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Abstract

In September 2022, the Structural Engineering Institute of the Ame3wmaety of Civil
Engineers commenced a project under Nationaitietof Standards and Technology Contract
No. 133ND22PNB730391 to develop workshopsAoivancemernit Computational Wind
EngineeringandAdvancement in Performan@&ased Wind Desigi.his report documents the
results of the workshop ohdvancement in Computational Wind Engineerifige workshop

and subsequent roadmap for the standardization and apgpliof computational wind
engineering is to be developed by wind engineering practiti@metsesearchers for buildings.
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Preface

In September 2022, the Structural Engineering Institute (SEI) of the American Soctwl of
Engineers (ASCE;ommenced a project under National Institute of Standards and Technology
(NIST) Contract No. 1333ND22PNB730391 to develapkshops orAdvancerantsin
Computational Wind EngineerirapndAdvancement iRerformanceBased Wind DesigiThis

report documents the results of thierkshop orAdvancemestin Computational Wind
EngineeringWind engineering practitioners and researchers for buildiegebpedthe

workshop and subsequanadmapo standardize and apptpmputationalwind engineering

(CWE)

The impetus for the project was the extensive casualties and property losses that have occurred
over the last several decades because of damagingam@sidtornadoes 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 the development of standards that will lead {p
more resilient communities acthe nation.

Theworkshop process included a review of the literature that identified current issues in the
areas of Computational Fluid Dynamics Design Tools, Verification and Validation Benchmark
Testing, System Reliability and RisBorm Type andGenegation,and Structural Engineering
Applications. This was followed bgnextensiveworkshop preparation process, a tday

workshop to obtain input from the top experts in these areas, and report preparation and review.

Theworkshop identified a broad range of research and development activities to advance the usg
of CWE in practicawith the goal of reducing the impacts of these severe wind events. This
report includes discussion and specific recommendations on the follawmgppics:

1. Developmenbf guidelinesminimum requirements for the application of CWE,
including quality assurance/quality contiototocols
2. Developmenbf consensudased validation case studies using reliable wind
tunnel data
3. Full-scale observation andstrumentation with CWE integration
4. Enhancing existing and developing new databases appropriaterifiicationand
validation(V&V) of CWE;
5. Communityvulnerability through physical testing for component fragility
(residential scale);
6. VerificationandValidation (V&V) virtual wind tunnel (with potential interactive
design tools)
7. Integrationof mesoscale simulations with urban scale nigde
8. Sensitivity analysis and uncertainty quantification in Computational Fluid
Dynamics (CFD)and
9. Leverage CWE to improve understanding between wind characteristics and
effects.
SEl is indebted to the leadership of Don Scott, who served as the Workshop DB&otoa
Augustin, who served as the Workshop CoordinatndAmber Davis who serveds the
Conference Center Managé&w Workshop Steering Committee members Melissa Burton,
Catherine Gorle, Ahsan Kareem, Ted Stathopoulos, and Bradley Young for their contritutions
putting theworkshop together andevelopingthis report andto Worksh@ Steering Committee
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scribes Rubina Ramponi, Mattia Ciarlatani, Fei Ding, TheoBotsis andAustin Devin for
helping to document the discussi@ml prepare the final report

Appreciation is also extended to the many individuals who participated woitkshop.
Appendix Dliststhe names and affiliations of all who contributed to this report

SEI also gratefully acknowledges Long Phan, Marc Levitan, and DongHun Yeo from NIST for
their input and guidance ohevelopingheworkshop angbreparingthe repo.

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

Managing Director Structural Engineering Institute and Chief Resilience Offitlee American
Society ofCivil Engineers
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Executive Summary

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 tbetvedopment of

the firstever tornado design provisions in the 2022 edition of ASCE/SEI Standard No. 7
Minimum Design Loads and Associated Criteria for Buildings and Other Struciloeantinue

with the effortstowardwindstorm impact reductiononeNfl ST6s str at egi es i
the use otomputationalvind engineering (CWE) with the goal of bringing this tool into design
practice for improved estimations of wind loads and effects on buildingswbnkshop and

resulting report wilhighlighttheresearch and development efforts needed over the next decade
to provide standardization and application of CWE techniques in design practice.

1. Introduction

1.1. Workshop Scope and Purpose

The purpose of the workshop is to assess the currentstatart in CWE 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 included the following two broad subject areas, with associated subtopics:

X Subgct Area 1: Computational Wind Engineering (CWE) Methodologies
f SubTopic 1.1: Review of existing tools and methodologies: Capabilities
and Limitations.
f SubTopic 1.2: Identification of research needs and prioritization for
application of CWE in structuralesign for wind.
X Subject Area 2: Verification and Validation (V&V) of CWE Methodologies
f SubTopic 2.1: Review of existing methods, data types and services, and
experimental methods for V&V of CWE.
f SubTopic 2.2:ldentification of research needs and ptiaétion for V&V
of CWE

1.2. Workshop Development Process

The development of this workshop began with the selection of the Workshop Steering
Committee (WSGC)consisting of leading experts in the CWE figltlo have been involved in
previous researcldevelopment, and utilization of CWE in academia and practice. Those
selected to serve on the WSC were Dr. Melissa Burton, a Principal with Bru@atherine
Gorle of Stanford UniversityDr. Ahsan Kareem of the University hotre Dame Dr. Ted
Stathopoulos of Concordia Universignd Bradley Young, an Associate Principal with
Skidmore, Owings & Merrill. Each WSC member also invited a young professional to
participate in the workshop and report development process: Rubina Ramporm avAttia
Ciarlatani at Stanford University, Fei Ding at the SimCenter at the University of California
Berkeley, Theodore Potsis from Concordia University, and Austin Devin from Skidmore,
Owings & Merrill.
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The WSC started meeting in November of 2022 td sieveloping the content of the workshop
and to select the leaders in this field to be invited to participate. The WSC decided on the

following topics as the most critical issues to be addressed at the current time and the participan|p

were selected basegbon their expertise in these areas:
x Computational Fluid Dynamics Design Tools.

Verification and Validation Benchmark Testing.

System Reliability and Risk.

Storm Type and Generatipand

X X X X

Structural Engineering Applications.

To help understand the currestateof theart, the WSC developed a reading list of relevant
documents to share withorkshopparticipantgAppendix B.4providesthisreading list) These
documents were used to formulate the workshop sessions.

The twoday workshop was convened on Maj 19, 2023, to identify the higheptiority
needswhich form the basis of this report. This workshop was attended by the WSC, the

i ndustryds | e adiandfeygovgmnenent agencies, citavdseopen o s
members of the public. Theorkshop vas held at the headquarters of the American Society of
Civil Engineers (ASCE) in Reston, Virginia; see Figusé.1
VA , , _ e .

A ¥

Fig. 1-1. Participants in the NIST/SElI CWE workshop on May 18, 2023.
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The design of the NIST/SEI CWkorkshop enabled all Sarticipants to contribute in multiple
ways. The workshop began with several stdtéhe-practice presentations and included time for

the participants to ask questions. The participants were then divided into breakout groups based
upon the fivepreviouslynotedworkshop topics selected by the WSC. In these breakout groups
the participants were given four tasks: to define the current state of the art of GNeit iapic

area, to define the future vision for the use of CWE, to determine the researchege@es to
progress from the current state of the art to the future vision for their topitg pndritize the
identifiedresearch and development needs.

Members of ach breakout group then reported back to all the workshop participants in a general
session and describeéd h e g prioritizpddressearch and development needs. Following these
presentations and subsequent discussalhthe workshop participantdentified andprioritized

the top research neeftem theneeds identified in the breakagrioups Section5 summarizes
theseprioritized overall research needs, aAgpendix Aalso contains &urther discusen of the
prioritized research needs.

1.3. Workshop Framework

The framework adopted for the workshop to advance CWE into practice consistetepth
consideration of five key areas essential to the overall analysis and design process and
verification. These areas include the work in computational fluid dyngi@EB) design tools,
verification and validatioffV&V) benchmark testing, system reliability and risk, storm type
generation, and structural engineering applicatidhs. followingbriefly describs these areas

Computational Fluid Dynamics Design ToolsThe session on CFBesigntools was aimed at
overviewing the CFBbased toolsurrentlyused in research and practice. This session included a
discussion bvarious numerical approaches, turbulence modeling and partsked simulations,
digital twining, and machine learninigased accelerators. The outcoofi¢his session priorited
research needslated tahe development of tools with the infusion of innovative technologies to
expedite simulations for practical applications and research.

Verification and Validation Benchmark Testing: Verification and \alidation(V&V) are often
confusedEstimation of deviations between numerical and experimental results belongs to the
latter, while the quantification of errors belongs to the former. This session discussed and
commented on miniom target uncertainties toe comparable with values derived from
experimental results originating from wind tunnel laboratories conducting tests respecting ASCE
49 (2021) standard provisions.

System Reliability and Risk: Computational numerical modeling for design conditions & th

built environment has been increasinggedover the last two decades. Tégplication of
computational modeling techniques has become an accepted standard for use in asggssments
air quality, pollutant emadinment and pedestrian comfort. For thegplications, the length of
simulations can be short and often involve mesh simplificalibesesimulationshave reduced
reliability when results are required in wake zones, gust speeds are high, or information beyond
characterization of mean flows is teed. This session discussed thedowst entry barrier to

CWE and the risk of moving too quickly, prior ¢oality assurancejuality control (QA/QC)

protocol development and standardization, to quantify wind loading (static and dynamic) on
structuresThe sessiomeviewedand discussdwhen moving too quickly into the use of
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computational simulationgresents too high a rigihd when the overall simulation outcomes
may have a reduced systdavel reliability.

Storm Type and Generation: Whencalculating wind loading on buildings accurately

predictng the turbulent fluctuations of the wind pressures on the struisturgortant These
pressure fluctuations have two origins: the turbulence in the incoming wind field and the
turbulence generatday the presence of the building in the flow. Accurate prediction of
fluctuating pressures therefore requires accurate specification of boundary conditions for the
wind andsufficient grid resolution and model accuracy to resolve the flow around theniguildi
This session discussed the sw@itéheart and open research questions in specifying realistic
turbulent boundary conditions for wind flow, considering both typical neutral suidgee

winds and extreme wind phenomena such as hurricanes, tornaddexwnbursts.

Opportunities and challenges to improve the realism of these inflow conditions were identified.

Structural Engineering Applications: While the use of CWE has become more firmly accepted
within the Architecture, Engineering and Constructid&C) industry for largescale flow

modeling applications, the unique aspects of bluff body aerodynamics pose challenges in the
application of CWE for the development of structural wind loads for the specific purposes of
mainwind-force-resistingsystem MIWFRS) design and evaluation of wind response such as
lateral accelerations. Characteristics of boundayer wind turbulence, local/flow separation at

the building envelope, and the resulting turbulent wake formation, and computational limitations
comprise some of the challenges in this regard. Nevertheless, CWE holds significant potential as
a design tool for structural engineers. This session discussed ways to create a collaborative
dialogueamongleading experts in the CWE field, both from academicamdmercial practice
backgrounds, to explore the successes and challenges in the use of @&V&apingmean and
dynamic structural wind loading and to identify and prioritize areas of needed research to allow
CWE to emerge as a more useful and accessiasign tool for the engineering industry.

1.4. Workshop Report Organization

Following Section 1. Introduction, the workshop report is organized as follows:

x Section 2 describes the current stftéheart of computationalvind engineeringandthe
longt er m vi si on for CWEOS use.

x Section 3 describes the current challenges in using CWE as identified during the
workshop breakout sessions.

X Section 4summarizeshe research needs identifiadd prioritizedby each breakout
group covering the five identified key topics.

X Section Sdescribeghe priority researcimeedsdentifiedby the overall workshop
participantsprovidinga summary of each research neegth anticipated timelines and
estimatectosts.

X Sectiors 6 and 7 provide a list of acronyms and abbreviations and references.

The report includefour appendixes witladditional details and information about the workshop,
presentations given, research needs, recommended reading neateadist of the worlshop
participants. Appendix A includes additional discussion about the highest priority research needs
identifiedduringthe workshop. Appendix Bicludesthe workshop agenda, presentations,
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breakout session participangsdreading listAppendix Cmaps he priority research needs, as
identified by the workshop participards a wholeto the initialresearch needs identifiedtime
breakoutsessios andotherNIST programs. Appendix D includes an alphabetical list of the
workshop participants.
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2. Vision for the Use of Computational Wind Engineering
2.1. Current State of the Art

2.1.1. Computational Fluid Dynamics Design Tools

CWE involves the stochastic generation of wind velocities and loads, the utilization of database
enabled design tools, and the applicatb&FD to assess wind loading conditions and aid in the
configuration design process of structures.

The CFD workflow encompasses setting up boundary conditions, selecting turbulence models,
running solvers, and peptocessing the results. In CFD, diffatenumerical methods are used to
solve the partial differential equatiorisite differencemethod (FDM) finite elementmethod

(FEM), andfinite volumemethod (FVM) (Ferziger et al., 2002). CFD software like OpenFOAM
and Fluentommonly emfoy the finitevolume methodThelattice Boltzmanmethod (LBM)

(Chen and Doolen, 1998) offers an alternative approach known for its versatility and scalability.
As for meshing tools, the immersed boundary (IB) method (Peskin, 2002) facilitates the
simulation of fluidflow around complex geometries.

The Reynoldsaveraged NavieStokes (RANS) approach is widely used in CFD as it requires
modest computational resources, but its accuracy is compromised especially in separated flow
regimes. Largeddy smulation (LES)provides higher fidelity by solving filtered Navi&tokes
equations but at a higher computational cost. Both &wd highfidelity models can be utilized

in different scenarios, depending on the need for rapid predictions or accurate assessments.
Turbulence modeling is an important aspect of CFD, with various models available such as the
k-epsilon and fomega models in RANS. However, understagdhe requirements and

limitations of each modes$ importantfor accurate and reliable simulations.

In addition to these conventional numerical schemes, paitiated methods such as &V
(Wikipedia, 2023) and others based amoothparticle hydrodynamics (SPH) (Wikipedia,

2023) are fast emerging for application to flestructure interactions (Chang et 2022).

Generating bodyitted meshes for flows around complex thdmensional geometries is a
time-consuming task. In addition, it requires considerable expertise in the use of mesh generatio
techniques. To address these shortcomings, immersed bounelduwyds have been developed

for modeling flows around complex geometric shapes where surface geometry is not represente
by bodyfitted nodal points. This technology can be coupled with recent developments in image
processing techniques and thwdimensiorl scanning technologies to generate surface
representations of complex objects. For example, scanned images of the surface topology of city
blocks can be constructed frdBoogle imageshatare already available in open domain. These
imageswhichare inthe form ofstereolithographySTL) files, can then be immersed in the
computational grid, and employing immersed boundary method, the pressure and velocity
boundary conditions can be imposed on the immersed sutfg@raploying the immersed

boundary metbd.

Mostly, error bars are not includétdthe presentation afind tunnel testesults which are

essential to assess the reliability and variability of experimental measurements. Similarly, CFD
predictions also lack explicit error bars. Therefore, inclgerror bars both in wind tunnel and

in CFD evaluations is essential to account for the uncertainties stemming from different sources.




Computational Wind Engineering: Tools and Techniques R 5 6

Integrating machine learning (ML) techniques in CFD for wind applicatiastremendous
potentialto accelerat the field while improving accuracy and computational efficiency. ML
algorithms can optimize various aspects of the CFD workflow and optimize computational costs.
Furthermore, ML can be applied to turbulence modeling, facilitating the development-of data
driven turbulence models that effectively capture complex flow phenomena. This not only
enhances the fidelity of CFD simulations but also reduces the computational effort required for
accurate predictions. Additionally, the integration of hybrid neuralkesslallows for efficient
surrogate modeling, enabling the construction of accurate redudedmodels that

approximate the behavior of complex simulatidg leveraging ML techniques and

incorporating hybrid neural solvers, the field of CFD in wind mjapilons caradvance

significantly, enabling faster and more accurate analyses.

2.1.2. Verification and Validation Benchmark Testing

Various definitions of verification and validation can be found in the literatuigome cases
theseare very similarand in dher casethey arecontradicory, as also mentioned by Yeo

(2020). OberkampéndTrucano(2002) define the two terms as follows: Mogetlification is

the substantiation that a computerized model represents a conceptual model within specified
limits of accuracy andmodelvalidation is the substantiation that a computerized model within
its domain of applicability possesses a satisfactory range of accuracy consistent with the intende
application of the model. However, ASME (2006) states that verificaitre process of
determining that a computational model accurately represents the underlying mathematical
model and its solution. Furthermore, in AIAA (1998) validation is defined as the process of
determining the degree to which a model is an accurptegentation of the real world from the
perspective of the intended uses of the model. During the workgteparticipants decided
define verification and validation as one (V&V).

