgrounds. These wind-specific aspects differentiate the development of 

probabilistic performance-based wind frameworks from those for performance-based earthquake 

engineering and, in particular, from the FEMA P-58 (FEMA 2016) procedure for the 

implementation of second-generation, performance-based earthquake engineering that is based 

on decoupling loss analysis from damage analysis, which in turn is decoupled from demand 
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analysis, which is assumed independent of hazard analysis. This defines a Markov (Levin and 

Peres 2017) model that substantially simplifies the implementation of performance-based 

earthquake engineering. 

Notwithstanding the differences between the evaluation of damage and loss between wind and 

seismic engineering, recently several researchers have taken the basic framework underpinning 

the FEMA P-58 procedure (FEMA 2016), i.e., the probabilistic framework developed by the 

PEER center (Yang et al. 2009), and applied it to performance-based wind design (Ciampoli et 

al. 2011; Spence and Kareen 2014). Notably, over the past five years, significant steps have been 

taken to explicitly account for the two-way coupling and progressive nature of wind damage 

accumulation and loss estimation (Bernardini et al. 2015; Chuang and Spence 2017; Cui and 

Caracoglia 2018; Judd 2018; Ierimonti et al. 2019; Mohammadi et al. 2019; Ouyang and Spence 

2019; Cui and Caracoglia 2020; Ouyang and Spence 2020; Ghaffary and Moustafa 2021; 

Ouyang and Spence 2021a,b; Arunachalam and Spence 2022; Chuang and Spence 2022). 

Nevertheless, much work remains before probabilistic frameworks are available that enable the 

holistic estimation of wind damage and losses in terms of a class of wind-specific probabilistic 

metrics related to aspects such as repair costs, downtime (including impeding factors), injuries, 

and life-cycle costs. This list of metrics will likely expand as more fundamental research is 

carried out in this area.  

In developing probabilistic frameworks that enable the estimation of probabilistic metrics related 

to the holistic performance of the building system (structural and nonstructural), a key concept 

that requires attention is the development of databases of fragility functions describing the 

damage susceptibility of typical structural and nonstructural (with particular emphasis on the 

envelope) components to extreme winds. Indeed, fragility functions are a key component of a 

probabilistic damage assessment framework. To date, fragility functions used in performance-

based wind design frameworks have been based on simply adopting the fragility functions 

developed for seismic engineering. While this has allowed the concept of PBWD to be 

demonstrated, the next step is to begin creating wind-specific fragilities that account for the 

multiple demands a component will generally experience during a windstorm. For example, an 

envelope component may be exposed to interstory drift demands, net pressure demands, and 

impact demands coming from wind-borne debris. To bridge this gap, both experimental testing 

of typical wind components (structural and nonstructural) computational modeling are necessary 

for developing fragility functions (or surfaces) that relate wind-specific damage states (e.g., 

water penetration, wind-borne debris penetration, and cracking due to excessive pressure/drift) to 

component wind demands (e.g., wind-borne debris impact energy, dynamic net pressure, and 

dynamic wind drift). While characterizing the fragility functions of envelope components will 

likely provide the largest advances in the development and practical application of probabilistic 

PBWD frameworks, testing of structural components to wind-specific loading protocols and 

damage states is also fundamental. 

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

Thunderstorms and tornadoes cause the highest design wind speeds for significant parts of the 

building stock throughout much of the United States. However, current design processes are 

based on characteristics gathered from much larger-scale storms. Examples of characteristics that 
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do not necessarily apply to thunderstorms and tornadoes are the assumptions of boundary-layer 

wind speed profiles and turbulence intensities (and length scales) that are a function of upwind 

terrain roughness. The characteristics are also assumed to be fundamentally self-stationary in 

terms of wind speed and directionality over time periods long enough to generate peak loads and 

responses of buildings and structures subject to resonant dynamic responses. 

Current wind climate models used in engineering are based, with the exception of hurricanes, on 

historical data typically measured at 33 ft above ground. Since Automated Surface Observing 

System implementation this has become the standardized measurement height in the United 

States, and recorded data on both mean and gust wind speeds are available. Other meteorological 

data gathered at the same time can help identify the storm types associated with each wind 

record. However, full time histories are generally unavailable, and information is lacking on the 

variation of the wind speeds and directionality with height. 

Some very limited data are available on tornado wind speed profiles, which were used in 

developing the current ASCE/SEI 7 Chapter 32 tornado profile (ASCE 2022). The data on which 

this profile was developed showed a very large degree of variation over the small number of 

measured tornado profiles (fewer than 30 field radar snapshots and eight radar averages) on 

which they were based. The existing data are not sufficient for the development of reliable 

engineering models. Large assumptions were made in the incorporation of what is intended to be 

a conservative profile in ASCE/SEI 7.  Much less data are available on thunderstorms. 