Codes likethe National Building Code of Canadagnadian Commission dduilding and Fire
Codes2020) do not permit the use of CWE for design or give little information regarding the
necessary V&V proceg$or example ASCE 7 2(22), while waiting for more explicit provisions
similar toASCE 49 (2021), as also mentioned by Yeo (2020nternational Organization for
Standardization documel80 4354 (2@0), CWE is referred to as a promising methodology that
is evolving at fast pace, but it is still not ready to reproduce the fluctu@ymamic) flow
characteristics and pressure coefficients with confidence, thus it is not recommended for design
wind actions. Architectural Institute of Japan document,(2015) is the first consistent
endeavor to propose a V&V process based on twas gtsolated building and building inside an
urban area). A list of benchmark experimental results is available, but the V&V of LES and
guidelinesfor how to implement meaningful numerical analyséveyet to be explicitly defined.

The vital part of th&/&V of the CWE process refers to experimental results from wind tunnels.
ASCE 49 (2021jvas developed to ensure that wind tunnel tests are condiectegito simulate
the physical characteristics of wind. The provisions highlight the permitted assungstibns
experimental techniques that can be used. Any wind tunnel test that respects these provisions hg
been demonstrated to lead to pressure results on building surfaces that structural exagineers
trustfor design purposeandthatcanthusbe trusted foCFD V&V as well. A common theme in
the literature is thenconsistencyf experimental resulimongdifferent wind tunnels and
between wind tunnels and fidtaletests both for local/overall and static/dynamic loats«t
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al., 2021 Chavez et al., ZZ; Shelley et al., 2023 Summarizing tha@forementionedesults,
deviations have been observed that range from 15% for total static loads up to 40% for local
dynamic loads.

The trend in the last decadedor V&V of CWE to bebased ortomparisons of mean (static),
root mean square (RM3nd peak (dynamic) pressure coefficients from local taps and overall
loads. Static wind loads have been captured with RAMNS8elingin the last decade, while the
shift from RANS to LES has led to imprement in determining the static loads and has the
potential to capture the dynamic load characteristics. In the last decade, the target level of
accuracy has been achieved for dynamic loads with LES for isolated buildings in academic
studies, driven by a ane accurate expression of the turbulence characteristics in the wind field
(Potsis et al., 2023)n general consultancy, achieg matched accuracy in prediction of the
dynamic loads is not yet practiesusual.

2.1.3. System Reliability and Risk

The use of CWE in the built environment has become more common over the past two decades,
both in academia arid industry. The most common approach to perfaogithese CWE

numerical simulations in the built environment is to adopt a stetedg RANS approach, where

the mean wind flow is resolved, while turbulence is modelled.

Utilizing the RANS approach provides an affordable and reliable solution for problems that are
driven by the mean flow component. Examples could be air quality, pollutant entraiament
pedestrian comfort when the wind environment is not dominated by the wake zone, switching
flows, or levels of gustiness in the flow field. However, this approach fails when looking at gust
wind speeds, peak pressures, or wake regions, where theptiesai the mean flow can be
inaccurate and sometimes misleading. A relevant example ohtlolsyesinterrogating wind

load effects on buildings and infrastructusdnich arelargely driven by gust loading.

One of the shortcomings of the rapid develeptof CWE is the limited availability of guidance
on proven parameters to define a reliable CWE simulation. Such guidance could give
practitioners and reviewers more confidence that the CWE simulations were performed in a
manner that can be expected telgireliable results. Similar documents have been developed for
wind tunnel facilities, providing a standard approach to experimentalmauttling(e.g., ASCE

49, 2021). The different approaches to wmddelingand irconsistency in the reporting

standard that should clearly indicateodelingassumptions and related risk and uncertainties
reflect the lack of industrwide consensus

Further use and industry standard application of CWE in the built environment is not only driven
by technicadevelopment but equally by the availability and accessibility to computing
resources.

2.1.4. Storm Type and Generation

Most CFD modeling efforts have focused on modeling statiosargptic windsreplicating the

neutral surface layers generated in atmosphetoadarylayer wind tunnels and defined by

empirical relationships in codes and standards. Different approaches to LES modeling of these
turbulent boundary layers have been proposed: direct modeling of roughness elements and spiré

U7
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as used in boundafgyerwind tunnels, precursors methedsd synthetic turbulent generators.
These methods have different challenges related to computational overhead and to ensuring thal
the target wind field is correctly reproduced at the building locatiatependent of theethod

used, accurate wind loading predictions can be obtained if the target wind characteristics at the
building location are accurately modeled.

To improve the realism of the wind fields used as boundary conditions in CWE simulations,
efforts toward copling or downscaling largescale weather forecasting models to buildatgle
CFD simulations have been explored (ChadLeach, 2007; ChangndHanna, 2004;
Wiersemeet al, 2022). In the context of LES, an important aspect of this coupling or
downscalng is the generation of the smaller scales of turbulence that can be resolved in the
smallscale simulation but that are modeled at thegnidbscale in the largscale simulation.
Examples of such methods are eddy injection and eddy recirculation métfaapdet al.,2022;
Lundquistet al, 2012), but the use of this type of coupling or downscaling for structural wind
engineering calculations remains to be explored.

The modeling oextremewind events, such as hurricanes, tornadoes, or downburdts) isss
frequently explored. For hurricane winds, modified boundary conditions for modeling a
hurricane boundary layer have bgenposed (LandPu, 2020). For tornadoes, most efforts
have focused on reproducing the torndile flows generated in physttornado simulators.
Largescale, fultatmosphere models of n@ynoptic wind events have been downscaled to-near
building resolution (Hendrickst al, 2021; Nolaret al, 2021), buho attemptfhave been made

to usethese simulations as input for sttw@l wind engineering simulations.

2.1.5. Structural Engineering Applications

There ardwo aspectso the current state of the art of structural engineering applisaifon

CWE: the stateof theart as it relates to academia and research and thefmatetice relating

to industry practitionersl'he stateof-the-art structural application of CWiE the accurate
estimation of localized peak loading. Quantitative wind cladding loads can be estimated based
upon CWE methods, as can quantitative snow loagimiuildings including temperature
dependence and snow drifting.terms ofthe stateof practice for industry practitionersiean
structural wind loads can be estimated within a reasonable level of accuracy. Qualitative
cladding loading studies and sntyading studies can be completed. Waliilven rain can also

be accurately represented by CWE. Wdrd/en rain is a significant driver of damage in storm
eventsand as winddriven rain is typically related to mean flow response, it can be accurately
moceled using current methodology, in practice.

2.2. Long-Term Vision for Computational Wind Engineering

2.2.1. Computational Fluid Dynamics Design Tools

In the longterm, V&V is essential for CFD modeling. The design of a virtual or digital wind
tunnel can aid in valideon by providing detailed configurations for replicating simulation
results. Guidelines for its development can be derived from organizationisdikechitectural
Institute of Japan (AlJ) artie European Cooperation in Science and Techno{G§)ST)

which highlights the need fan ASCE/SElpre-standardo guide CFD modeling practices. This
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pre-standard would cover various aspects such as geometry setup, boundary conditions,
turbulence modeling, and result interpretation, ensuring reliamli§FD simulations.

The collection of datasets from both experimental and numerical simulations is important in
validation of simulation resultSomeresourcesireavailable including VORTEXWinds
(accessible dtttps://vortexwinds.org, Tokyo Polytechnic University (TPU) aerodynamic
database (accessiblehdtps://db.wind.arch-kougei.ac.jpf, NIST-University of WesternOntario
aerodynamic database (accessiblietis://www.nist.gov/el/materialandstructuralsystems
division-73100/nistaerodynamiaiatabase/universiwestern, and the Johns Hopkins
Turbulence Database (accéés athttp://turbulence.pha.jhu.ejltAdditional data will soon be
available at the Natural Hazard Engineering Research Infrastructure (NHERI) SimCenter @
Designsafe (MackenzEelnweinet al., 2020; Cai et al., 2023). These databases could provide
resources for validating CFD results and improving simulation accuracy and efficiency.

An endto-end simulation tool for a digital wind tunnel offers a complete solution for simulating
and anfyzing aerodynamic flows around structureswvttuld encompass all stages of the
simulation process, from pggocessing by incorporating advanced meshing tools te post
processing, providing a streamlined workflow and advanced features for accurateciewt eff
virtual wind tunnel simulations.

Additionally, the availability of comprehensive datasets supports the development of machine
learning models coupled with CFD. By leveraging these databases, machine learning algorithms
can be trained to make fastohaccurate predictions of flow quantities, reducing the

computational time required for CFD simulations and conducting uncertainty quantification.

This integration of machine learning and Cwbuld allow for efficient and accelerated

simulations. In addi@in, the utilization of graphical processing units (GPfomisesto speed

up the simulation procesd multiple orders of magnitude, making it more feasible and

affordable to perform numerical simulations for academic and industrial applications.

2.2.2. Verification and Validation Benchmark Testing

CWE for structural design has been evolving rapidly in the last y&atisis point it has

reached a stablate andthe structural engineering communitgedgo decide on specific

conditions for its usag®artiapants of the breakout session agreed unanimously that

establishing benchmark cases for V&V is a way to move toward this goal. Different cases should
be established based on the targets of the design, for examplgarisons in local loads in the

entire huilding envelope and not only in specific symmetrical locations. Decisions regarding
acceptable deviations of dynamic loads should be based on devatongvarious wind

tunnel results and not on a single isolated case. Part of the conversationttigagsion

revolved around the possibilitf creatng recommendations for appropriate usage \WExo

reach consistent deviations from experimental results.

In the long termbreakout group participanégreed that wind tunnel studies should be
documentedhn a consistent way and include comparative results among various fadilitiess.
tunnelstudiesand GNVE should continue to evolve together to achieve this vision but also keep
in mind full-scale comparisons.

Application of GVE in caseshatareproblematic to test in wind tunrealas discussed@nd
V&YV of computational procedures is necessary before this can be achieved. For example,
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experimental results famallscale building elements, curved surfa@ew high Reynolds
numbes are difficult o achieve in wind tunnglthus GVE may be advantageous for such cases.
CWE is considered a more likely tool to be used in-symoptic (hurricanes, tornadoes,
thunderstorms, etc.) because it is extremely difficult to collect wind data in these evestsnThu
the future CWE, when stabilized, will be the most useful tool to obtain the wind pressures.

2.2.3. System Reliability and Risk

The goal for CWE is to be fully integrated in the design process and to contribute to the
development of more resilient and carkedfective solutions for the built environment. In the
long term, CWE would be used to complement (as opposed to replace) the capabilities of

physical testing and overcome some of the current limitations (where reliability is low and risk is

high) with scéed physicamodeling

Wind engineers, software developeasd CFD specialists need to collaborate provide

insights and technicalxpertise supported by available computational resources, to resolve
complex urban climate processes while integratnge weather systems and the impact ofnon
synoptic flow fields on the built environme@uchcollaborationwill createtransparency around
where the risk of using CWE resides while ensuring that knowledge gained in the physical
modelingworld over thedst seven decades is not lost.

A needexistsin CWE for more efficient models (affordable access to cloud computing, GPU
solvers, parallelization, etc.) that would enable researchers and practitioners to develop
simulation protocols and guidelines that noye CWEreliability in resolvng turbulence at a
higher resolutiormandmulti-physics problems. Simulations of the built environment at a larger
scalecouldinclude topographical features and large and complex building stryctimies are
now prohibitedby the scaling ratio of the wind tunnel.

Largescale CWE simulationsould be a useful tool to assess the vulnerability of buildings to
extreme wind events #tecommunity level. Most especially when combined wtbdelingof
different stormypes (tornades, thunderstorm downburstmdderechos) and mulphysics
(wind + rain, ice, snow, urban heat, etc.) behavior. CWE integrated with regional climate
modelingwould allow simulations of the impact of a changing climate on the urban
environmeh

To fully unlock the use of CWE as a design taal to expand the use cases of the application
requiresdevelopng industry trust in these models. This is imperative to control the risk and
enhance the reliability of the outcomes derived from numesioallations.

2.2.4. Storm Type and Generation

The longterm vision fortypical stationarywind inflow generation methods in largedy
simulations ighe abilityto efficiently and reliably model realistic wind fields with a range of
exposures and stability conditions to support analysis of wind loads etddwghrise
buildings. This vision includes modeling thend flows typically generated in atmospheric
boundarylayer wind tunnels, but it is also broader, addressing some of the limitafiasd
tunnel modeling, such as the representation of large turbulent scales ameluti@h conditions.
In this broader contexthe vision isthat the generation offilow conditions will draw more
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strongly on mesoscale meteorological simulations or field observations to improve the realism of
the boundary layer and that validation with field observations will be pursued.

This vision is extended to extreme wind corafi8, such as tornadoes, downbursts, and
hurricanes. First, computationally efficient methods to reproduce nonstationary flows generated
in wind tunnels or tornado simulators should be available to support validation exercises.
Second, methods that elimieagcaling challenges in physical experiments should be available,
drawing on downscaled meteorological simulations or on field observations. These methods will
support realistic simulation of extreme wind events, exploring parameter spaces that cannot be
modeled in the lab. The ultimate objective is to calculate wind laaddebris flight and impact

and improve understanding of the causes of damage (e.g., what percentage of damage is initiate
by wind loading versus debris impacthesesimulationscouldlead to new design guidelines

that account for nonstationary effects and for the fact that these storms (in particular tornadoes)
are rare events.

The resulting inflow generation methods should come with guidelines that specify tiheat cor
use to obtain the desired flow characteristics at the building location of interest. Furthermore,
guidelines that specify the required level of accuracy in the wind geneaatitthe level of

detail needed in the model to predict specific quantitiesterest should be available. Such
guidelineswould support identifying the right tool for a specific purpose, for example,
differentiating between different design stages.

2.2.5. Structural Engineering Applications

The longterm vision for CWE for the use sfructural applications is as follows:

Accurate prediction of structural wind loads andresponsesThe capability to accurately
predict structural wind loads and the response of building structures of all heights.

High resolution ofcladding pressure resuis: Utilization of CWEcouldachieve an increased
result resolution for cladding pressuraklowing finer fidelity compareavith what is physically
and practically feasible with experimental pressure tap testing.

Regulatory acceptance:Regulatory acceptance of CWE is crucial for its implementation and
widespread use to estimate structural wind loads on buildings. This could be either in the form of
aguidelines document orstandard.

Broader wind engineering knowledge:CWE has great pentialto broaden understanding and
knowledge in the wind engineering field atmdenablanvestigaions ofphenomena that are
beyond the capabilities of wind tunnel testing. Examples of this would beymmptic
windstorms, tornadoes, and downbursts.

Global computational wind models: Global computationalvind models downscaled to local
wind modes, such as wind velocity effects, Weather Research and Forecasting (WRF) modeling,
mesoscale modeling, and topographical effects.

Comprehensiver apid iterative aerodynamic assessmenand design tool: A comprehensive

rapid iterative aerodynamic modification assessment and design tool that allotiseeal
feedback from manipulation of bluff body shapes ugiatametric geometric modeling would be

a powerfultool for designers to create innovative and efficient building structures. Aerodynamic
shaping of buildings has the potential to reduce wind loads on buildings.
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3. Challenges in the Use of Computational Wind Engineering

3.1. Computational Fluid Dynamics Design Tools

While CFD modelindhas made advancemenitscluding mestbased or meshless approaches,
uncertainty quantification (UQ) methods, and ddii@en techniques, a gapmainsbetween

research and practicgbplications. In engineering practice, the guidance of CFD experts is
crucial to ensure that the modeling process is correct and simulation results are comparable to
wind tunnel measurementSommunication and collaboratia@re lackingamong CFD experts,
researchers, industry professionals, and even wind tunnel experts to guarantee the appropriate
use of CFD techniqueSuchcollaborationcouldlead to better understanding and improved
guidelines to drive the applications of CFD within civil engineering.

Another significant disadvantage that hinders the widespread use of CFD is the lack of effort in
benchmarking CFD models. The absence of comprehensive benchmarking studies poses
challenges in assessing and comparing the performance of different CFD madetsmsistent

and reliable manner, as evidenced by the limited number of published comparative studies that
provide detailed modeling information. Information on geometry, boundary conditions,
numerical methods, turbulence modaelsd discretization schemesCFD should be provided

for reproducibility. It is necessary to benchmark and validate the performance of CFD models
with well-established reference cases or experimental data.

Furthermore, currently no specific guidelireegstin the Uhited States like thoseprovided by

AlJ (Tominaga et al., 2008) and COST (Franke et al., 2007), to direct the proper utilization of
CFD. Considering the urgent need for standardized practices, the developo@edehes for
CWE is neededSuch guidelinesvould provide a unigd framework for the successful
implementation of CWE, thereby enhancing its reliability and applicability in building industry
applications.

In academia, a pressing needststo develop more robust CFD models that prioritize accuracy
andfocus on provithg standard mesh or meshless tools, refining turbulence models, and
developing novel algorithms, et€onsidemg computational time demands and scalabibty

also importanto ensure the affordability of CFD simulations. This can be achieved by explorin
advanced approaches such as fusion of machine learning and CFD and GPU accelerations.
Incorporating uncertainty quantification into CFD modeling is essential to provide a measure of
the uncertainty associated with inflow and modelifigs allows for theapplication of error bars

or confidence intervals, which offer detailed information about the reliability and accuracy of the
CFD predictions.

The limited knowledge of fluid dynamics and numerical methods among structural engineers
preventghe effectiveapplication of CFD in realvorld applications. Integrating fluid dynamics

and introductory CFD courses into the education of structural engicaddeffectively address

this issue and yield significant benefits. By providing the necessary foundatrmvelekige,

these courses can equip structural engineers with the essential skills and understanding needed
leverage CFD in their work. Would also aid in taking théfear out of CFDO Furthermore,

additional resources such as tutorials, weitumentedase studies, chatrooms, and webinars,
including platforms like the NHERI SimCenter, can further support learning and provide
valuable guidance in applying CFD effectively.
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3.2. Verification and Validation Benchmark Testing

A big challenge apresenis the lak of a specific procedure to realize the V&V process. This
needs to be addressed at the earipportunityto evolve the current application of CFD for
design purposes.

Generating recommendations for CWE is a difficult tdscausehe field is evolving rapidly,
theriskexistsof creating recommemddtoi avoitdhadathaar et
should agree on computational procedures that allow future implementations of latest findings.
Of course, due to the natuséthe field, creating newer editions of the recommendations as soon
as new findings are available will be challenging.

One of the biggest challenges to achieve the future goals of CWE is creating numerical
procedures that work efficiently for the specifiesign purposemndthat are validated based on
other experimental results of different cases. Of course, if experimental vestdesvailable
CFDwould not be neededhus the target is to eventually apply it as an independent tool.
Reaching this lesl of confidence and trust in CWE for calculating dynamic loads will take effort
and collaboration from scientific laboratories and companies that apply CWE for design.

Defining the threshold of accuracy for each case needs a lot of work and innovats;eids

more experimental results. This is due to the unique aerodynamic features that are developed in
each specific building in conjunction with the surrounding terifdote that this threshold of

accuracy should be defined based on the deviationsel@imongdifferent wind tunnel results,

which introducesnotherdegree of difficulty. Every wind tunnel is unique, and due to the
complexity of the Atmospheric Boundary Layer (ABL) flow, results vary from one facility to
another. This difficulty was meiohed many times during the session and needs to be tackled to
define the threshold of accuracy that the computational procedures should be able to achieve
consistently.

Experimental results for high Reynolds numbers (say, more tfuark@urrentlyunaswailable

from physical wind tunnel testing, thus V&V of this type of condition is impossible for CWE. In
this sense, expanding the range of available experimental results poses a challenge in the
evolution of the CWE field, especialbecauselata seemed toe unreliable in the past, by
providing largedeviations amongimilar experiments.

A big challenge is to relate the wind field characteristics with the dynamic loads that are applied
on the building envelope. If thisereachievedit would help the profession choose more

specific conditions for exposure in urban areas. This also rétatles target to create new
applications for realife buildings, located in various urban areas of interest, and not isplated
idealisticbuildings.

Mesh configuration is one of the greatest challenges in any CFD analysis. During the breakout
sessionparticipantsargued that due to the nature of the flow, the appropriate mesh configuration
is different depending on each case and the targeted results of the design. Relating the mesh
configuration in validated cases with experimental results and icasésch experimental data

are not available but CFD is used as an independent tool will be a significant challenge that the
profession willsoonface. Standardizing these findings and including them in recommendations
will also pose a challenge. Like the mesimfiguration, solvers and numerical schertoes

include in the recommendations will pose a challenge for the profe§seating sensitivity
studieghat camanswer these questions is a vital part that relates to the V&V process of CWE.

Ih 2
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3.3. System Reliability and Risk

CWE canfully integrate into the design process and contribute to advancing the impact of wind
engineering in the built environment. Howeuie nedfor benchmarking data from physical
testingcurrently limitsthe applicability of CWE. CWE suffers from a lack of basic guidelines on
parameters that constitute a reliable computational simulatida lack ofQA/QC protocols

like thosedeveloped for bysical testing (e.g., ASCE 49021). Such simulation guidelines and
protocols would reduce uncertainties and inconsistencies in the outcomes of numerical
simulations across the industiyheywould also provide a baseline to educate and inform slient
ard stakeholders on the risk and reliability associated with CWE for different applications.

The potential for using CWE beyond physical testing not only elatiés technical

development but alsio the possibilityof computng complex models efficientlySeveral factors
currentlyaffect computing speed and cost. Some are intrinsically related to the numerical codes,
including the dependen®n structureccomputeraided desigiiCAD) models, the inability of

codes such as OpenFOAM to run on faster GPUgssmrs, and the varying efficiency in
parallelzation. Others depend on thbility to access powerful computing resources, such as
High-Performance Computing (HPC) clusters. Unlocking efficiency in CWE is nontrivial and
depends on the combined skills oftsvare developers, wind enginegasd computational fluid
dynamics experts to crogxamine outcomes and share knowledge that leads to risk reduction
and the ability to advance the industry more rapidly and organically.

Mostindustrial CWE applications focus on the most common (synoptic) winds. However, non
synoptic winds like thunderstorms and tornadosasse significant wind damagghe

development of mukstorm CWE capabilities is limited by the lack of fsttale obsentanal

data for V&V and the description of the vertical distribution of the wind profiles in the boundary
layer. Wind engineers need to work with CWE specialists to develop suitable computational
models for different storm tygend integrate regionaicak climatological models with
building-scale CWE models. Computational power is a limiting factor for development given the
scale, sizeand resolution required to accurately represent these flow conditions-dcaige

CWE simulations of storm events offiae potential to assess vulnerability of communities to
extreme winds once a workflow is developed to integrate CWE with fragility curves for
component and structural systems derived through physical testing.

The ability to run multiphysics simulationsaind + rain, ice, snow, urban heat, ¢is one of

the clear advantages of CWE simulations over physical testing. These models are rather
complex, and their use is far from being industry standard. The release of opensource packages
and further computati@l optimeation could promote wider adoption and testing and

development in the structural engineering commuwitgtrong neealso existgo collect fulk

scale observations for V&V. The inclusion of myptiysics models in the design process and
developnent of specific CWE simulation and interpretation guidelines for practitioners and
reviewers is a challenge that goes beyond the CWE community and requires broader
multidisciplinary collaboration and industry groups.

Super tallbuildingsare a challengfor physical testing because of the collapse of stationarity in
the boundary layer at height. These buildings often feature smooth or rounded structures that
pose Reynolds number issues when modaieeduced scale. CWE could be a valid alternative
to physical testing fomodelingwind load effects around super tallildingsandthe wind
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structure interaction. However, it stilckscapabilities to represent naynoptic flows and
define appropriate boundalgyer conditions for these tests.

3.4. Storm Type and Generation

Challenges in generating synoptic wind fields depend strongly on the method used. Direct
modeling of roughness elements and spires as used in bodagaryvind tunnels (Thordat

al., 2020) and precursor methods (landPletcher, 2006; Lundt al, 1998; WuandSquires,
1998) allow for the generation of inflow boundary conditions that are direct solutions of the
Navier-Stokes equations. However, they introduce significant compughimerhead in CWE
simulations, which limits their use for design purposes (Wu, 2017). Synthetic turbulent
generators (Aboshosled al, 2015; Huanget al, 2010; Kimet al, 2013) allow for a reduction in
the simulation cost. However, the inflow boundaonditions provided by artificial turbulence
generators are not direct solutions of the Na@tkes equations, which can introduce artificial
pressure fluctuations and result in a streamwise turbulence decay (Wu, 2017).

Artificial pressure fluctuationsan be reduced by ensuring that the artificial velocity field is
divergencdree (Kimet al, 2013), while the streamwise decay can be addressed by using
optimization methods that identify the inflow conditions that will produce target wind
characteristicat the building location (Lamberi al.,2018). Thesenethods have been
demonstrated on select test caseswhatherthey can efficiently and accurately generate
surfacelayer wind fields for the range of conditions, including the range of differgruseires,
that are of interest to wind and structural enginesmsins to be showirurthermorethe
simulation of lowrise buildingghatare immersed in the roughness sublayer introduces
additional challenges in terms of accurately reproducing thelamrbilow characteristics at or
below the building height.

Many challenges remain in the generation of extreme wind events in CWE. Modelingiafforts
reproducing tornadtike flows generated in physical tornado simulators indicate that the overall
vortexstructure can be reproduced. However, not all tornado simulators employ roughness
elements to introduce the neaurface turbulence scales that are likely present in tornadoes, and
most data sets lack detailed turbulence information in the flow fielceriergl, a lack of near
surface field measurements in reynoptic wind events limits understanding of fsitlale

turbulence characteristics in these wind fields. Lasgade, fullatmosphere models of extreme
wind events have been downscaled to +iealding resolution (Hendrickst al, 2021; Nolaret

al.,, 2021), but validation of the neaurface turbulent flow predictions and the use of these
models to calculate the resulting wind loads on structures remains to be explored.

3.5. Structural Engineering Applications

Computational time: Practical application of CWE for structural engineering applications
requires the ability to define, set up, analyze, and generate results for interpretation in a
reasonable time frame. CWE capabilities can bedaching with igcreased fidelity, but this

comes at the cost of expanded computational time requirements. Computational time can vary
widely based on hardware resources available, but currently the required computational run time
to achieve rigorous results can be ondhaer of multiple days or even weeks, with significant
parallel computing networks armilgh associated costs. This poses a challenge for practical
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incorporation of CWE into the design community, where project schedules are fast paced and
this extended timeframe cannot be easily accommodated. If CWE is to make inroads into further
use in the design profession, the timeframe for results needs touseded

Limited availability of benchmark wind tunnel data sets for validation: While CWE has the
potential to ultimately outpace the capabilities of physical wind tsnaadritical step in the
development and wider acceptance of CWE is to compare/validga@WE results against wind
tunnel resultshatare consensus accepted as reliable benchmarks. While an extensive amount of
data from wind tunnel tests for individual buildings over many dedadesilablethesedata

arenot publicly available and imany instanceareconsidered to be the intellectual property of

the wind tunnel laboratories. Therefpaerobust set of available benchmark degainstwhich

CWE results can be compansdcurrently lacking

Lack of establishedguidelines While certainusers exhibistrong expertise in the performance

of CWE simulations, the democratization of CWE tools available to a wide audience and to the
general user means that skill sets and knowledgge widelyamong general users, resulting in
guestionable redt outcomes in many cases. To properly leverage CWEestatblish itas a

reliable design tooklevelopinga set of guidelines or minimum requirements for carrying out a
CWE simulations critically important Such a guidelines documelike that which arrently

exists for performing physical wind tunnel testing, can serve as reassurance that computational
simulations are carried out with consideration of appropriate assumptions, modeling parameters,
etc. This can be a catalyfsr acceptance not only within ttaechitecture engineering and
constructioncommunity but alsdor acceptance by the relevant design codes and standards.
Establishinga guidelines document would necessitate a series of steps leading up to the
development o$uch a document, including validation of CWE results agaiisting

benchmarks. This would include evaluation of input and modeling parameters, the analysis
process and fidelity, and associated outcomes.

Existing regulatory language Some codes and s@ards, withinand outside ofhe United

States currently contain languadkat preventshe use of CWE for structural engineering
applications. ASCE/SEI {2022 allows the use of CWE but maintains that the results from the
computational test be verifidny a wind tunnel test, along with a requirement for a peer review.

As an example of an international standard, the current National Building Code of Canada does
not allow the use of CWE for structural applications, while ISO 48%4r(d Actions on

Structues)) describes limitations in the use of CWE and discourages its application to estimating
loading effects.

National Building Code of Canad&anadian Commission on Building and Fire Co@820,
A-41.716)A Comput ati onal Fluid Dynamics (CFD).
reliability and accuracy of CFD and no standards address it; as such, this method is not permitte
to be used to determine specified wind | oad

ISO 4354(2020) i P r edsface coefficiants can in principle be obtained using suitable
computational fluid dynamics (CFD) techniques and this methodology will improve with time
and could become a promising tool. Requirements are the same as those outlined in Annex H fo|
wind tunnel measurements, but it should be noted that with the current state of development of
CFD techniques, such methods are not able to fully reproduce the fluctuating flow characteristics
required to obtain the appropriate fractile of the extreme valuebdititm of pressure

coefficients, or the correct correlations between fluctuating pressure coefficients over the surface
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to give large area (or global) force or moment coefficients. Until this can be done, the use of sucl|
methods for force and pressuretdei ci ent deter mi nation i s not

AlJ (2015: The latest version of the AlJ provisions constitutes the first solid endeavor to utilize
CWE for structural applications. Althoughirrently onlyavailable in Japanese, a procedure is
under developmerhat utilizes LES for structural loads estimation. The key elements refer to
verification of the numerical sefp, LESmodelingwith specific conditions (yet to be explicitly
defined), twestep V&V (a single isolated building and a building in urban s)eand validation

of local and overall results based on experiments (acceptable t20§é6:for mean and peak
based on two different experiments).

Lack of cross-disciplinary collaboration: CWE for structural engineering applications
represents a unique convergence of knowledge across multiple disciplines, including
computational science, wind engineering, and civil/structural engineering. Over the last few
decades, a collaboration betweeindvengineers and civil/structural engineers has developed, in
their mutual work on tall, slender buildindeng-span bridges and structuresid other civil
engineering projects. The injection of CWE into the civil/structural environment requires that
computational fluid dynamics experts are folded into this collaboratbich has notyet

happened to a large degr@®. make advances in CWE, increased collaboration across these
different but convergent fields is necessary.
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4. Recommendation of Research Needs

The workshop participants were divided into smaller breakout groups that coincided with their
expertise in one of the five workshop topics. These breakout groups then discussed the
challenges in their selected topic and what would be required to adCaME from the current
stateof theart to the longierm vision. Each group discussed the research needs required to make
this transition and then prioritized them in their breakout segseanTable 41).

Table 4-1. Breakout Session Research Needs, as Identified by Workshop Participants.

No. | Research Needs
Computational Fluid Dynamics Design Tools
A Developing gre-standard for CWEimulations
B Verified and validatedirtual wind tunnel
C Consensustrorealistichenchmarks
D Computationallyeconomial tools
E CPU central processing unitgPUprocessing
F Uncertaintyquantification in CWE
G Role ofmachinelearning inaccuracy andifficiency
Verification and Validation Benchmark Testing
A Enhance existingatabases (NIST, TR&tc) by including reliable information
B Develop additional databases providing velocity time series, pressure data, wind tunt
characteristicsanddata from more than one scale
C Establish comparable results from different wind tunnels
D Develop a reliable CWE technique figh Reynolds nurber applications
E Develop CWE simulation workflow for nesynoptic winds (downburst, tornadoes)
F Identify the source of uncertainties (sensitivity) for CFD verification
G Develop a set of guidelines for CWE applications: wind loadinguwldings
System Reliability and Risk
A CWE minimum requiremenguidelines, including QA/Q@rotocols
B Communitylevel vulnerability through physical testing for component fragilities and
failure
C Advocacy/messaging/communications about the impacts of storms and losses
D Fundamentals of the storm systems at higher resolutions
E Computationatesources
Storm Type and Generation
A Support robust modeling of a wide range of exposuresaamndspheric boundaitayer
stabilitiesandsynoptic events to support definition of more realistic boundary conditior
B Improve fundamental understanding of the relationship beta#sospheric boundary
layer characteristics antheresulting windoads and damage froextreme wind events
C Identify guidelines and benchmaria using inflow generation tools
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D Develop new strategies for using largeale atmospheric flow simulations of synoptic a
non-synoptic wind fields to inform realistic inflow conditions for CWE

E Leverage field observations during synoptic and-symoptic storms to support the
definition of more realistic boundary condit®and improve CWE simulations

F Reduce computational costs

G Improve forecasting accuracy of nepnoptic storms

Structural Engineering Applications

A CWE guidelines forstructuralengineeringapplications
Benchmarkverificationandvalidation

Wind tunneltestingresults

Available benchmarkdata sets from CWHlind study

Minimum requirements for undertaking a CWE evaluation for purposes of loading ani
response predictions for building structures

CWE for nonsynoptic storms and winrstructureinteraction

Communityscale CWE investigation of residential buildings

Larger geographicaicale CWE studies, e.g., tornado passing through neighborhood

Full-scale instrumentation (wind speed, building response, pressure)

O m|O| @

Interactivedesigntool

These research needs were then voted on by all the workshop participants to prioritize the top
research needs for CWWEammarizedn Section 5.2.