However, difficulties exist in gathering more field data. These are events that, as well as being 

far more limited in extent and duration, are not as forecastable as larger-scale storms such as 

hurricanes. So, measurement instrumentation must be distributed across areas where these storms 

are likely and where both temporal and spatial attributes of the storms can be captured. This type 

of work has been done, and continues to be executed, for hurricanes and larger-scale storms with 

the use of arrays of mobile masts that are deployed across regions in advance of incoming 

storms. However, these masts are of limited height and so only provide information in the lowest 

100 ft or so of the storm profile. This may provide much of the information needed for low-rise 

buildings but not for high-rise structures. Larger masts with permanent instrumentation to greater 

heights are present in a few locations, such as at the Wind Engineering Research Field 

Laboratory at Texas Tech University. However, consistent data in severe storm events from 

locations like this are very limited, as the storm must pass over the site to be recorded. To obtain 

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

To obtain the necessary information erecting masts is not possible, and hence nonphysical 

approaches will be required, such as radar, sonic detection and ranging (SODAR), and light 

detection and ranging (LIDAR). SODAR is a good technology for obtaining vertical profiles at a 

site but is limited in the extent of its measurements and frequency responses at greater heights. 

LIDAR is the technology that is most likely suited to most of this work as it can provide data at a 

greater range of heights and over a larger area. Where necessary, this can be supplemented by 

other instrumentation. 

To develop engineering models of the windstorm characteristics, locating instrumentation in 

regions where this type of storm is common and then deploying it based on weather forecast and 

radar predictions will be necessary. In the case of thunderstorms, the goal must be to capture 

sufficient information on all types of thunderstorms. Most of the work to date has been on 

downburst events, but in recent years significant damage has occurred due to derecho-type 



NIST GCR 23-045-upd1 

November 2023 

80 

events where lines of thunderstorms are translated on a gust front. Workshop participants posited 

that these derecho events may have structures more similar to boundary-layer events with higher 

wind speeds at upper levels, but little data are available to support this at the present time. 

The end goal of this work will be to develop modifications to engineering models of wind 

characteristics that can be incorporated into codified methods to better assess the effects of 

different storm types on different building components. This will aid in increasing building 

resiliency while decreasing materials usage and construction costs. 

To do this, developing alternative methodologies for physical or numerical predictions of the 

effects of different storm characteristics on building performance will be necessary, in addition 

to codified approaches. One main outcome will be the development of methods using existing 

technology and facilities to ensure that new knowledge can be widely implemented to improve 

design. 

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

The assessment of structures for wind loads has traditionally been carried out using idealizations 

of the wind hazard, which involves idealizations of the local wind climate and the aerodynamic 

loads impacting the building. Current wind practices for characterizing these aspects are based 

on many years of accumulated knowledge and best practices that have been developed based on 

available knowledge, computational resources available to practicing engineering and 

researchers alike, and experimental methods. The resulting state of practice is generally based on 

assuming winds to be straight (i.e., no change of wind direction) and stationary (no change of 

wind speed) over a duration of 1 hour (a duration that can find its roots in the spectral gap in the 

Van der Hoven spectrum; Van der Hoven 1957).  

While this situation reconciles relatively well with classic wind design approaches based on 

elastic response analysis, PBWD seeks to push the structure beyond the elastic state with the aim 

of producing innovative designs that are more sustainable without loss of reliability. 

Consequently, emphasis needs to be placed on modeling the local wind climate and the 

associated aerodynamic loads in greater detail, especially given that inelastic analysis, unlike 

elastic analysis, is path-dependent and therefore inherently sensitive to the evaluation of the wind 

loads impacting the building system. In practical terms, this means that the evolution of the wind 

direction and wind speed occurring during a wind event may well be critical in driving the 

performance of the system. 

Even wind events associated with large weather fronts can have wind direction changes of up to 

180 degrees during their passage (Cook 1982), and hurricanes and tornadoes are characterized by 

major swings in wind direction throughout their duration and major changes in wind speed. The 

capture of these phenomena requires a far more complex characterization of the underlying 

stochastic process governing the evolution of these events. Indeed, the assumption of a stationary 

and straight-line wind event greatly simplifies the probabilistic modeling of wind loads not only 

in an experimental setting, i.e., wind tunnels, but also in a computational setting. While 

experimental and computational efforts to explore approaches for better characterizing the 

nonstationarity and non-straight-line nature of wind events are growing in number, much 

remains to be done, especially if robust models and methodologies are to be defined for use with 

confidence in probabilistic frameworks for the implementation of PBWD.  
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From a climatological standpoint, another major issue associated with nonstationarity relates to 

climate change. Once again, the desire in PBWD to achieve designs that seek to push the 

building system to the limit of capacity through rational design procedures, ultimately leading to 

greater sustainability through reduced use of materials, requires the wind loads used in assessing 

performance to account for any likely increases over the next century or more (Esmaeili and 

Barbato 2022). The continued use of traditional approaches that are predicated on a stationary 

wind climate over long time horizons (i.e., maximum design wind speeds characterized by 

stationary probability distributions) risks leading to systems that are underdesigned if the wind 

hazard increases in intensity as many climate models predict. Therefore, investigating this issue 

as it pertains to PBWD is imperative. 

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

Several factors including shape, stiffness, mass, and damping govern the dynamic response of 

tall buildings. A thorough understanding of structural and material properties, such as structural 

stiffness, material strength, and inherent damping, is essential for accurate structural modeling 

and analysis. This is true for both traditional design and for performance-based approaches. 

Damping accounts for energy dissipation within the structure due to material and geometric 

nonlinearities. The damping level has been shown to vary with the material used in design, with 

the amplitude of the response, and with building height. In current structural modeling, damping 

is commonly applied using estimates and recommendations that have become standard best 

practice using values formulated from a very small research sample (Davenport and Hill-Carroll 

1986; Kareem and Gurley 1996; NRCC 2015). The damping estimates used in practice vary 

significantly around the globe and among design firms. The selection of appropriate damping 

ratios for these analyses is often based on empirical relationships or simplified assumptions 

derived from past experiences, laboratory tests, and theoretical models. However, this approach 

may not accurately capture the changes in damping levels arising from wind-induced 

nonlinearities or other complex behaviors (Charney 2008). The possibility to experimentally 

determine damping characteristics from full-scale measurements has been investigated over the 

years (Jeary 1996; Tamura and Suganuma 1996; Kijewski-Correa et al. 2006; Guo et al. 2012). 

Although there are many measurements of damping under low wind speeds, there are very few 

under the wind speeds considered for service conditions, let alone ultimate conditions (Smith 

2016). Several damping models have been proposed for damping estimation from measurement 

data; however, many in the literature are inappropriate for tall buildings (Bashor et al. 2005). 

Actual energy dissipation in buildings is very complex and has been observed as being 

amplitude-dependent, deformation historyïdependent, and frequency-independent (Spence and 

Kareem 2014). 

In addition to research aimed at better understanding the damping levels assumed in design, 

frequencies derived during structural analysis in the design stage require further study because 

they often differ from the actual frequencies of motion measured in buildings. In most cases, 

full -scale studies reveal higher frequencies (indicating stiffer structures) than those assumed in 

the design. Typically, this would result in a reduced resonant wind load, but in some cases 

negative effects can occur at MRIs of interest in the assessment of performance goals. However, 

for very tall or very slender buildings, the increased frequencies may result in vortex-induced 
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vibration being exhibited under higher wind speeds and thereby the wind load effect increasing 

beyond that considered in design. In some rare instances, frequencies measured in taller 

buildings are lower than the design frequencies. This has the inverse effect to that previously 

described. The mismatch between design frequencies and full-scale frequencies has been 

attributed to multiple factors, such as connection detailing, modeling assumptions (e.g., rigid 

diaphragms or levels of cracking), material properties, and foundation stiffness. 

The development of advanced monitoring and sensing techniques, such as structural health 

monitoring (SHM) systems, can provide real-time data on structural performance and material 

properties during and after extreme loading events. The integration of SHM systems into the 

design process can help engineers better understand the actual behavior of structures under 

various loading conditions. 

In summary, undertaking a wide-reaching, full -scale SHM monitoring campaign that includes 

the deployment of suitable motion-monitoring devices in taller buildings (either a short-term 

storm-chasing campaign, or a long-term campaign) would enable better assumptions to be made 

in the design stage. Better assumptions in the design stage lead to a more accurate assessment of 

the wind load effect and an enhanced ability to represent taller buildings in nonlinear modeling 

approaches used in PBWD. 

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

Material properties and component strength are typically determined through laboratory testing 

of small-scale specimens, which may not fully represent the complexities of full-scale structures. 

Factors such as manufacturing processes, aging, and environmental conditions can introduce 

variability in material properties, potentially affecting the accuracy of structural performance 

predictions. One commonly used approach to address these complexities is the application of 

stiffness modifiers. Stiffness modifiers have long been used in elastic analysis methods to 

capture the effective stiffness of cracked concrete elements, permitting the adoption of simple 

linear material models that neglect the initial uncracked stiffness of concrete. However, the 

elastic stiffness modifiers applied to core walls, coupling beams, basement walls, and 

diaphragms vary widely in practice. 

Despite the extensive laboratory testing and research conducted over the past few decades on 

material properties and nonlinear behaviors under loading protocols, most of these studies have 

focused on short-duration, high-intensity loads typical of seismic zones. Very little research has 

looked into long-duration loading protocols that are more representative of wind loading 

(Abdullah et al. 2020, 2021). Considering that wind events can last for several hours, this could 

potentially induce a distinct type of response in components exhibiting nonlinear behavior and, 

in some cases, may lead to low cycle fatigue. 

Workshop participants suggest that researchers address these limitations and uncertainties related 

to material properties under wind loading protocols by developing comprehensive testing 

regimes, similar to those undertaken in recent years for seismic loading (Golestani et al. 2023), to 

better understand the impact of nonlinear behavior in structures subjected to wind loads. This can 

be achieved through advanced experimental techniques, such as large-scale testing and hybrid 

testing, and computational methods that better characterize material behavior, including 

nonlinearities under various loading conditions.  
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A.6.2. Standardization of Assumptions across Design Firms 

Several years ago, the American Concrete Institute undertook a study to survey design firms 

across the United States that were designing tall buildings at that time. The survey reviewed 

typical assumptions made in the design of this building typology: levels of cracking assumed, 

foundation stiffness included, levels of damping assumed, etc. The results were staggering, 

demonstrating the lack of consistency in the assumptions made. Given that accurate 

characterization of wind loading and responses hinges on these fundamental assumptions, clear 

value exists in not just refining the understanding of the dynamic response of taller buildings 

under wind loads but also in standardizing a baseline for assumptions to be included in design. 

Even if these assumptions need to be parametric or scenario-based bringing forward some 

consistency to the approach has value. 