4.1. Computational Fluid Dynamics Design Tools

The breakout was composed of the followingmbers:

Moderator: Ahsan Kareem
Scribe: Fei Ding
Reporter: Aleksander Jemcov
Participants: Stefano Capra
Yunjae Hwang
Arif Masud
Huy Pham
Don Scott

Richard Szoek&chuller
JianXun Jason Wang, Ph.D.
Wesam Mohamed

Developing a prestandard for CWE simulations: Referring to established guidelines such as
those from AlJ and COSThepressing need fomaASCEpre-standard that can serve as a
comprehensive guide for CWE modeling practicesomes evidenDeveloping gre-standard
through collaborations between academia and industry would provide a comprehensive




Computational Wind Engineering: Tools and Techniques R 5 6

framework and guidelines for appropriate CWE modeling and foster collaboration between
researchers and industry professionals. Thesfznedard would encompasssential aspects such
as geometry seaip, boundary conditions, discretization methods, turbulence modeling,
convergence criteria, and results interpretation. Moreover -st@nelard would provide
recommendations for uncertairgquantification using error bars. It would enable engineers to
utilize CWEas a robust tool for assessnt ofwind loads, design optimization, and decision
making processes.

Verified and validated virtual wind tunnel: V&V are essential in the developmenGWE
models for practical use. The design of a generalized wind tunnel can greatly aid in the
validation process by providing detailed modeling configurations for replicating simulation
results. Validation involves comparing CWE results with experimeatal or welestablished
reference cases to assess the CWE nideturacyn predicing wind field or flow around
structures. This process helps identify discrepancies and limitations in the numerical model.

Consensus o realisticbenchmarks: The benchmds should encompass different geometries
or inflow boundary conditions relevant to the representative CWE applicafibevenchmark
specifications should be detailed in the numerical methods with the turbulence models and
discretization schemes provideuhich can serve as a reference for CWE validation.

Computationally economial tools. Considemg computational time demands and scalabibty
importantto improve the affordability of CFD simulations in engineering practice.

CPU/GPU processing Central processing unit€PU9 and GPUs have distinct roles in CFD
simulations. GPUsare excellent for use jparallel computations, accelerating the

computatiomlly intensive calculations involved in solving Navigtokes equations. By utilizing

both CPU and GPU resources effectively, CFD simulations can achieve faster processing times
and improved performance.

Uncertainty quantification in CWE: In wind tunnel tets, the experimental sep typically

includes measurements of various parameters, allowing for the estimation of uncertainty and the
inclusion of error bars. This provides a quantifiable range of possible aerodynamic quantities in
the assessment of theiability of the measurements. Therefore, inahggerror barss

importantwhen evaluating wind loads to account for the variability and reliability of the CWE
simulation results. In addition this need, various sources of (aleatory or epistemic) taiogy

may affectthe differentquantities ofinterest for aerodynamic loading characterization, like

inflow variability (aleatory) or moddbrm (epistemicd i.e., adoption of different turbulence
modeling schemes. Therefore, both aleatory and episteroétamties need to be appropriately
guantified and propagated into the aerodynamic-teagonsealesign cycle.

Role of machine learning in accuracy and efficiencyin recent years, dat@riven approaches

have received a lot @ttention in refining or raply predicting CFD solutions. The emergence

of machine learning has brought some benefits in accelerating the simulation process and
rendemg the use of CFD in engineering applications more effedtyueplacing the originally
computationally intensive CFD models. Moreover, there has been a surge of interest in applying
machine learning tools fed by hididelity computational or experimental data to reduce the
modelform error from adopting loviidelity models, thus enhancinbe predictive accuracy of

the CFD model without increasing its computational cost.
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4.2. Verification and Validation Benchmark Testing

The breakout was composed of the following members:

Moderator: Ted Stathopoulos
Scribe: Theodore Potsis
Reporter: ChaoSun
Participants: Girma Bissuamlak

Tsinuel Geleta
Hassan Hemida
Harry Kabodha
Claudio Mannini

Joy Pauschke
Adam Pintar

R. Panneer Selvam
Xiaoyun Shao
Yoshihide Tominaga
DongHun Yeo

Keeping in mind the trajectory of research and development of CWE applications, the breakout
session for V&V discussed the research nekdswould supporthe future evolution of CWE

for wind loading. The group established seven research needs antizpddhem by a voting
procedure.

The first needs to enhance existing databases (NIST, TPletc) by including reliable

information that can be used to thoroughly validate computational results. The information that
needs to be provided for thisirposdliffers from thatalreadyavailable in existing databases

(TPU, 2013 NIST, 2003 etc.). Mean speed, turbulence intensity profitesl pressure data

might be sufficient to helwiith design decisions but do not cover the needs of V&V in CWE
applicationsTo enabldrustin CWE results regarding dynamic local and overall loads, the
breakout participants agreed that the information should include velocity time series of the
incident windprofile becausehis plays a key rolen computationallyexpressindghe turbulence

field. Wind tunnel characteristics such as roughness elements configuration, clear depiction of
the dimensions of the upwind exposward the location of the reference gsare should also be
included The experimental uncertainty should be addressed in those reports. The breakout
participants proposed that information should be provided for more than one scale from each
configuration,n partbecausdkeynolds number effegplay a big role in the peak values that

will be developed on the building envelope, but also because different wind tunnels use different
scales for ABLmodeling In this way more comparable results from various wind tunnels can be
created, which refeit® the second research nemdwhichthe group agreed.

Generating comparable datawill expeditethe V&V process and provide more confidence in

CWE as an independent tool, due to the degree of accuracy that can be calculated from more
than one experimentplocedureThereforeit is vital that the CWE community agrees on
benchmark tests and conducts experiments for them in many wind tunnel facilities to extract
comparable data for the peak values. These benchmark tests should regard the various needs o
desgn, such as urban environment buildings (real cases) and pregsioeationghatcover all
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elements for design (local loadsthe entire envelope and overall loads). The V&V metrics
from wind tunnels should also be agreed upon before these deci®anade (peak values
estimation at pogprocessing, higheorder statistics relevangetc.).

The third need regards tidevelopment of guidelines for CWE applications for wind loading
on buildings. The field is developing rapidlyandthus these recommeaiibns should be

flexible to absorb new scientific findings and always keep in mind the compromise between
accuracy and computational complexity/cost. Guidelines should focus on inlet boundary
conditions and methods to generate turbulence charactensésh, configuration, solvers and
solution process, V&V metrics for CWE, turbulence mogdatgl numerical schemes. In this way
the V&V procesdor CWE can be established.

The fourth research need also refers to the V&V profmesSWE, from the aspect of

identifying the sources of uncertainty in the numerical setip. CFD analysiss a hotchpotch

of parameters that interact in nonlinear ways; thus, estigitite relevancefceeach parameter in
the peak values target for desigra high priority Standard sensitivity studiesconstitute the
only solution for this issyallowing the final results of CWHEo be expressed as a trusted range
of values. The final target for thisddh research need is to evaluate which paramatersore
effective increatng computational procedures thanprovide accurate results consistently.

Non-synoptic windssuch as downbursts and torneslavere also part of the breakout
discussionDevelging a simulation workflow to model thems the fifthagreeduponresearch
need.In particular more focus should be given to the boundary conditions for computationally
evaluating this type of event to be ableg&iV&V results from wind tunnel measuremis.

Enhancing the documentation of existing wind tunnel databaseompriseghe sixth research
need.To this enda communication channel should be opened with the scientific groups that
conducted experiments in wind tunntsask for more informatioto fill the needs of CWE
validation, as presented in the first research need.

The seventh and final research negféns todeveloping reliable CWE techniques for high
Reynolds number applications This isimportant becauseigh Reynolds number flows
represent fullscale conditions and are difficult to model in wind tunnels. By improving the
current statef theart inmodelingthese flows, the field will be closer to generating
computational procedures that can be part of design decisions.

4.3. System Reliability and Risk

The breakout was composed of the following members:

Moderator: Melissa Burton
Scribe: Jennifer Goupil/Rubina Ramponi
Reporter: Jason Garber
Participants: Bianca Augustin
David Banks

Lakshmana Doddipatla
Hiroto Kataoka
Milad Roohi
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The breakout participants brainstormed research ideas that would help to address the current
challenges around understanding the reliability of CWE assessments. The research ideas noted
Table 41 were identified during the breakout session, they were written on sticky notes and
grouped together to identify the main research needs. The brgmttaipants were asked to

vote on research priorities to identify the top five research needs, discussed in the sections beloy}.

CWE minimum requirements guidelines, including QA/QC protocols: Currently, CWE
approachefack outcomebasedindustrystandardnminimum requirementguidelines and

QA/QC protocoldike thosefor physical model wind tunnel testing (e.g., ASCE 2@2J). This
may be the greatest constraintlmoader inclusion of the use of CWE in the design of the built
environment. Investing in éhdevelopment of such protocols would improve the reliability of
CWE simulations and would reduce the dependency on V&V of the results agaussalell
behavior and physical testing.

CWE is a rapidly evolving fieldand the industryras adopted variousols and approachésr

running urban wind simulations. The CWE minimum requiremeuiidelines, including QA/QC
protocols should avoid the standardization of these approaches and rather focus on the
development of a method for checking and balancingebets. Thigioutcomebase thinking

would upskill the industryn recognizng the key elements of urban wind simulations and

allowing innovation and creativity in the process. A crucial aspect of the methodology should be
to demonstrate the ability to match key parameters that affect the outcome being assessed (e.g.
velocity, turbulence, length scales, statistical stationarity, lesfgticord etc, for wind load

effects).

The CWE minimum requiremenguidelines, includingQA/QC protocolscould also provide a
framework for reporting the results of CWE simulatians! the checks carried out by
practitioners to demonstrate alignmeritivthe protocols. The potential for the inclusion of peer
review processes should also be made.

A multidisciplinary funded task group should be established to develop the guidelines, including
CWE experts, wind engineers, meteorologists, software dexslognd potentially data
scientists. The groups may include others and would be dependent on the application for CWE.

Community-level vulnerability through physical testing for component fragilities and

failure: Every year, windstorms account for a gezgiercentage of damage lostgemnany

other natural hazard, exposing the vulnerability of entire communities to extreme wind events.
Understanding and predicting vulnerabilityta¢ communitylevel requires the combination of
models at different scaleBhysical testing is used to describe fragility and failure of building
components and is the method of chdarederiving component fragility curves. Coupling this
local understanding of component fragilityttee overarching vulnerability of communities
requires the ability to process vast amounts of data while simulating the complex wind
environmentCWE providesthe capability to run largecale simulations that would otherwise

be constrained by theodelingscale of physical testing amasthe potential to simulate

different storm types. Once compondaxel fragilities have been derived in largeale physical
testing, which includes wind loading protocols, these fragilities can be incorporated at building
scale into community models. CWE cotiietn be used to subject a virtual community to a storm
of some size (or return period) to review the vulnerability of the community to that particular
storm type or size.




Computational Wind Engineering: Tools and Techniques R 5 6

Several research tasks are required to define a streamlined workflow for this doyrewed
vulnerability assessment. First, faster, cheapernam@reliable largescale simulations that

cover entire communities and their physical surroundings including topographic featires
neededSecond, a neeskiststo develop fragility curve®or building components using physical
testing based upon wind loading protocols. Third, wind and structural engineers, together with
CWE and risk specialistaeed to develop a workflow to integrate the fragility and hazard curves
with the outcomes of thnumerical simulations.

Advocacymessagingtcommunications about the impacts of storms and losse€WE has the
potential to support resiliendsased design dhe community level an@nablethe assessment of
current and future climate risks. This techhmdvancement could lead to a whole new domain
to address the risks associated with wind hazards. However, axiststb increase advocacy
and communication around the Isdmonghazards, risks, design, and losses, and ultimately to
attract more fundig for further development in this space. Educating professionals and the
public requires an engagement and educational campaigdéehéfiesthe best communication
channels to reach different individuals, stakeholders, and/or communities.

The creatiorof technical education materials, delivetbtbughpresentations or white papers,

could upskill designers and professionals in the building industbyoader engagement with
engineering and architectural schools can help increase awareness arounel wiickavents

and adaptation and promote advocacy. Considerations around design for enhanced resilience ca
become part of existing design courses with the support of wind and other giskate

specialists.

Fundamentals of thestorm systems at tighter resolutions: Most CWE studies are conducted

for typical (synoptic or hurricane) winds that are represented by the ABL structure. Resilience
based design, however, requireedelingthe impact of both synoptic and negnoptic wind
events on the built environment, includithginderstorms and tornadoes. Climate and storm
systems are commonly modeled at large scale using Num@tezather PredictiofNWP)

models that provide insightstothe spatial and temporal variation of these systms

resolutions of the order of 30n x 30km. These models often get downscaled to tighter grid
resolutions (~&m x 5 km; Copernicus2017. However,in most casethese tighter resolutions

do not gé down tothe building scalenor do they provide information on the lower part of the
boundary layer.

Research is needed to streamline the downscaling of NWP models and integration with CWE
models. While NWP models provide storm data at a relativelyseaasolution, CWE models
simulate the wind flow at higtesolution and predict the impact of the flows on the built
environment. The identification of a solid workflow for the integration of these models requires
synergyamongmeteorologists, CWE specisi§ and wind engineers. Testing and optimization

of the computational resources needed for this assessment is also required for these models to §f
integrated in industry practice.

Computational resources:The potential to use CWE for complexodelingranging from
multi-physics urban processes to laggale community simulations is intrinsically linked to the
availability and costs of the required computational resources. Computational investment is often
perceived as one of the main barrigr¢he adopbn of more onerous models such as LES. LES
is oftena requirednodelingapproach for answering the question at hasdt provides a more
comprehensive and tirgeependent description of the flow.

D
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Several factors contribute to increasing the computational costs of CWE simulations. Four
notable ones are relatedltranslation of architectural models into a computational mesh,
complexity of the city environment, parallelization of analysis on CPURIJ Gores, and
hardware. Finding opportunities for efficiency in the process is not trivial and needs a
multidisciplinary team that includes CFD specialists, wind enginaadssoftware developers.
Funding the development of opensource tools that run oe afficient resources such as GPU
and subsidizing/providg access to high powered computing (HPC) clusters is also a way to
broaden the use of more complex models.

44. Storm Type and Generation

The breakout was composed of the following members:

Moderator: Catherine Gorle
Scribe: Mattia Ciarlatani
Reporter: Abiy Melaku
Participants: Bilal Alhawamdeh

Yanlin Guo

Fred Haan

Faiaz Khaled

Marc Levitan

Lance Manual

David S. Nolan
Gongalo Pedro, Ph.D.

Dan Rhee

Delong Zuo

The storm type and generation breakout session discussed research needs in the areas of synoj
and nonsynopticwind generation in LES. The session participants recognized that accurate
simulation of the turbulent wind field is fundamental to obtainioguaate wind loading

predictions on structures. Furthermgparticipantsagreed that the current statietheart in wind

field generation only supports modeling a subset of the wind conditions of interest and that
future research should center arounahigantly increasing modeling capabilities for a range of
exposures and nesynoptic storm events. The breakout participants defined eight corresponding
research needs.

Support robust modeling of a wide range of exposures and atmospheric boundalgyer
stabilities and synoptic events to support definition of more realistic boundary conditions
This research need requires improving understanding of the coaptiogginflow, numeric,

wall functions, and sulgrid modeldo developcomputationally efficient gproaches to represent
upstream roughness elements. The latter is envisioned to be particularly usefutfiselow
building simulations.

Improve fundamental understanding of the relationship between the atmospheric
boundary-layer characteristics and the esulting wind loads and damagérom extreme
wind events This research needs to be explored using a combination of wind tunnel
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measurements, CWE, and field observations, leveraging tools from uncertainty quantification,
data assimilation, and/or ML. Thiesulting knowledge should be leveraged to identify the
relation between specific model choices for the CWE simulations and the resulting accuracy of
the wind loading predictions.

Identify guidelines and benchmarks for using inflow generation toolsTheseguidelines and
benchmarks should support CWE modelers in using established wind generation methods to
obtain representative wind characteristics at the building location of interest, considering both
synoptic and nosynoptic wind fields.

Develop new straegies for using largerscale atmospheric flow simulations of synoptic and
non-synoptic wind fields to inform realistic inflow conditions for CWE: This research will
support advancement beyond modeling wind tunnel boundary |&yessipport the
developmenbf methods for coupling and/or integrating mesosealdbuilding-scale
calculations, this research need includgsspeeeup of mesoscale simulationg) development
of methods to accurately compute pressures on buildings within mesoscale simdatiof@s
extraction of realistic boundary conditions from mesoscale simulations.

Leverage field observations during synoptic and noisynoptic storms to support the
definition of more realistic boundary conditions and improve CWE simulations:These field
observations should emphasize nggound measuremenasdmeasurements within the urban
environment. New methods, based on techniques such as data assimilation and machine learnir
are needed tieverage the field observations to improve CWE modetio use CWE to

complement field observations. In this context, recaggithat field observations are often
nonstationarys important Hence, new methods to analyze and compare nonstationary quantities
amongfield, CWE, and wind tunnel measurements will beeded.

Reduce computational costsThe computational casbf the simulations remains a limiting
factorin addressing many of the research needs and achignafigture vision. As such, there is
a clear research need for reducing the cost of the simudatiomugh more efficient codes,
numerical schemes, sigrid models, and machine learning.

Improve forecasting accuracy of norsynoptic storms:This research nead importantfor
obtaining field measurements of reynoptic storms such &sirricanes and tornadoes. To
support such field measurements, accurate predictions of the storm path are required.

4.5. Structural Engineering Applications

The breakout was composed of the following members:

Moderator: Bradley Young
Scribe: Austin Devin
Reporter: Jan Dale
Participants: Matiyas Bezabeh
Roy Denoon
Rakesh K. Kapania
Emily Kim
Long Phan

David Phillips
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Sumanth Reddy

Rob Rowsell

Ting Shi

Seymour M.J. Spence
Teng Wu

CWE guidelines for structural engineering applications: A fundamentally critical step in
broad acceptance of CWE for structural engineering applications is the development of a
guidelines ominimum requirements document that defines input and modeling paramétiers
which computational analysisiall comply. This guidelines document would be akin to ASCE
67, Wind Tunnel Studies of Buildings and Structyfe09) or the subsequent AS@E, Wind
Tunnel Testing for Buildings and Other Structuf2@21).Severakequired steps/ouldlead up
to thedevelopment of such a documeamidwould include verification of CFD results against
benchmark cases

1. Establishbenchmarkwind tunneltestingcases andesults

N

Make thesdenchmark cases available
3. Perform a series of blind CWE studies to validate resufid

4. Define CWE modeling and analysis parametbeas cansuccessfully capture the
performance and match results.

Theguidelines document would also include protocols for QA/QC of CWE simulation to
facilitate interpretation by practitioners and reviewers.

CWE for non-synoptic storms andwind-structure interaction: A long recognized limitation

of current physical wind tunnel testing is thtagxclusively addregssynoptic wind events and

is not readily modifiabldor generaing flow characteristics ass@ted with downbursts,
thunderstorms, tornads, or other norsynoptic wind eventsAlso well knownis that non

synoptic wind events such as thunderstorms are a significant component of the wind climate for
large geographic regions in thenited States Conputational wind tunnelsouldbe more readily
modifiableto generate the flow characteristics of these types of events, unlocking the potential to
study the influence of these types of storms on building structures.

Community-scale CWE investigation of esdential buildings: Low-rise buildings and
residential structures represent the vast majority of the overall building stock thiuilt
environment. Windstorm damage represents a large proportion of total property damage/loss
across all natural hazaxdt stands to reason that lewge and residential buildings dominate the
economic losses in such wind events. Yet these structures are rarely designed or evaluated basg
on wind tunnel tests due to their scale. CWE may provide aeffestive means tevaluate

these building structures atammunity orfineighborhood scale to better understand the local
wind environment imposed upon these structures during wind events. On this basis, improved
structural performance may be possible through enhanced design and/or construction
considerations, potentially reducing ovegaibperty damage/financial loss in strong wind events
at the smaller scale.

Larger geographicalscale CWEstudies, e.g., tornado passing through neighborhoadCWE
offers a powerful potential favaluatingargerfineighborhooescal® storm characteristicand
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the performance of residential buildings in these laigmale wind environments. Current
physical wind tunnels are scdimnited, andcurrent codeébased wind load approximatioase
unlikely to capture&ceomplex wind conditions around residential builgliclusters well .
Considering thaiostof the building stock consists of lerse residential buildings, CWE
provides a potential means to focus on theseghborhooescal® wind environments in a way
that previously was not possible.

Full-scaleinstrumentation (wind speed, building response, pressureMuch of the discussion
about the advancement of CWE has included the comparison of CWE results with results from
wind tunnel tests. Fundamentally though, the industry sorely lacks a sovhasnt of insitu
measurement data from built structures. With a more robust collectiorsitd imeasurements,
direct comparisons between thesitu measurements and the results from CWE simulations
could be made.

Interactive designtool: A potentially powerful aspe of CWE is the capability to perform a

large number of rapid, iterative simulations of various building forms to evaluate wind
performance. The architectural formaofall building is the singlenost influential factor in its

wind performance. If tall ilding forms can be rapidly evaluated and connected to a feedback
loop of form adjustments, this could become a valuable tool as part of the design process and
could lead to the use of less material to mitigate vimticed motion.
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5. Prioritization and Benefits of Recommended Research Needs

5.1. Prioritization of Research Needs by Workshop Participants

Following the breakout sessions, thierkshop participants reconvened into a single group and
reviewedthe recommended research needs from each se$aine 41 summarizes the
research needs

5.2. Overview of Recommended Research Needs, Activity Costs, and Time
Requirements

Based upon the workshop participants and coatliinof similarresearch needs by the
WorkshopSteering Committeghe research priorities weselectedandthe most urgent needs
were identifiedTable 51). The table shows the order of priority, the Priority Research Need,
and its estimated cost and tingections.3, Summariesf Research Priority Needs, describes

the needs in greater detail. These summaries include a description, estimated cost, estimated
time, measurement science challenges and potential solutions, stakeholders and roles, and
impacts on standardization and application in prac8eetions.4, 5.5, and 5.6describe the
comprehensivbudget andgcheduleinterrelationships among researchiaties, andtheir

benefits

The Workshop Steering Committee provided t
knowledge of costs of similar research eBo&stimated costs for each research topic are
provided using one of the following ranges: less than $1,000,000 (low cost); $1,000,000
$3,000,000 (moderate cost); and more than $3,000,000 (high cost).

Similarly, the Workshop Steering Committee estimatedtime requirements to properly

address each research topic, based on member experience with comparable research efforts.
Estimates are provided using the following time period rangesyéars (short time period)i 2

5 years (moderate time period), arnd.8 years (long time period).

Table 5-1. Workshop Research Priorities, as Voted on by the Workshop Participants.

No. Priority Research Needs Estimated Cost Estimated
Time

1 Development ofuidelinesminimumrequirements for | Moderate Moderate/ Long
the application of CWEncluding QA/QC protocols

2 Development of consensbssed validation case studi§ Moderate Moderate
using reliable wind tunnel data

3 Full-scale observation and instrumentation with CWH Moderate Long
integration

4 Enhancing existing and developing new databases | Moderate Moderate
appropriate for V&V of CWE

5 Community vulnerability through physical testing for | High Long
component fragility (residential scale)

6 V&YV virtual wind tunnel (with potentiainteractive Moderate Long
design tools)

7 Integration of mesoscale simulations with urban scal§ Moderate Long
models

h
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Someof the research needs identified in the individual breakout sessions were similar in scope
For that reasorthe WSC combined similar research nei@dis thosdisted in Table EL. These
research needs were then prioritized based upon the combinedegatesdrom theworkshop
participantsThe following summarizesow these research needs were combined.

1.

8 Sensitivityanalysis anduncertaintyquantification in Moderate Moderate
CWE

9 Leverage CWE to improve understanding between W Moderate Long
characteristics and effects

Development ofguidelinesiminimum requirements for the application of CWE,

including QA/QC protocols: This research need was the top research need identified in
the Computational Fluid Dynamics Design Tools, (e System Reliability and Risk

(A), and the Structural Engineering Applications (A) breakegs®onsand a research

need identified by the Verification and Validation Benchmark Testing (G) and the Storm
Type and Generation (F) breakout sessidhgse research needs were combined into
this one topic for prioritization by the overatbrkshop paitipants.The WSC
recognizedhis research need as the essential item required to move CWE forward into
practice and the workshop participants selected it as their highest priority

Development of consensubased validation case studies using reliable ad tunnel

data. This research need was the top research need identified in the Verification and
ValidationBenchmark Testing (A) breakout session #reksecond highest research need
identified in the Computational Fluid Dynamics Design Tools (B) breas@sgion and
combinednto this single research topithe workshop participants selected it as their
second highest priority.

Full-scale observation and instrumentation with CWE integration.This research
needcombineseeds identified in the Structurah&neering Applications (F) and in the
Storm Type and Generation (A) breakout session

Enhancing existing anddevelopingnew databases appropriate for V&V of CWE.
This research need was identified as the top need for the VerifieattbWalidation
Benchmark Testing breakout session.

Community vulnerability through physical testing for component fragility
(residential scale).The WSC combined research needs from the Storm Type and
Generation (B) and the Structural Engineering Appilicet (C)breakout sessionsto
this research need.

V&V virtual wind tunnel (with potential interactive design tools). This research need
was identified as the second highest research need by the Computational Fluid Dynamics
Design Tools (B) breakout sessi

Integration of mesoscale simulations with urban scale model$he WSC combined
research needs identified by the System Reliability and Risk (D) and the Storm Type and
Generation (CD, E) breakout sessions.

Sensitivity analysis anduncertainty quantification in CWE. This research need was
identified in the Verification and Validation Benchmark Testing (F) breakout session.
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9. Leverage CWE to improve understanding between wind characteristics and effects.
This research need was identified as the secortebbigesearch need by the Storm Type
and Generation (B) breakout session.

5.3. Summaries of Research Priority Needs

TheWorkshop Steerin@ommitteedevelopedhe followingin-depth summaries of the Priority
Research Needs identified in Section 5.2, which includes a description, estimated cost, estimate
time, measurement science challenges and potential solutions, stakeholders and roles, and
impactson standardization andpalication in practice.
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Priority Research Need 1: Development of Guidelines/Minimum Requirements for
the Application of CWE, Including QA/QC Protocols

Description: The overriding consensus among wn@kshopparticipants within the wind and
structural egineering industries is that CWE neajisdelines to bring a certain level of rigor to

its application. Such a document could help propel CWE to wider acceptance, wider application,
and more successful use within the wind and structural engineering iagustr

Theguidelines documerghould follow a performanekased approach like ASCE 42021)

does for physicakind tunneltesting bushouldincludeminimum performance criteria for CWE
simulations An overlyprescriptive approach to the document would limit innovation and
continwal development of CWE. Aenchmarking documeshould be created alongside the
guidelines to guide CWE practitiondrsproperly simulaing atmospheric and urban flows and
replicaing wind action and structural response. The benchmarking document should be
connected to aopensource databas# quality-controlled wind tunnel testing data for the built
environment. The database should provide structured data and key parametersdovalid
CWE tools and approaches.

The following steps are necessamyestablishguidelines, benchmarking documents, and
opensource databas&ome activities would naturally occur sequentially, and some could run in
parallel.

1. Establish performance critarfor theguidelinesminimum requirements document.

2. Establish a set of benchmark cases for which physical testing data are available to verify
the feasibility of the performance criteria and margin of errors.

3. Perform initialfiblindd CWE testing, given datled and accurate information on the
turbulent wind field in the experiment.

4. Perform followup testing to evaluate and define key CWE parameters to achieve
consistent results.

Document the CWE process.

6. Draft CWEguidelines document. Included with thisadl be the minimum requirements
for proper CWE simulatioanda definition of QA/QC protocols to substantiate the
simulation and facilitate the interpretation of the parameters and results by practitioners
and reviewers.

Estimated Cost:$1,000,000$3,000,000
Estimated Time: 5i 10 years
Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions
Defining benchmark wind tunnel results. Create diverse groups to arrivefiabnsensusresults
together.
Communicatinghe key input parameters while Prior discussions to outline parameters to be sharec
maintainingfiblindd CWE testing. initially or held prior to initial results.
Achieving sufficient agreement between the turbulef Outline a process to achieve and demonstrate a
wind field generated in the wind tunnel and the satisfactory level of agreement in the statistics of the
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corresponding wind field generated in the CWE three turbulent velocity components and the pressul
simulation the incoming wind field.

Achieving ayreement ora satisfactory level of Prior discussions to outline and define satisfactory
consistency between wind pressure and force correlation, and use of methods to account for
predictions from CWE and physical testing. uncertainties in physical testing and CWE simulatiol
Sharing inéllectual property with various stakeholde| Draft formalnondisclosureagreement and commitme
with differing commercial goals. statement.

Drafting guidelines document with input from variou{ Draft nondisdosureagreementind commitment
stakeholders with differing commercial goals. statement.

Stakeholders and Roles

Stakeholder Role

Universities/Research Organizations University laboratories perform CWE simulations an
physical wind tunnel testingndshare input parameter
and results

Industry Commerciawind tunnels Perform CWE simulations

and physical wind tunnel testing. Share input
parameters and results.

PracticingstructuralengineersParticipate in process.
Review resultandfacilitate communicatiommongthe
variousstakeholders.

Commercial CWEConsultantsPerform CWE
simulation testing. Share input parameters and resu
Standards Organizations Participate in the entire process. Help to facilitate
communication and information sharing. Review
progress results

Impacts on Standardization and Application in Practice

X A CWE guidelines documenwould facilitate the wider use of virtual wind tunnel testing
by defining a standard of care and in turn making virtual wind tunnel testing more
broadly accepted thaaver before.

X QA/QC protocols for CWEvould limit the need to validate the outcomes of numerical
models with physical testing, broadening the range of applicability of CWE in the built
environment.
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Priority Research Need 2: Development of Consensus-Based Validation Case
Studies Using Reliable Wind Tunnel Data

Description: Thedevelopment of consensbsased validation case studies using reliable wind
tunnel data is a critical part of a wdlinded future for CWE applications. A list of case studies
needs to be selected and organized based on various design tadj¢te V&V process should

be explicitly defined for practical use of CWE. Experimental results from the case studies are to
be extracted from various wind tunnel facilities and be conpraow, mid-, and highrise

buildings should be the main categories of the case staglidshe target is to generate lgcal
overall, static, and dynamic loads f@riousbuilding configurationandfor idealistic and

realistic exposure conditions.tHeseare achievedhe evolution of CWE in practical

applications can be based on the V&V of a series of cases of interest on empty domains (to chec
the turbulence statisticd the three velocity compontnin the turbulent wind field isolated
buildings (to V&V the conditions of simpler experimen&)d nonrisolated buildings (to V&V

the capacity of thenodelingto capture realife exposures). The series of cases shdelgend on

the final design tards. As a final step, the same wind flow conditions expressed in the
numerical seup shouldbe used fomodelingpressures on building configurations where
experimental data do not exist, with confidence that the computational results will be within the
margin of error.

Estimated Cost:$1,000,000$3,000,000
Estimated Time: 2i 5 years
Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions
V&YV process in terms of accuracy of wind field and | Standardizedechniques
pressures
Definition of list of all case studies Agreement of a committee of experts
Comparability of data from wind tunnel and Communication channéletweerexperimentalists and
computational studies computational experts to build consensus

Stakeholders and Roles

Stakeholder Role

Universities/Research Organizations: Research and propose standardized V&V techniqug

Industry: Assist with the range of design neefdgedback.

Standards Organizations: Follow the evolution of the research andlide it in
the new standards and protocols

Impacts on Standardization and Application in Practice

X Consensudased validation case studies are the most reliable path to create a design tool
with CWE for structural applications and clearly defihe level of performance of
numerical results. Outcomes from this research need will be a big part of the guidelines
and QA/QC protocaols.
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Priority Research Need 3. Full-Scale Observation and Instrumentation with CWE
Integration

Description: Buildings are dsigned and constructed based on best estimates of the loading that
is imparted upon the structure, and the response of the structure to these environmental loads is
estimated through the use of computer simulations/analysis software. Rarely are the input
assumptions or the situ behavior of buildings verified via fuicale monitoring.

As CWE emerges as a more viable tool in civil engineering/architecture, leveraging a
combination of field observations and numerical simulations to improve theresighnt
design of buildinggan yield significant benefitCWE offersthe potentiafor modelng wind
effects that are outside of the capabilities of most physical wind tuhmelging the verification
and validation of CWE to the processes that can be e physical wind tunnels would
hinder the ultimate potential of CWE as a tool.