Potentially quantifying the impact of current simplified (or conservative) assumptions on 

predicted wind effects would provide engineers with a better understanding of the underlying 

uncertainty when employing these assumptions. Comparative analysis between simplified 

models and those derived from more advanced models and experimental data can help identify 

areas where simplified assumptions may lead to significant discrepancies in structural 

performance predictions. 

The development of probabilistic models for material properties and damping levels could be 

another avenue for enhancing the reliability of structural designs. These models can account for 

the inherent variability and uncertainties in material properties and damping levels, allowing 

designers to assess structural performance under possible scenarios. Incorporating these findings 

into the design process will allow designers to account for variability in material properties and 

damping levels, resulting in more accurate structural performance predictions and optimized 

building designs. 

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

A key foundation of PBWD is the potential to design buildings that take full advantage of the 

inherent capacity of the structural system through explicit nonlinear analysis. This will lead to 

systems with not only increased sustainability and design innovation due to greater material 

efficiency and freedom from prescriptive requirements but also increased reliability due to 

explicit modeling of system response over a full range of wind events. Central to this vision is 

the possibility to estimate system performance by evaluating many probabilistic metrics 

associated with wind-specific design variables. This will generally include traditional metrics, 

such as structural system and component system reliability, and new metrics, such as repair 

costs, downtime, and life-cycle costs. 

Within the paradigm of PBWD, all these metrics require the estimation of inelastic responses 

over suites of dynamic wind load histories derived from appropriate wind tunnel records or 

stochastic wind load models. While estimating probabilistic metrics through specialized 

algorithms and schemes for efficient propagation of uncertainty is possible and encouraged, 

hundreds, if not thousands, of nonlinear time history analyses are generally required. In 

recognizing that typical windstorms have durations on the order of hours, the computational 
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burden required for propagating uncertainty and estimating the probabilistic metrics becomes 

clear. It is important to underline how the use of nonlinear analysis will make the problem path-

dependent, i.e., the response used to estimate the metrics will depend on the record-to-record 

variability inherent to different wind load histories. This eliminates the ability to apply many of 

the general methods used for probabilistically characterizing the response of wind-excited 

systems that are founded on an elastic system and therefore path-independent responses.  

These issues have been recognized recently with various approaches proposed for modeling the 

inelastic response of structural systems subject to long-duration wind loads. However, most work 

to date has primarily focused on establishing the feasibility of carrying out nonlinear wind 

analysis and is based on direct integration approaches developed in seismic engineering. While 

recent advancements have occurred in this areaðfor example, the suite of methods that combine 

direct stochastic simulation with dynamic shakedown (Chuang and Spence 2019, 2020, 2022), 

the approaches based on reduced order models (Wu 2013; Wu and Kareem 2015; Zhao et al. 

2019; Li et al. 2021; Li and Spence 2022a,b,c), and the methods that leverage machine learning 

(Li and Spence 2022a; Preetha Hareendran et al. 2022)ðmuch work remains to solve the 

problem of rapidly evaluating the nonlinear response of wind-excited structural systems in ways 

that are both robust to the complexity of the computational models that describe the nonlinear 

response of systems and compatible with general purpose uncertainty propagation schemes. 

Areas with promises in this respect are those related to metamodeling/surrogate modeling, 

reduced-order modeling, methods for leveraging massive parallelization through GPUs and 

supercomputing, and methods that leverage artificial intelligence (e.g., physics-informed and/or 

data-driven machine learning). 

While the physics-based reduced-order models have performed well in the nonlinear dynamicsô 

simulations of selected structures, the numerical and/or experimental identification of their 

parameters remains quite challenging (Wu 2013; Wu and Kareem 2015). However, data-driven 

reduced-order models have recently become a popular choice for modeling complex nonlinear 

dynamics, due partially to the emergence of numerous well-designed training/learning 

algorithms (e.g., Peherstorfer and Willcox 2015). Among the data-driven models, the artificial 

neural network (ANN) associated with the rapid development of machine learning techniques 

shows great promise in modeling nonlinear structural responses (Wu and Snaiki 2022). While 

ANN models have been used extensively to analyze the response of structures, their application 

to tall buildings has been limited due to the large number of degrees of freedom involved, which 

makes training the models computationally intensive. Preetha Hareendran et al. (2022) recently 

investigated the use of a long short-term memory (LSTM) architecture to predict the story 

displacement and acceleration of a 150 m tall steel building under wind loads while Li and 

Spence (2022a,b,c) combined LSTM architectures with reduced-order modeling in defining a 

global LSTM network capable of predicting the time history response of all degrees of freedom 

of high-dimensional systems from a single LSTM network. However, further research is needed 

to fully explore the feasibility and accuracy of data-driven methods for tall buildings. 

While ANN models have become popular for structural analysis, they are often viewed as 

ñblack-boxò models due to their lack of interpretability and reliance on labeled data. This can 

lead to reduced accuracy and generalizability, especially when data are scarce, incomplete, or 

noisy. To address this limitation, scientific principles such as partial differential equations and 

boundary conditions can be incorporated into deep neural networks to ensure compliance with 

physical laws. Wang and Wu (2020) proposed a knowledge-enhanced deep learning model for 
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wind-induced nonlinear structural dynamic analysis, leveraging machine-readable knowledge in 

the form of physics-based equations and semi-empirical formulas to enhance the regularization 

mechanism during deep network training. 

To efficiently estimate nonlinear structural responses, reduced-order modeling methodologies 

using either physics-based analytical models or data-driven metamodels have been widely 

employed. Wu (2013) utilized the truncated Volterra model to predict nonlinear wind-induced 

bridge deck response. The statistical linearization approach, where the nonlinear system is 

represented by an equivalent linear system, has been utilized by Di Matteo et al. (2014), Feng 

and Chen (2017; 2018), and Saitua et al. (2018). Recently, Zhao et al. (2019) combined the 

proper orthogonal decomposition with statistical linearization to efficiently estimate nonlinear 

structural response under nonstationary excitation. Li and colleagues (Li et al. 2021; Li and 

Spence 2022a,b) effectively combined proper orthogonal decomposition for model order 

reduction with both nonlinear autoregressive exogenous models and LSTM networks for the time 

history response estimation of wind and seismically excited multi-degree-of-freedom systems.  

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

Static pushover analysis, developed in seismic engineering, aims to efficiently approximate 

structural response under external dynamic excitation. Saiidi and Sozen (1981) simplified a 

structure to a single-degree-of-freedom (SDOF) system and applied incremental static loading to 

estimate the structural capacity. Krawinkler and Seneviratna (1998) provided a comprehensive 

review of SPO and pointed out its assumptions: a) a single mode controls the response of the 

structure and b) the mode shape remains constant throughout the time history response. Despite 

these two strong assumptions, several studies have shown that SPO can provide good predictions 

of the structural responses for multi-degree-of-freedom (MDOF) structures (Lawson et al. 1994; 

Miranda and Bertero 1994). 

In the mid-1990s, the rapid development of performance-based seismic design required an 

efficient method to assess structural performance. The seismic engineering community widely 

accepted SPO at that time, such as FEMA 273, NEHRP Guidelines for the Seismic Rehabilitation 

of Buildings (FEMA 1997), and ATC-40, Seismic Evaluation and Retrofit of Concrete Buildings 

(ATC 1996). Although SPO has limitations in applying static analysis to estimate the dynamic 

response, the large computational demands, modeling procedure, and software development 

limited the nonlinear response history analysis at an early time. SPO limitations mainly come 

from its inherent inability to capture structural dynamic properties such as the following: 

¶ Multi -mode dynamic behavior, which limits SPO to the analysis of low-rise buildings or 

buildings controlled by first mode response; 

¶ Materialsô and componentsô degradation and cyclic behavior; 

¶ Single failure mode; failure mode may be different for structures under different time 

history loads, while SPO can only provide single failure mode; 

¶ Rate-dependent effects (interactions between structure and soil, structure and dampers, 

and structure and isolation system); and 

¶ Characteristics of different external excitations (spectral shape, duration). 
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To overcome these limitations, research has been done in various aspects. To capture the multi-

mode dynamic behavior, Chopra and Goel (2002) proposed the modal pushover analysis (MPA) 

procedure, in which different lateral load patterns determined by different modal responses are 

used to develop SPO separately and then combined using the modal superposition strategy to 

develop the final structural behavior. The MPA has attracted attention in recent years, and much 

work has been done to validate the method using three-dimensional and unsymmetric structures 

(Reyes and Chopra 2011a,b), to validate the application to buildings with dampers (Hassan and 

Reyes 2020), and to extend the application to bridges (Bergami et al. 2020). However, the theory 

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

To capture material degradation, Fajfar and Gaġperġiļ (1996) proposed the N2 method to 

estimate cumulative damage using the Park-Ang damage model with the structural maximum 

static response and yield response. In recent years, the cyclic pushover method has also been 

proposed with an incremental cyclic quasi-static loading protocol applied to the structure to 

account for material degradation (Panyakapo 2014). However, the degradation property is highly 

path-dependent, and the accuracy of the aforementioned methods need further examination. 

With improvements in computational capacity, nonlinear response history analysis can be more 

routinely applied in engineering practice. Currently, SPO is applied in engineering practice 

mostly to a) verify nonlinear analysis models before running a nonlinear dynamic analysis and b) 

interrogate a structure to understand its nonlinear behavior.  

While incremental dynamic analysis (Vamvatsikos and Cornell 2002), also known as dynamic 

pushover analysis, is widely used for structural fragility analysis, the computational demand for 

IDA remains a challenge. In FEMA P-58 (FEMA 2016), static pushover to incremental dynamic 

analysis (SPO2IDA) is suggested as an alternative way to estimate IDA curves with high 

efficiency. In this method, the SPO curve is simplified to several linear shapes (bilinear, trilinear, 

or quadrilinear) and described with parameters that can be used to fit the IDA curves. Good 

accuracy is shown with a validation using an SDOF structure (Vamvatsikos and Cornell 2006), 

and this method has also been applied to MDOF structures (Vamvatsikos 2002). A static 

pushover to fragility analysis tool was also developed based on SPO2IDA (Baltzopoulos et al. 

2017). As for the MDOF structure, to account for the high mode effects, SPO2IDA was also 

combined with MPA (Han and Chopra 2006). 