The approach turbulent wind characteristics have an important effect on the wind loads,
highlighting the need to address the lack of-&dale data on neaurface wind caracteristics

during extreme wind events such as hurricanes, downbursts, and tornadoes. Measurements ma
for meteorological purposes tend to focus on larger scales and higher heights, while damage to
buildings is driven by the local turbulent wind chaeaistics near the ground. Improvitige
understanding of neaurface wind conditions in extreme wind events is crucial to improving
wind-resistant design.

Estimated Cost:$1,000,000$3,000,000
Estimated Time: 5i 10 years
Measurement Scienc&hallenges and Potential Solutions

Challenges Potential Solutions
Organizing a generally stand@ed protocol for Assemble steering group with requisite experience
instrumentation. form outline of instrumentation protocol.

Assemble candidate building list and identify corgac
relatedto those buildings.e., structural engineers wit
communication with those target building/ners.

Identifying candidate buildings arigellingd the
concept of instrumentation to the building owners.

Instrumentatiorfiroll-outod logistics. Budget time and expenses for deployment.
Data acquisition and processing. Maintenance of | Properly budget for longegerm (5 year?) data
instruments over time. acquisition and some maintenance.

Technical cheenges of installing instrumentation for
certain target measurements, for examgbatial wind
speeds or pressure measurements.

Establish seeringcommitteeto define proven
technologies and gaps.

Postprocessing of nonstationary data. Identify workinggroup tasked for pogirocessing with
requisite experience.

Integration of observati@hdata with CWE Application of novel methods from data assimilation

simulations. uncertainty quantificatiorand machine learning.

Stakeholders and Roles

Stakeholder Role
Universities/Research Organizations Assist in defining the standard
monitoring/instrumentation protocol.
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Execute measuremecéimpaignsprocess data, and
perform accompanying CWE simulations, including
integration with measurement data.

Industry Assist in establishing contacts and agreements with
target buildings.

Collaborate with universities on measurement and
simulation efforts.

Standards Organizations Steering, organization of the various required workir
groups(instrumentation, building liaison, redut,
acquisition and postprocessing

Impacts on Standardization and Application in Practice

x Enhancehelimited pool of verification of irsitu testing against isitu testing for
improved impact of CWE within the industry.
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Priority Research Need 4: Enhancing Existing and Developing New Databases
Appropriate for V&V of CWE

Description: An indispensable part of the V&V process is #wailability of good wind tunel
data that computational wind engineers can rely on. The steustihe data necessary for this
process exceeds the current state of information found in databases. Computational wind
engineers need to take control of this information to achieve dasre CWE.

In this respect, this researnbeds to refer to enhancing the existing databases and developing
new ones that will include the proper range of informatianpEasis should be placed on
detailed characterization of the turbulent approach wittitae resulting turbulent wind field at
the test specimen locatioDetailed wind tunnel configurations, velocity time series ofthinee
velocity components of thentire incident flowprofile, and pressure time series on the entire
building envelope fovariousbuilding geometries are the main needs for V&V of CWE.

Uncertainty quantification of the experimental results should be conducted baseckominty
(e.g., spanwise variability) in the approach wind fiebdperimental error, and post processing
techniques. The new databases should include experimental results for more than one
geometrical scaling factdrpossibly full scald and for differebhexposure conditions that
represent coddefinedand realistic urban surrounding$on-synoptic windconditions should
also be included in the future database collection. The target of this research is to extract
comparable results from variousnd tunnds to supporthe V&V process of CWE in a
standardized form.

Estimated Cost:$1,000,000$3,000,000
Estimated Time: 2i 5 years
Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Agreement on list of experiments aindormation in Create a committee of specialists from universities 4
the database the profession

Every wind tunnel is differentomparability of results| Identify specifically the experimental conditions that
should be applied

Enhancingexisting databases Establish ommunication channel with the
experimentalists of those facilities
Uncertainty of experimental results Multiple experimental runs in various scaling factors

establish the uncertainty and experimental error
Needfor expermental results from various facilities | Collaboration of multiple research and industry wind
tunnels to gather all necessary experimental data

Stakeholders and Roles

Stakeholder Role

Universities/Research Organizations Conduct experimentspprove, and improve the V&V
procedure

Industry Conduct experimentsnd givefeedback regarding the

design needs and adequacy of the developed datak
to cover them

Standards Organizations: Follow the evolution of the research and include it ir]
thenew standards and protocols
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Impacts on Standardization and Application in Practice

x The outcome of this research will create the foundation of the appropriate V&V of CWE.
The developed database will be included in standards that practitioners caapsy to
CWE reliably and eventually establish it as a design tool.
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Priority Research Need 5: Community Vulnerability through Physical Testing for
Component Fragility (Residential Scale)

Description: Vulnerability analyses to extreme wind events are tylyicarried out for isolated
assets (buildings or infrastructures) and provide a measure of losses (e.g., repair costs or
downtime) due to wind hazards based on the asset exposure and the fragility of its components.
Fragilities are developed in laborat@gmvironments under testing protocdost historic

testing of component fragilitidgsasbeen conducted under seismic loading protocols.

Due to the duration of windstormsomponents in windhave the potential for both failure and
fatigue.Developing fragilities for key components under a wind loading protocol would benefit
building scale/individual asset level vulnerability assessments.

Conducting a vulnerability assessment at a commuciye would allovihe mappingof areas

of the communty at greater risk and prioritizing interventions. CWE has the potential to support
communityscale wind analyses, due to its capabilities to run {acgée simulations and

potential to reproduce different storm types. The outcomes of CWE models wedltbrige
integrated with the fragility curves obtained through physical testing to providedapih
vulnerability analysis ofthe entire building stock to current and future wind conditions.

A workflow that combines the compondatel fragility curveswith the results of largscale

CWE simulations is not yet defined and should be developed by a multidisciplinary team
including wind and structural engineers and computational fluid dynamics, risk, and climate
specialists. One of the challenges that ¢htaup would have to face is the significant
computational resources that are required for such large simulations. Finding ways to optimize
computational resources in collaboration with software engineers and HPC specialists will be
required to make thigype of study accessible to the broader industry.

Estimated Cost:More than $3,000,000
Estimated Time: 5i 10 years
Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions
Building a library of fragility curves under wind Prioritize building elements based on their
protocols for the large variety of building componen{ vulnerability to extreme wind events, focusing on
requires significant resources. communities with high likelihood of exposure.

Leverage the potential of faster computational
resources (HPC, GPU) and approaches (Mtificial
intelligencg to reduce computational costs.

Engage with structural engineers and with CWE, ris
and climate specialists and support multidisciplinary
interest groups.

Fund researcto develop better understanding of
multiple climate mechanisms and implementation fg

Communitywide CWEsimulations are
computationally intensive.

A successful integration of the fragility curves in the
CWE workflowrequires a multidisciplinary team.

Modelingof different storm types in CWE is not yet
established in the industry.

CWE.
Stakeholders and Roles
Stakeholder Role
Universities/Research Organizations Perform laboratory testing and data collection to
support the definition diagility curves.
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Establish methods for combining componkavel
fragility curves with communitywise CWE
simulations.

Provide multidisciplinary expertise.

Industry

Provide multidisciplinary expertise.

Develop relationship between cost atadnage for
different building types.

Provide risk assessment expertise.

Standards Organizations

Integrate fragility curves in codes and standards.

Communities aRisk

Advocate for resiliencbased wind design.

Impacts on Standardization and Application in Practice

X Increase accuracy muantitativeresiliencebased wind design practice in the industry

X Reduce the impact of extreme wind events in vulnerable communities.
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Priority Research Need 6: V&V Virtual Wind Tunnel (with Potential Interactive

Design Tools)

Description: The development of a virtual wind tunnel offers a comprehensive computational

platform for conducting CWE simulations, bridging the gap between academic and design
community applications. By providing suchenactive design tools, users can configure
structural profiles and flow parameters similatiiose ofa physical wind tunnel. This enables
the evaluation ofheaerodynamic performance of structures through CWE simulations. To
enhance user experienceg implementation of software tools like Jupyter Notebooks can
provide a usefriendly computing environment for performing CWE simulations within the

virtual wind tunnel.

One important aspect is the model accuracy of the virtual wind tunnel, which ne&tssu&

experimental and computational data from different sources. The V&V process encompasses

detailed modeling information, including mesh generation andgrosessing, and guidelines
supported by documented CWE case studies. This process enabiggidieon of the virtual
wind tunnel model and enhances confidence in its predictive capabilities.

Estimated Cost:More than$3,000,000
Estimated Time: 5i 10 years

Measurement Science Challenges and Potential Solutions

Challenges

Potential Solutions

Insufficiency of the validation database.

Efforts should be dedicated to gathering data throug
experiments and simulations. It is highly encourage|
for researchers to publish and document the
experimental and simulation saps for the contiral
enhancement of the aerodynamic database.

Design of the interfacand workflows of virtual wind
tunnel.

Start by understanding the fundamental features thg
users need to perform CFD simulations. Involve
potential users in the design procesgdther feedback
and insights. Use effective visualization techniques
present simulation results.

Consensus on model parameters and accuracy.

Document the parameters and assumptions for CFL
simulations in the virtual wind tunnel. Benchmark thi
CFD modelby comparing results with the experimen
data or through crosmlidation. Provide the
acceptance criteria for the error bar. Seek input fron
domain experts.

Educate users on use of thigtual wind tunnel to
achieve accurate results.

The efforts wouldnclude comprehensive
documentation and interactive tutorials. Users shou
have access to guidance on how to set up simulatioj
and analye results. User support channels such as
forums can be provided to assist users with questiol

Stakeholders and Bles

Stakeholder

Role

Universities/Research Organizations

Develop and conduct the V&V fahe virtual wind
tunnel, which involves creating benchmark cases,
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performing simulations, analyzirtge results, and
documenting the case studies.

Industry Participate and test the platform to collect the specif
needs and requiremerits industrial applications.
Standards Organizations Review the process in establishing guidelines and

standards fothe virtual wind tunnel.

Impacts on Standardization and Application in Practice

x The virtual wind tunnelould streamline and standardize the process of conducting
CWE simulations.

X The virtual wind tunnel would provide a computational platform accedsilideth
academia and industry, fostay collaboration and knowledge sharing.

X The integratiorof V&V practices irto the virtual wind tunnel is essential to guarantee the
accuracy and reliability of CWE simulations.
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Priority Research Need 7: Integration of Mesoscale Simulations with Urban Scale
Models

Description: Thelower 1,600 ft (~500 m) of thaetmospheridounday layer drives the
interaction between the atmospheric flows and the built environameinepresents the interface
between CWE and mesoscale modeM/P models are being run at increasingly higher
resolutionsand oneway nested grid approaches have hessd to predict wind flow in urban
areas. However, these methods have not yet become industry standards due to the complexity @
the coupling techniques, their computational caatsl themodelingexpertise required.

Unlocking the integratiobetween NWP and CWE models is a key research need for the built
environment. It could leverage on the ability of mesoscale models to predict the effects of a
changing climate at regional and building scales. It would provide an understanding of urban
processes at highesolution angbrovidea better characterization of the wind flow with height. It
could also allow CWE to simulate a wider variety of climate mechanisms and topoghagdty
flows, currently limited by the capabilities of both CWE and physitadeling

Research efforts could consider, for example

x Validation and use of mesoscale models for defining more realistic inflow conditions for
CWE, both for conventional boundalgyer flows and other wind events

x Definition of a computationally efficient workflow and guidelines to enable a larger
uptake of these simulations in the industry

X ldentification of the most suitable parametrization techniques for different wind events
and urban processeand

x Use of immesed boundary or fitted mesh approaches, involving methods to handle
turbulence generation near nested grid boundaries.

Estimated Cost:$1,000,000$3,000,000
Estimated Time: 5i 8 years
Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions
Difference between formulation of NWP models and Collaborationamongmeteorologists, wind engineers,
standard CWE models (e.qg., use of constant CWE specialistsand software developets identify
temperature, dry air) can complicate integration. efficient and novel integration methotifet draw on

methods for data assimilation, machine learning, an
uncertainty guantification.

Accuracy of methods to handle turbulence at interfal] Evaluation of accuracy through V&V and compariso
between different grid resolutions. with field observations.

Computational cost of higresolution NWP models. | Leverage opportunities for acceleration by usingne;
generation computing platforms (including GPUSs) al
machine learning methods
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Stakeholders and Roles

Stakeholder Role

Universities/Research Organizations Establish methods for muisicale integration through
collaborationamongmeteorologists, wind engineers,
and CFD researchers.

Industry Participate in research efforts gmavide guidance on
the use of integration methods in engineering practi
Standards Organizations Review process for incorporating methods in

guidelines and standards

Impacts on Standardization and Application in Practice

x If adequately standardizeohd validated, the integration of mesoscale and buHsoade
simulations provides opportunities for more realistic wind loading predictions.

X The integration of larger meteorological systems like thunderstorms and tornadoes in
CWE would support communilyased vulnerability assessments and more resilient wind

design.
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Priority Research Need 8: Sensitivity Analysis and Uncertainty Quantification in
CWE

Description: CWE involves solving a polparametric mathematical system of equations, with
nonlinear interactions between the parameters and the quantities of interest. The complexity of
the models highlights the need for CWE to include standardized sensitivityiargadgs

uncertainty quantification for results that will be used in practical applications, meeting certain
criteria to provide confidence in the predicted peak design loads. A central consideration in all
research efforts toward this goal should be a géized procedure that simplifies th@eraction
amongthe parameters of grid resolution and quality, numerical schemes, inflow boundary
conditions, the suigrid turbulence modeand posfprocessing techniques. The final target is to
answer thdollowing questionWhich parameters should be thoroughly investigated and
calibrated, such that realistic error bars can be defimbite maintaining a reasonable balance
between accuracy and computational cost/complexity of procedures? The answer to this questio
is vital for reaching a state where CWE can be used as an independent tool for design against
wind loads and is closely related to the-ptandard/guidelines that will be developed in the

future.

Estimated Cost:$1,000,000$3,000,000
Estimated Time: 2 5 years
Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions

Generalized sensitivity analysis procedure Quantify and qualify the interaction of each paramet
with the design targets

Turbulence decay from inflow tacident flow Revise the already established procedures and dev
ones that are more promising

Mesh resolution Parametric studies that relate various design targets
mesh formulation

Computational efficiency/complexity Develop new techniques basaul coarser
computational domains, improve solution algorithms

Stakeholders and Roles

Stakeholder Role

Universities/Research Organizations Conduct research to estimate the sensitivity of each
parameter and propose standardized procedures fo
defining error bars of CWE results.

Industry Provide £edback regarding applicability of the
standardized sensitivity analysis
Standards Organizations Unify the various outcomes into one document.

Impacts on Standardization and Application in Practice

Xx This research wil/ be a fundament al part
improve the understanding of the complexityraddelingtechniques, while at the same
time providng procedursthat inspire tust in computational results from practitioners
via reliable error bars.
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Priority Research Need 9: Leverage CWE to Improve Understanding of Wind
Characteristics and Effects

Description: Incomingwind characteristics significantly influence the predictad peak design
loads. The mean wind profile primarily affects the mean pressure coefficients, while the three
turbulence components defined by their intensities significantly affect the fluctuating pressures.
The turbulence length scales (nine total)as® known to affect the flow patterns and resulting
pressure distribution around buildings.

The sensitivity of the pressure predictions to the incoming wind field is an important challenge in
validation and benchmark studjesd it also raises important questions regarding the actual

peak design loads that a building might experience. Actual turbulent wind statistics might deviate
from the idealized assumptions typically used and the si@dace characteristics of the

turbulent wind field during extreme wind events, which cause most of the damage, are not fully
understood. Hence, the wind pressures experienced by structures during extreme wind events
have significant uncertainty because of the uncertainty in the turbuleshicivaracteristics.

This research aims to leverage CWE to improve our understaofiihg interactiorbetween the
turbulent wind statistics and the resulting wind pressures on the building surface. New methods
to systematically investigate and quantifysthelationship should be proposed, with a focus on
identifying the required level of accuracy in the wind statistics to achieve a specific level of
accuracy in the predictions. This level of accuracy is expected to be different for different
guantities ofnterest (e.g., mean base forces and momentseek cladding loads on a panel).

Estimated Cost:$1,000,000$3,000,000
Estimated Time: 2i 8 years
Measurement Science Challenges and Potential Solutions

Challenges Potential Solutions
Need to differentiat between isolated building and | Consider a range of isolated buildings and urban ar
urban area analysis. test cases.
Turbulence evolution from inflow to incident flow Simulation efforts to carefully quantify the flow
needs to be carefully accounted for. conditions, ideally using an empty domain simulatio

that uses an identical sa@p as the subsequent
simulation with he building(s).