In wind engineering, SPO is not yet commonly used. Most SPO applications have focused on 

analysis of transmission towers and offshore turbines (Bienen and Cassidy 2006; Banik et al 

2010). With the increasing attention on PBWD, research on performance assessment for 

structures under wind loads has been developed and SPO has usually served as one of the 

assessment steps for tall buildings (Mohammadi et al. 2019; Ghaffary and Moustafa 2021; 

Preetha Hareendran et al. 2022). Huang and Chen (2023) applied modal pushover to wind 

analysis for a 60-story high-rise steel building. The displacement-controlled loading pattern was 

simply used in their pushover analysis, without capturing stiffness degradation of the structure. 

To apply the IDA approach to wind engineering for fragility analysis, challenges arise due to the 

significantly longer duration of wind time histories (typically several hours) compared with 

seismic records (typically on the order of 60 seconds). Therefore, practical methods need to be 

developed for efficient fragility analysis of structures under wind loads, as required by the 

Prestandard (ASCE/SEI 2023). Investigating the implementation of the SPO method to wind 
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engineering in detail is crucial, as this approach shows promise for fragility analysis of 

structures. 

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

follows. 

Determination of the loading profile: During SPO analysis, the determination of the lateral 

loading profile needs careful investigation. In FEMA 356 (FEMA 2000), two groups with five 

methods are proposed for the determination of lateral loading for seismic analysis. Group 1 is 

mainly based on the modal of the structure and provides three methods, namely the loading 

distribution proportional to a factor associated with story height, mass, and the buildingôs natural 

frequency; the loading distribution proportional to the shape of the fundamental mode; and the 

loading distribution proportional to the story shear distribution calculated by combining modal 

responses from a response spectrum analysis of the building. Group 2 contains two methods, 

namely the uniform loading distribution (or the distribution proportional to the story mass) and 

the adaptive loading distribution that changes as the structure is displaced. In wind engineering, 

Ghaffary and Moustafa (2021) developed the SPO to wind analysis for a 20-story steel building 

with the loading distribution proportional to a value associated with story height, mass, and the 

buildingôs natural frequency (Group 1, Method 1), which is the most widely used method in 

seismic analysis. However, most of the wind SPO developed for tall buildings directly use and 

scale the equivalent static wind load from the ASCE/SEI 7 (ASCE 2022) directional procedure 

based on Davenportôs gust loading theory (Davenport 1967; Mohammadi et al. 2019; Preetha 

Hareendran et al. 2022). The purpose of developing the equivalent static wind load is to use the 

static method to predict the maximum dynamic response. Further validation is needed to 

demonstrate that the corresponding deformation can represent the lateral vibration mode, 

especially when structures enter the nonlinear regime. 

Interaction of the along wind and crosswind: Crosswind effects can be significant for tall 

buildings. The general SPO procedure and post-processing method only takes a single direction 

load into consideration. More research is required to develop the multi-direction SPO for wind 

engineering, especially considering that the quasi-steady assumption cannot be used in crosswind 

and that higher-mode contributions may need to be considered. 

Development of PBWD-specific performance assessment criteria using SPO: In the research 

using SPO to develop wind analysis, the corresponding performance assessment is still based on 

the seismic criterion. A specific performance assessment criterion to evaluate structural 

performance objectives for wind engineering under SPO analysis is needed. 

Transformation from wind SPO to wind IDA: The development of a procedure to transform 

from wind SPO to IDA, as in the FEMA P-58 (FEMA 2016) methods for seismic engineering, 

provides an efficient way to obtain the fragility curves (Vamvatsikos and Cornell 2006). To 

develop this procedure, the stiffness degradation in wind SPO and the influence of the 

directionality consideration of wind in IDA needs to be further examined. 

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

In the analysis of buildings, the structural response is typically simulated using macro-elements 

at the component level. Accurate characterization of component behavior relies heavily on the 
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calibration of the strength-deformation relationship, which is often informed by component 

testing. When structures enter a nonlinear regime, the strength and deformation capacities of 

their components depend on cumulative damage, which means that a componentôs past loading 

history is retained in its permanent memory and can influence its response to subsequent loading. 

As such, the loading path becomes a critical factor in the analysis of structures. Ideally, to 

accurately capture the real behavior of components under external loads such as seismic or wind, 

component testing should replicate the loading path experienced in the actual structure. 

However, the loading protocol aims represent different wind records or seismic records in the 

real world, so two problems result when developing the loading protocols on component testing: 

a) how to determine the cycles, amplitude, and sequence of cycles for the loading protocol and b) 

how to generalize the results of one experiment under a predetermined loading history.  

Krawinkler (1996) developed a loading protocol for structures under seismic loads. In this study, 

a set of SDOF systems with different natural frequencies were used as prototype buildings and a 

set of 15 ground motions were selected to develop the response history analysis. From the 

response history analysis results, the statistical method can be applied to determine the number 

of cycles, inelastic excursions, and amplitude of deformation and then form a generalized 

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

Krawinkler does not mention. With a similar concept, SEAOSC/SAC (2000) developed the 

widely used SAC Steel Project loading protocol for steel beam-to-column assemblies. CUREE 

(2002) developed the Consortium of Universities for Research in Earthquake Engineering 

loading protocol for wood frame shear walls. 

In wind engineering, very limited work has been done to develop a component test under wind 

loading protocol. One important reason is the linear structural response limitations of the 

MWFRS in the codes and standards for wind design. For the envelope system, Kopp et al. (2012) 

introduced a pressure-loading actuator and used the scaled recorded wind pressure in wind tunnel 

tests to study the performance of the toe-nailed roof-to-wall connections for low-rise wood 

buildings. The pressure-loading actuator can also be applied to other envelope components (e.g., 

doors and glass panels).  

With the development of PBWD, the nonlinear response of deformation-controlled elements is 

allowed with a DCR limitation of 1.5. To develop an experimental test for coupling beams, 

which are highly deformation-controlled components, Abdullah et al. (2020) proposed a method 

to develop loading protocols. In this study, the amplitude of the loading protocol is determined 

with DCR limitations of <1.5, and the number of cycles is determined with a wind tunnel test of 

a tall concrete building. Note that the developed loading protocol may not meet the requirement 

of generalization because it comes from only one wind tunnel test scenario. Hence, whether the 

protocols currently used are more or less demanding compared with a rationally developed 

testing protocol that reflects realistic wind loading histories on buildings is unknown. To this 

end, establishing a basic procedure to develop the loading protocols for extreme wind 

performance testing of deformation-controlled MWFRS members is important. In Wang (2021), 

hurricane events are selected as the typical extreme winds to develop the component test loading 

protocol design framework. In the proposed framework, the wind hazard, building aerodynamics, 

and structural dynamics are discussed in sequence without consideration of structural motion-

induced effects. Loading protocols for hurricane winds are determined based on the obtained 

statistics of structural member demand time history. 
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To confirm the wind loading protocols used in component tests, several research needs are 

identified as follows. 

Simulation-based wind loading protocol design: Validation of current wind loading protocols is 

required because they are mostly designed case by case. For instance, the design is usually based 

on the numerical simulation of a certain case building under a specific wind time history. A more 

comprehensive approach using structures with various natural frequencies and wind time 

histories that can represent the statistical properties of wind hazards needs to be developed for a 

rational wind loading protocol design. Many computation realizations need to be generated using 

the high-fidelity numerical model with different materials and/or building types.  

Material-specific loading protocols design: Buildings constructed with different materials may 

have different response characteristics at the component level, and the designed cycles and 

amplitude should be varied in accordance with construction materials. Hence, the design loading 

protocol should be material-specified, and high-fidelity models provide a promising way for 

validation purposes. 

Wind hazardïspecific loading protocol design: The current consideration of wind loading 

protocols focuses on large-scale winds (e.g., tropical cyclones), while characteristics of non-

synoptic winds, such as thunderstorms and tornadoes, are usually not accounted for. The unique 

characteristics of these non-synoptic winds require specific wind loading protocols for the 

component tests. 

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

As stated in earlier sections of this report, one impetus for this work with NIST is the extensive 

casualties and property losses that have occurred over the last several decades due to damaging 

hurricanes, tornadoes, and other wind events affecting the United States. More than half of these 

losses were uninsured and resulted from large-scale wind events impacting communities with a 

high percentage of un-engineered buildings. Delivering to these communities means and 

methods to improve the performance of these built structures could reduce both casualties and 

property loss. Starting from improved performance and ultimately moving to enhanced resilience 

within these communities is part of the overarching goal. Resilience provides communities the 

ability to adapt to changing conditions and to withstand and recover positively from large-scale 

wind events. 

Economic studies on the impact of strong wind events such as hurricanes and tornados to the 

built environment are crucial for understanding the potential financial consequences of such 

events and guiding decision-makers in allocating resources for adaptation, mitigation, 

preparedness, and recovery efforts. Comprehensive analysis of the economic costs associated 

with natural hazards can inform policy development, help prioritize investments, and enhance the 

resilience of communities to withstand disasters. A clear understanding of the financial impact 

from wind damage could also help stakeholders establish a realistic performance objective at the 

onset of design and/or result in building investments in performance improvements and 

adaptation in securing insurance against windstorms.  

Over the years, several studies have focused on the economic cost of individual events. For 

instance, the economic impact of Hurricane Sandy, which struck the United States in 2012, was 



NIST GCR 23-045-upd1 

November 2023 

90 

extensively researched (de Moel et al. 2013; Strauss et al. 2021). Initiatives like STEER also 

produced reports that detail the damages observed on site after Hurricane Michael (Alipour et al. 

2018), Hurricane Ida (Prevatt et al. 2021), Texas and Louisiana tornadoes (Roueche et al. 2022), 

Hurricane Ian (Prevatt et al. 2022), and others. In terms of tornado events, Prevatt et al. (2012) 

summarized the post-tornado building damage surveys that were carried out after the 2011 

tornado outbreak in the United States. These studies examined the financial implications of this 

significant event and provided valuable insights into the associated direct and indirect costs. 

However, few studies tackle the economic impacts of strong wind events on a national level with 

a focus on vulnerable communities.  