Different analysis required for different extreme win¢ Considewariousextreme wind events and leverage
events. nondimensionalization to support generalization of
findings.

High sensitivity of wind pressures to wind conditiony Combine CWE, wind tunnel measurements, field
geometrtal configurations, and measurement or observations, and/or largeale weather models for
numerical methods can complicate generalization o carefully selected test cases to advance knowledge
conclusions. the relationship between wind characteristics and
effects.

Stakeholders and Roles

Stakeholder Role

Universities/Research Organizations Perform studies that leverage CWE simulations, wir|
tunnel experiments, fullcale observations, and
mesoscale models to elucidate the relationship betw
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wind characteristics and effects f@mriousquantities
of interest (e.qg., cladding pressures or base forces ¢
moments).

Industry Participate in research efforts and provigigdance on
practical significance of research questions and
findings.

Standards Organizations Formalize research findings into standards and
guidelines for CWE simulations.

Impacts on Standardization and Application in Practice

X A better understanding of the relationship between wind characteristics and effects will

support guiding research efforts toward improving the accuracy of wind pressure
predictions.
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5.4. Proposed Program Budget and Schedule for the First 10 Years

Based on the Priority Research Summaries provided in Séc8pmable5-2 summarizes the
proposed program budget and schedule for the first 10 years. Effort was made to identify where,
and which, research efforts depemdor need subsequent efforts. These relationships are
explained in more detail following the table.

Table 5-2. Proposed Program Budget and Schedule for the First 10 Years (Amounts in Thousands of
Dollars).

Rank [ priority Research | Year | Year | Year | Year | Year | Year | Year [ Year | Year | Year
No. Needs 1 2 3 4 5 6 7 8 9 10 Total

Development of
guidelinesminimum
requirements for the
application of CWE,
including QA/QC
protocols $600  $600 $600  $600  $600 $3,000

Development of
consensudased

2 validation case
studies using reliable]
wind tunnel data $1,500 $1,500 $3,000

Full-scale
observation and
instrumentation with
CWE integration $300  $300 $300  $300  $300  $300  $300  $300  $300 $300 | $3,000

Enhancing existing
anddeveloping new
databases appropriat
for V&V of CWE $1,500 $1,500 $3,000

Community
vulnerability through
5 physical testing for
component fragility
(residential scale) $600 $600 $600  $600  $600 $3,000

V&V virtual wind

6 tunnel (withpotential
interactive design

tools) $600 $600 $600  $600  $600 $3,000

Integration of
mesoscale
simulations with
urban scale models $600 $600 $600 $600  $600 $3,000

Sensitivityanalysis
anduncertainty
guantification in
CWE $1,500 $1,500 $3,000

Leverage CWE to
improve

9 understanding
between wind
characteristics and
effects $375 $375 $375 $375 $375 $375 $375  $375 $3,000

Total Research Estimated
Costs: $6,375 $6,375 $1,875 $3,075 $3,075 $1,875 $1,875 $1,875 $300 $300 | $27,000
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5.5. Interrelationship of Research Activities

Tables 51 and 52 list the topnineresearch needdentified duringthe workshopEach of these
research needs seeks to improve the built environment through development of standards and
techniques that will allow the practicing structural engineersetCWE toolsto determinghe

wind loading and effects caused by wind events, bgticéy and extreme, that are required for

the structural design of their projec®onsequently, completion of certain research needs will
depend on the status, development, and perhaps completion of other researchhieeeds.
WorkshopSteeringCommittee oférs the following commentary regarding the likely
interrelationships of the research needs.

Short-/moderate-term needs:Priority Research Need 1 (Developmengafdelinesminimum
requirements for the application of CWE, including QA/QC protocols) canmarstl proceed
immediately with input during completion froRriority Research Need Dévelopment of
consenswhasedvalidaion casestudiesusing reliable wind tunnel datewvhich should start
concurrentlywith or slightly prior toPriority Research Neetl. Completion of either of these
research activitiewill need to be connectedttee findings ofPriority Research Needs 4
(Enhanang existing and developing newatabaseappropriatdor V&V for CWE), 6 V&V
virtual wind tunnel)andfollowed byPriority Research Need 8 (Sensitivagalysis and
uncertainty quantificatiom CWE), to complete the final guidelines and standards noted in
Priority Research Need Each of these research needs will provide valuable input into the
developnent ofa guidelinethat can be used as the bdsisdeveloping CWE for practice.

Moderate-/long-term needs Priority Research Needs 3 (Fdtaleobservation and
instrumentation with CWImntegration) and 9 (Leverage CWE to imprawvelerstanding
betweerwind characteristicandeffects) pertain to understanding wind effects on the built
environment to use as a validation of the CWE modéisese research needs can be launched
independently, but do work together, and need to start immediately as botlkeval s$abstantial
amount of time to complete.

Priority Research Needs 5 (Commumtyinerability through physical testirfgr component
fragility) and 7 (Integration of mesoscale simulations with urban scale models) relate to the
exparsionof CWE beyond the individual building/structure to understand the wind effects on a
community with the overall goal of using CWisthe basis of more resilient communiti#hese
two needs should be initiated sqdmut the results of thpreviously listedesearchactivitieswill

need to be understood before they barfinalized.

5.6. Benefits of Implementing Research Activities for Computational Wind
Engineering

The benefits of the recommended research program inttiedellowing

x A CWE guidelines documemnwould facilitate wider use of virtual wind tunnel testing by
defining a standard of care atildismaking virtual wind tunnel testing more broadly
accepted than before.

X QA/QC protocols for CWEvould limit the need to validate the outcomesaimerical
models with physical testing, broadening the range of applicability of CWE in the built
environment.
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Consensudased validation case studies are the most relmbthodto create a design
tool with CWE for structural applications and clearlyide the level of performance of
numerical results. Outcomes from this reseavohld be a big part of the guidelines and
QA/QC protocols.

The outcome of this researalould create the foundatidior appropriate V&V of CWE.
The developed databas®uld be included in standards that practitioners can use to
apply CWE reliably and eventually establish it as a design tool.

Accuracy in quantitative resiliend®msed wind design practice in the industguld
increase

Theimpact of extreme wind events in velable communitiegould be reduced

The virtual wind tunnelould streamline and standardize the process of conducting
CWE simulations.

The virtual wind tunnel would provide a computational platform accessible to both
academia and industry, which fostemdlaboration and knowledge sharing.

If adequately standardized and validated, the integration of mesoscale and ksgaliang
simulationswould provide opportunities for more realistic wind loading predictions.

The integration of larger meteorological ®ms like thunderstorms and tornadoes in
CWE would support communiigased vulnerability assessments and more resilient wind
design.

A better understanding of the relationship between wind characteristics and wiialtts
support guiding researdfforts toward improving the accuracy of wind pressure
predictions.

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

x Reduction in the traumatic life loss, injury, damage, and economic impacts when
windstorm events occur

x Rapid recovery and restoration of physical communities and economic activities
following a significant windstorm everand

X Reduced initial investments required to achieve-cisksistent design and construction of

buildings subjectetb wind events.

Upon the development of the guideline document, the use of WWVikEl allow more designers
and projects that typically do not have the design budget or design time to utilize a physical wind

tunnel studyAlso, CWEwould offerthe benefit &providing communitylevel wind effects

studies that can identify the areas of highest potential for damage anthiessill allow for the

development of more resilient communities and help prevent loss ahlifeconomic loss
extreme wind events.




Computational Wind Engineering: Tools and Techniques

6. Acronyms and Abbreviations

ABL
Al
APC
ASCE
CFD
COST
CPU
CWE
GPU
HPC
1SO
LES
ML
NHERI
NIST
NWIRP
NWP
QA/QC
RANS
SEI
TPU
V&V
WSC

atmospheridooundarylayer

Architectural Institute of Japan

atmospheric pressure change

American Society of Civil Engineers
computationafluid dynamics

European Cooperation in Science dmathnology
central processing unit

computationalwind engineering
graphicalprocessingunit
high-performancecomputing

International Organizatiofor Standardization
largeeddy simulation

machinelearning

Natural Hazards Engineering Research Infrastructure
National Institute of Standards and Technology
National Windstorm Impact Reduction Program
numericalweatherprediction

guality assuranckguality control
Reynoldsaveraged Naier-Stokes

Structural Engineering Institute

Tokyo Polytechnic University

verification andvalidation

Workshop Steering Committee
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Appendix A.In-Depth Discussion of Priority Research Needs

A.1. Priority Research Need 1. Development of Guidelines/Minimum
Requirements for the Application of CWE, Including QA/QC Protocols

Computational methods for simulating and evaluating wind action around objeets¥isted in

some industries such as automotive and aerospace for quite some tianefandy established

as an accepted approactconsiderations afionturbulent enviramens. The relatively recent
emergence of such computational simulations withircivie engineeringarchitectural

industries, combined with the accessibility of these tools to the general user through opensource
platforms, hasimultaneouslynade such tls widely accessible and exposed many challenges

in undertaking such simulations.

Some of these challenges are lack of adequate technical knowledge/background in computation
methods and wind engineeriiigthe general user, difficulty in properly captg the unique

flow characteristics of turbulent bounddayer flow around bluff bodies, and limited

computational capacity to perform such simulationsieasonable tinfeame As a result, the
application of CWE for the built environment has suffdogalevelopinga reputation for mixed,
inconsistent, or inaccurate results for some applications, and the perceptOWih&tols allow
afiwild wesb sort ofapproachwithout formal standards or guidelines for htevperformsuch
simulations or any documented methodoltgygemonstrathat such simulations were

performed in a technically sound manner.

Despite the challenges in the emergence of CWE applicatiamnsgliengineeringarchitecture,
the high potential for CWEo reach beyond some of the limitations of physical winthel
testingis generally acknowledged

Over the past few decades, as wind tunnel testing was emerging as a more common means to
evaluate wind effects on building structures, members of the wind enigigéendustry began
formalizing and documenting a minimum set of requirements for performing wind tunnel testing.
These minimum requirements first appeared mmaual ofpractice and recently were updated
andmadeinto an ASCE/SE#tandard (ASCE 49, 2021The standard uses a performabesed
approach irdefiningthenecessary and measuratdguirementsWhile this documentequiresa
certain level of rigor in the performance of wind tunnel testing, in effect it facilitates the wider
use of wind tunnelesting by defining a standard of care and making wind tunnel testing more
broadly accepted than before.

The overriding consensus among interested individuals in the wind engineering and structural
engineering professions is that CWE needs simgliédelines to bring a certain level of rigor to

the application of CWESuch a document could help propel CWE to wider acceptance, wider
application and more successful usethe wind and structural engineering professions. This
concept ofdevelopingguidelines for CWE was perhaps the strongest common thread throughout
the CWEworkshop and discussed by all theakoutgroups in some form. The guidelines are
considered to be absolute necessity in moving CWE forwandhe civil/ architectural

professions.

The guidelines document should follow a similar performdrased approach as the ASCE 49
(2021)example for physical model wind tunnel testing. A too prescriptive approagta Wmit
innovation and contiral development of CWE, which is a rapidly evolving field. The guidelines
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should identify minimum performance criteria for CWE simulations and provide guidance on
reporting to demonstrate alignment with accepted practicéaaiiate thirdparty reviews. The
guidelines could address demonstration of the following key components, among others
modelingof the atmospheric flow characteristics, velocity spectra, length scales, stationarity of
the boundary layer, length of sitation time, flow structures in the wake, extreme value
approach taken to derive loads, and time histories at a seriesadfpred monitoring points.

A differentiator of CWE with respect to physical testing is the-tmst barrier of entry for
practitioners, due to technological advancements and availability of opensource tools. Many of
these practitioners mdsick access to reliable wind tunnel testing data and wind engineering
expertise to develop and benchmark their CWE capabilities in the builbement. The

variability of skills and therefore the variability of CWdtitcomesontributes to the perception

of CWE as an unregulated and potentially unreliable approach fomaodeling A

benchmarking document for CWE should be created alongside idediges to guide CWE
practitionersn properly simulang atmospheric and urban flows and replicgiwind action and
structural response. The benchmarking document should be connected to an opensource datab:
of quality-controlled wind tunnel testing tafor the built environment. The database should
provide structured data and key parameters for validation of CWE tools and approaches.

The following is a brief discussion of the stépgolved inestablising the guidelines,
benchmarking document, andesisource database. These steps are included in the intended
research effort for establishing this set of documents.

1. Establish performance criteria for the guidelinesiminimum requirements document:
Developa minimum set of outcomdsased performance criteria to evaluate CWE results
in the built environment. Separate criteria may be defined for different applications
(atmospheric flows, environmental concerns, pollutant dispersion, static loadihg,
dynamicloading).

2. Establish a set of benchmark caseg&stablish benchmark cases for which physical
testing data are available to verify feasibility of the performance criteria and margin of
error.Summarizeall relevant input, testing, and pgatocessing paraners. Make these
parameters availabte incorporaé into CWE studies. Store the wind tunnel data in a
structured database that could become open source.

3. Perform initial CWE testing: Performfblindo CWE testsbased on selected benchmark
cases. While the itial tests would be blind to the full set of results from the selected
consensus wind tunnel tests, ultimately this process wibieiterative to adjust the
parameters of the computational simulations if initial result$rexansistent with the
seleced consensus wind tunnel results.

4. Perform follow-up CWE testing: Once acceptable correlatiemistsbetween the results
from the selected consensus wind tunnel results and the CWE simulations (likely after
iterative adjustments to the simulation paramedesassumptions), perforfurther
blind CWE testing on additional selected consensus wind test cases. This is to verify the
ability of the CWE simulations to consistently match the results (to within an acceptable
degree) from the wind tunnel tesises, without the need for adjusting or iterating the
simulation parameters to settle on the known outcomes.
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5. Document the CWE processAfter determiningkey modeling parameters from the
successful CWE simulations, document these key parameters anditipebBWE to
match the wind tunnel results. This document will serve as a reference for the guidelines
and provide information for the benchmarking document and opensource database.

6. Draft CWE guidelines document:A small group, but onthat representall interested
and knowledgeable partieshouldbe formed to write the guidelineBhis document
should includehe definition of QA/QC protocols to substantiate the simulation and
facilitate the interpretation of the parameters and results by practitmnereviewersA
smallpeerreview panel for periodic review of the draft documeyaty be desiredlhe
goal for such guidelines document may be an AS@&nual ofpractice, similar to the
earlyversion of thevind tunneltestingguidelines (ASCE Manualsnd Reports on
Engineering Practice 6Wind Tunnel Studies of Buildings and Structude€99.

This will be a multiyear effortthatrequiresthe participation of experts in computational
science, wind engineeringyd structural/civil engineering and requsrihe use of wind tunnel
testing facilities and computational resourcesme of the listedctivities naturally occur
sequentially and soe could run in parallel.

A.2. Priority Research Need 2. Development of Consensus-Based Validation
Case Studies Using Reliable Wind Tunnel Data

A high-priority research need identified during the workskopcernghe development of
consensudased validationase studies using reliable wind tunnel data. The case studies that
need to be included should be organized based on various designameketthe V&V process
should be explicitly defined for the practical use of CWE. Experimental resultdliesecase
studieswill be extracted from various wind tunnel facilities to create an acceptable V&V
process, as discussedIectiond.3, ando define the target accuracy to expect from
computational results. It is highly desirable that wind tunnel data contairbanand catalog
uncertainties.

Low-, mid-, and highrise buildings should be the main categories of the case studies, by also
considering similar pressure taps distribution. In this way, comparable results can be generated
from various wind tunnels that do not include the variability of spatsddaracies. Both local

and overall dynamic loads on walls and roofs must be targeted to cover all the possible design
needs that rise in industrial applications. Building configurations (aspect ratio of the three
dimensional testing models) should varyeapresent real, contemporary buildirsggiso the

V&V process reflects current industrial needs.a next step, case studies for irregular shapes,
like L- or T-shaped or with curved surfaces, should also be includedcafohrementioned

categories could birther classified based on the exposure conditions in the wind tunnels.
Open, suburban, and specific urban exposuresigudated buildings) should be established that
follow the definition of code provisions.

A consensudbased validation also meansttearor and accuraayuantificationshould be
accomplished in a specified way, so the engineers that apply CWE techniques can prove the
adequacy of the numerical sgt, based on a given format of calculations. This procedure should
first regard the turbeince field that immediately interacts with the target building, in an empty
computational domain, to not affect the flow field from the building presence. Validation metrics
need to be identified thabnsidermean speed, turbulence intensapnd integralength scale
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profiles in the incident flow to match the physical exposure of the model in the wind tunnel with
the computational domain. The spectral content also needprisenthe wind tunnel data, at

least for the range of frequencies relevanhtexperimental procedurghe rext step should be

to establistthe validation metrics of the pressure coefficients on the entire building enyelope
which shouldconsidemean root mean squar@eak valuesand spectral content for local and
overall loadsAs presented iAlJ (2015, the validation metrics are compared with two different
experimental results (for an isolated and a-ismhated building) and the target level of accuracy
for mean and peak pressure coefficients is 20%.