The FEMA National Risk Index is an innovative tool that aims to address this gap by providing a 

comprehensive analysis of the risk associated with various natural hazards across the United 

States (Zuzak et al. 2022). The National Risk Index estimates the expected annual losses for 

multiple hazards, including strong winds and tornadoes. The expected annual losses for strong 

wind events are calculated by considering the frequency and intensity of strong wind events, the 

vulnerability of exposed assets (such as buildings and infrastructure), and the value of these 

assets. Historical wind data, building inventories, and vulnerability curves are used to derive the 

expected annual losses at a county or census track level for strong wind events. Using this level 

of risk refinement and understanding the communities at greatest risk for economic loss, 

programs could be devised to address performance improvements for the existing building stock 

in these locals. 

By understanding the distribution of building stock across the nation, the societal benefits of 

different components of PBWD can be assessed in relation to the predominant storm types. For 

example, in major cities along the hurricane coast with a high density of highly engineered tall 

buildings, the economic and sustainability benefits of PBWD may be shown to developers to 

encourage its use in the design of MWFRS components, while concurrently increasing the 

reliability and resiliency of the building envelope. In inland regions, where thunderstorms or 

tornadoes may dominate design wind effects, PBWD efforts may be better focused on building 

envelopes to increase resiliency and reduce losses following severe wind events. This knowledge 

can be used to increase the use of PBWD by educating Authorities Having Jurisdiction about its 

benefits and potentially provide financial incentives through insurers to adopt more detailed wind 

engineering of new buildings to reduce risk of losses. 

Recognizing that the greatest losses, both financially and from a community perspective, often 

occur in vulnerable, nonengineered low- and medium-rise housing communities situated at the 

periphery of cities is also key. The need for improved connectivity and performance across all 

these layers of a city must remain a key focus in adopting PBWD approaches. All three layers 

need to recover post event, and therefore a holistic and broad-thinking approach to PBWD is 

necessary to address the varying needs of diverse communities. By involving local governmental 

organizations in this effort and in providing information about their building stock, the 

opportunity exists to engage a much larger group of stakeholders in advancing PBWD for overall 

societal benefit. 
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Appendix B. February 2023 Reston, Virginia Workshop  

B.1. Workshop Agenda 

SEI-NIST Performance-Based Design Workshop 

DATE: Feb. 23ï24, 2023 

LOCATION: ASCE Bechtel Conference Center;  

1801 Alexander Bell Drive, Reston, VA 20191 

Workshop Agenda: FINAL_v3 

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

 

Day 1: Thurs., Feb. 23; 9:00 amï5:00 pm Eastern  

GENERAL SESSION 

9:00 amï9:30 am: Welcome 

¶ Purpose, Goals, and Workshop Agenda  

o Opening Remarks from Long Phan, Ph.D., P.E., M.ASCE, F.ACI; NIST 

o Welcome from Laura Champion, P.E., F.SEI, F.ASCE; ASCE/SEI 

¶ Introductions  

9:30 amï12:00 pm: State-of-the-Art Presentations/Panel Discussions 

¶ Case study: 321 W 6th StreetïPractical Implementation of the Prestandard for 

Performance-Based Wind Design  

Kevin P. Aswegan, P.E., S.E.; Senior Associate, Magnusson Klemencic Associates  

¶ Case studies: Nonlinear Dynamic Modeling and Reliability Estimation in 

Performance-Based Wind Design  

Seymour M.J. Spence, Ph.D.; Associate Professor, University of Michigan  

¶ Case studies: Structural Wall and Coupling Beam Component Testing in Support of 

Performance-Based Wind Design  

John Wallace, Ph.D.; Professor, University of California, Los Angeles  

¶ Panel discussion: The paradigm shift to PBWDïhow can we get there and where 

could it go wrong? 

Moderator: Melissa Burton, Ph.D., C.Eng; Principal, Arup  

Panelists:  

¶ David Bott, P.E., S.E., AIA; Principal, Heintges Consulting 

Architects & Engineers 

¶ Xinzhong Chen, Dr. Eng.; Professor, Texas Tech University 

¶ Mehedy Mashnad, Ph.D., P.E., Principal, Walter P. Moore 

¶ Roy Denoon, Ph.D., Senior Principal, CPP Wind Engineering 

Consultants 
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BREAKOUT SESSIONS  

12:30 pmï4:45 pm: Five concurrent sessions  

1. Wind climate characteristics, Moderator Roy Denoon  

2. System reliability, Moderator Seymour M.J. Spence  

3. Wind-structure interaction, Moderator Melissa Burton  

4. Structural analysis techniques, Moderator Teng Wu  

5. Design, Moderator Russell Larsen  

4:45 pmï5:00 pm: Reconvene 

Summary and Adjourn Day 1 

 

Day 2: Fri., Feb. 24; 8:00 amï12:00 pm Eastern  

GENERAL SESSION 

8:00 amï8:15 am: Welcome 

Purpose and Goals of Day 2 

8:15 amï11:45 am: Report-Out and Prioritization  

¶ Breakout Session Report-Out: 

1. Wind climate characteristics 

2. System reliability 

3. Wind-structure interaction 

4. Structural analysis techniques 

5. Design 

¶ Moderated Panel Discussion of Workshop Steering Committee 

¶ Prioritization of Research Needs 

11:45 amï12:00 pm: Conclusion  

Summary and Adjourn Day 2  

12:00 pmï4:00 pm: Workshop Steering Committee Meeting 
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B.2. Workshop Presentations 
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