To base the case studien reliable experimental data, the experiments should be conducted
under the provisions &SCE 49 (202}, and thedocumentation should include the necessary
information for V&V of CWE, as discussed 8ection4.3 and Appendix A.4. If the
aforementionegoalsare achieved, the evolution of CWE in practical applications can be based
on V&YV of a series of cases of interest on empty domains (to check the turbulence statistics),
isolated buildings (to V&V the conditions of simpler experimerdasd norisolated buildings

(to V&V the capacity of thenodelingto capture redlife exposures). As a next step, the same
wind flow conditions expressed computationally in the numericaligsehouldbe used for
modelingpressures on building configurat®where experimental dada not exist. For

example, if the local design pressures for higk buildings are targeted, several case studies
that refer to this issue should be validated and verified prior to using the numerigalasean
independentdol. In the list of case studies that need to be validated and veitiiiednportant

not to restrict the validation metrics to specific locations of interest for design (e.g., only on the
windward wall) but to ensure that theodelingprocess capturdbe essence of the physical
pressure field due to wind in the entire building envelope. Integrated pressures over the building
surface leading to moegeneralized loads should also be validated and compattethe high
frequency base balance results.

A.3. Priority Research Need 3. Full-Scale Observation and Instrumentation with
CWE Integration

Buildings are designed and constructed based on best estimates of the loading that istimparted
the structure, and the response of the structure to these envirohimesigdas estimated through

the use of computer simulations/analysis software. Rarely are the input assumptions sitihe in
behavior of buildings verified via fucale monitoring.

Thecivil engineering/architectunadustry sorely lacks isitu meaarementf wind effects on

tall buildings. In the past, due primarily to scale and network infrastructure, the hardware needed
to suitably instrument a tall building was substantial and therefore challenging, both logistically
and financially Otherflogistical challenges includitgetting agreement and accéssn the

owner to instrument the structuilsolated instances of tall building monitoring progrdrase
occurredn the past (KijewskiCorreaet al, 2006, along with a few athocmeasurements taken

and documented during major storm events. These programs, however, are quatelratdle

they are invaluable, there simmyenot enough data available for definitive conclusiaheut

the wind loading andveml structural resporscharacteristics for these building types.

Comparedwith tall buildings, more fuliscale experiments and monitoring campaiggage been
implementedor low-rise buildings (RichardsoandSurry, 1991; Richardson et al., 1997,
LevitanandMehta, 19924p; Liu et al., 2009; Subramanian et al., 2005; Subramanian et al.,
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2009), presumably in part becauddewerpracticalchallenges innstrumenting the buildings.
Studies comparing modeadndfull-scale measurements have consistently found peak pressures
to be underestimated at model sq@&ehardsorandSurry, 1991; Richardson et al., 1997,
OkadaandHa, 1992; CochraandCermak, 1992; Ho et al., 2003; Liu et al., 20@®)d the
discrepanciebave been attributed to suppression of the smaller turbulent scales at lower
Reynolds numberandto differences in the approach turbulent wind fields (Richardson et al.,
1997; Hagos et al., 2014; OkaaladHa, 1992; Tiedman, 2003; Morrison et al., 2011)

Definitive conclusions on when scaling is problematic, or on the required accuracy of
reproducing the highesrder moments of the turbulent velocity in the incoming wind field, will
require more data from dedicated measurement campaigns.

The observatiothat the approach turbulent wind characteristics have an important effect on the
wind loads also highlights the need to address the lack e$dale data on neaurface wind
characteristics, in particular during extreme wind events such as hurricane$uists, and
tornadoes. Measurements made for meteorological purposes tend to focus on larger scales and
higher heights, while damage to buildings is driven by the local turbulent wind characteristics
near the ground. Improving understanding of the13eaiace wind conditions in extreme wind
events is crucial to improving wingksistant design.

Recently, instrumentation has be@mmore compact and wireless networks allow much simpler
networking infrastructure, presumably simplifying to a large degremstalation, access, and
maintenance of these monitoring networks. While ipgiacces$o and agreemeritom building
owners to install and maintain monitoring systenay often still be difficulttechnology has
progressed in the lasbuple ofdecades anthe industryshould be in a better position now to
monitor both lowrise and tall buildings.

As CWE emerges as a more viable tool in civil engineering/architecture, leveraging a
combination ofield observations and numerical simulations to improve wesistant design of
buildingscan yield significant benefitC WE hasthe potential to model wind effects that are
outside of the capabilities of most physical wind tunneisiting the validaton and verification

of CWE to processes that can be modeled in physical wind tunnels would hinder the ultimate
potential of CWE as a tooCWE resultsvould be calibrategvith wind tunnel resultthat
themselves have been constrained by the lathedtill-scale, insitu measurements needed to
validate and recalibrate the modeling parameters.

Building monitoring programs would ideally consist of the following components:
x Vertically distributed accelerometers

x Vertically and horizontally distributed pressuneasurement sensors at the exterior of
the building

X GPS station at roof level
X Sonic or mechanical anemometers at/above roof,lanel

X Met-towers instrumented with anemometers BHIAR to measure mean wind and
turbulent statistics profiles of the mesurface incoming and surrounding wind field.

Measurement campaigns should either focus on the acquisition of-fengedata to quantify
the natural variability in the wind and resulting wind pressures, or on obtaining measurements
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during extremavind events. The campaigns should emphasize integration with CWE to
maximize their possible impact. Examples of possible integration include, but are not limited to

X Use of preliminary simulations for the design of the field campaign, informing optimal
locations of pressure and velocity sensors

x Use of field observations for validation of CWE simulations, including the use of
uncertainty quantification and data assimilatiand

x Use of CWE simulations to fill in the inevitably sparse data from field obsensand
support a more complete analysis of the observational and simulation results.

A.4. Priority Research Need 4. Enhancing Existing and Developing New
Databases Appropriate for V&V of CWE

Existing wind tunnel aerodynamic databases with wind loads onifigslthave played a big part
in V&V of CWE in the last decade. The ongoing evolution of the sthteeart of CWE for

wind loads depends on providing scientific groups and practitioners with apprcetisdé
experimental results farariousbuilding heghts (lowrise, midrise,andhighrise) and
architectural features (aspect ratio of the building envelope). The adequacy of information
regarding the experimental agp is closely related to the numerical accuracy that will be
achieved.

During the CWEworkshop a lot of discussiarenteredaround a standardized V&V process that
can be used to extract accurate design values from computational soAppeadix A.9. An
indispensable part of thocess is having reliable wind tunnel data that computational wind
engineers can rely on emableV&V. The structureof the data necessary for this process

exceeds the current state of the information found in databases. Computational wind engineers
needto take control of thisnformation to achievéhe needs of CWE. In this sense, this research
refers to enhancing existing databases and developing new ones that will include the proper
range of information.

The target information necessary starts withfibrmat of the wind tunneldentifying roughness
element dimensiorsnd their specific establishment in the wind tunnel is a very important step
to ensure with CWE the developing profile of tredocity. Drawings should be included that
considerthis informationin detail. The rext need is the velocity time series of the entire incident
profile. In computational simulations, genengtsimilar incident flow conditionss crucial for
meaningful comparisons the pressured hus, information that exceedsetmean speed profile
and the turbulence intensitxsuallyfound in databaseds needed

Pressureseries are necessary in pressure s#pated on thentire building envelope to ensure

that the V&V can be used for all design neddsludingthe uncertaity and reliability of the
aforementionedlata, by establishing the experimental gri®important This can easily be

done by repeating some experiments, so the final design conditions for comparisons of CWE an
experiments can beonsidered in terms @frrorbars. Similarly asstated inAppendix A.§ the

final error bars for the pressure can include {postessing criteria (influence of extreme value
analysis)In addition including experimental resulé different geometric scales will help
immenselyin generaing error bars, which can be used batter comparison with CWE.
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Thesedata should be generated from more than one wind tunnel facility and ceitipthe
provisionsof ASCE 49 (2021)To establishrustand thus allowneaningful computational
comparisonsthe experimental conditiomaustreflect comparable data among various wind
tunnels.For this purposea set of building configurations and exposure conditions should be
identified and experimenitaesults shoulde obtained from variouscilities that provide all the
necessary results in detail. In this way a new database can be developed for the purpose of V&V
of CWE, based on the collaboration of wind engin@tas international scale. Resufor non

synoptic wind flow should be included to expand the V&V of CWE and be in touch with targets
of CWE.

Enhancing existing databases with the necessary information for V&V of CWE is a very enticing
goal that will save time and effort. This means thabmmunication channel should be
establishedvith the experimentalisiof those facilitiego request the rest of the data. More
experiments might beequiredif the results arenavailable, sdahe participationof these
experimentalistén covering this research need will be import&nirthermoregatheing

participants from different wind tunnel facilities for this endeavor is very important for the
development of a new database for V&V of CWE.

A.5. Priority Research Need 5. Community Vulnerability through Physical
Testing for Component Fragility (Residential Scale)

Windstorms, and hurricanes in particular, are one of the most disruptive natural hazards in the
United States, causing more deaths and financial loesatinaother extreme weather events.
According tothe National Oceanic and Atnpaseric Administration
(https://coast.noaa.gov/states/féemtts/hurricane
costs.html#:~:text=0f%20the%20310%20billion%2Ddollar,6%2C697%20between%201980%2
0and%20202), hurricanes causadore thar$1.1 trillion in financial loss between 89 and

2021, with Hurricane Harvey accounting for about $125 billion and Hurricane Katrina for about
$161 billion. Hurricanes were also responsible for the highest deafftotolhatural disasters

over the same period (1982021), with 6,697 deaths. Thefsgures would be even higher when
including tornades, thunderstorm&nd other natural hazards that are exacerbated by wind such
as wildfires.

The extent of financial and human losses reveals the vulnerability of entire communities to
extreme wind evestand the need to look at bdtte building and community scad¢o identify
climate risks and define adaptation plans. Vulnerability studies typically focus on single assets
(buildings or infrastructures), where vulnerability is expressed as a measure of losses (e.g., repa|
costs or downtime) based on hazard intgn&tg., wind speed). The losses are obtained from the
asset exposure and its response to the degree of damage/failure of its individual components,
expressed through fragility curves.

Fragilities are developed in laboratory environments under testingcpis that are defined for
specific hazards. One of the limitations of the current methodology for a vulnerability assessmen
of a single asset is that most of the available fragility cuwweredeveloped under seismic

loading protocols. The behavior lfiilding components during windstorms, however, is

different than in a seismic event. The long duration of a storm can cause direct failures and
failure through fatigue of building components. Developing a broader database of fragility
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curves for key compwents under a wind loading protocol would benefit the building
scale/individual asset vulnerability assessments and improve resilient design.

Extending the vulnerability analysis to the entire community would provide a more granular
exposure assessment fbe individual assets that are part of the building stock. This would
account for the effect of the surrounding context and local topography and would allow a
refinement of the wind pressure on the building by storm types, building massing, orientation,
and surroundings. Ultimately, this would allow a CWE simulation to integrate explicitly an
individual buildingd &agilities into an assessment for commusbgsed vulnerability and risk.

CWE is a promising tool to support communrstyale wind analyses due to its capabilities to run
large-scale simulations and the potential to reproduce different storm types. The outcomes of
CWE models could be integrated with the fragility curves obtatinexligh physical testing to
provide an irdepth vulnerability analysis of an entire community to current and future wind
conditions.

The development of the workflow for communigyvel vulnerability assessmenmmainsat
preliminary stages and a few clesigesneed to be addressed to be successtuwhe of which are
discussed in the following

As notedpreviously componentevel fragilities need to be determined through lasgale
physical testing in laboratories capable of developing and replicagngomponents themselves
coupled with appropriate wind loading protocdlfese componesével fragilities should be
developed for key components at risk of suffering fatigue in a single or over multiple wind
events.

Largescale CWE simulations sometimesgjuire prohibitive computational resources. Further
computational resource development is imperative to enable faster, cheaper, and more reliable
simulations. This technological development requires the support of software developers and
potentially HPC pecialists and may include access to more efficient resources (GPU clusters,
HPC), better parallelizing schemes, or more efficient meshingraxalingalgorithms.

The biggest potentidbr using CWE to support resiliendmsed design lies in the combioat

of largescale and mukstormsimulations. The ability to use numerical models to represent
multiple storm types is a research need in itself and requires further investigation. Mesoscale
numericalweatherprediction is used to predidifferent stormsystems and the impact of

changing climate conditions on the wind environment. Downscaling NWP models into smaller
scale numerical models can provide wind flow characteristics at high resolution and an estimate
of exposure to the winds at building scaadelingdifferent storms at high resolution will

increase the computational cqogtad finding ways to optimize computational resources will be
required to make this type of study accessible to the broader industry.

Finally, conducting a communiiyased ulnerability assessment will require the integration of
variousdatasets and data types through various computational methods. A multidisciplinary
group of specialists that includes wind and structural engimeelsomputational fluid
dynamics, risk and climate specialists will need to work together to develop an effective
workflow.
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A.6. Priority Research Need 6. V&V Virtual Wind Tunnel (with Potential
Interactive Design Tools)

The development of a virtual wind tunnet fBWE simulations encompasses various stages,
including setting up boundary conditions, selecting turbulence models, running solvers, and post
processing the results. The objective is to create aftceedd simulation tool capable of
accurately simulatingnd analyzing aerodynamic flows around structures. Central to the
development of the virtual wind tunnel is the design of a generalized platform for CWE
modeling. This platform should incorporate model fidelity information to determine appropriate
mesh szes and turbulence mode@Generaiing and validaing the mesh to ensure the reliability of
the CWE modeis also importantAdditionally, the flow field should be validated using

available dataets, and the output should include error bars to indicattifelence level of

the predicted aerodynamic quantitiééso essentials ensumg that the simulation platform is

not only accurate but also computationally efficiepemploying adaptive meshing techniques

or leveraging HPC resources like CPU and Gi®bhputing, making it practical and affordable

for widespread use.

Regarding the predictive capabilities of the virtual wind tunnel, CWE simulations tend to provide
more accurate predictions for integrated loads such as drag forces, while discrepaneigsemay

in local peak pressure predictions. Wind field predictions for clusters of buildings generally
exhibit greater accuracy companeih isolated building models due to the presence of
interference effects.

In the V&V processes, detailed modeling cgnfiations are essential for replicating simulation
results. Benchmark test cases from existing databases serve as valuable references for CWE
validation. Collaborationamongthe developers of the virtual wind tunnel and participation

from both academic anindustrial fields are important and beneficial for the advancement of
CWE modeling and its application in practical engineering scenarios.

A.7. Priority Research Need 7. Integration of Mesoscale Simulations with Urban
Scale Models

Thelower 1,600 ft (~500 m) of thetmospheridoundary layer drives thateraction between

the atmospheriwind flows and the built environment. The wind patterns in this region affect the
usability of outdoor spaces, the dispersion of pollutants, the maxterhsnow driftsandthe

wind loading on buildings and infrastructure. Lasgale global weather systems are

traditionally analyzed using meteorological models, which focus on the upper atmosphere and
are not resolved at ground level and through thetgwertions of the atmospheric boundary

layer. CWE in contrastfocuses specifically on this lower portion of the boundary layer and
resolves the neaurface wind characteristics. C\Mtowever neglects the interaction of
groundlevel flows with atmosphe systems, which drive wind directionalijmdextreme wind
events such as hurricane®wnbursts, ahtornadoesAn opportunityexiststo leverage larger

scale meteorological simulationsitoproveunderstanding of the urban and nearface wind
condiions in both synoptic and nesynoptic weather systems and to define more realistic wind
boundary conditions in CWE simulations.

NWP models are being run at increasingly higher resolutions. For environmental engineering
applications, onavay nested grid@proaches have been used to model wind flow and pollutant
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dispersion in urban areas under nominal synoptic wind conditions (Baglel2022; Lundquist
et al, 2012; Wiersemat al, 2022). In these simulations, the buildings are generally represented

usng immersed boundary methods, and the turbulence transition between nested grids is handle

using eddy injection or recirculation techniques. These methods have yet to become industry
standard due to the complexity of the downscaling and nesting techniljei computational
costs and the expertise required to perform soadeling

Unlocking the integration between mesoscale and CWE models is a key research need for the
built environment for the following key reasons:

X

It could leverage the ability shesoscale models to predict the effects of a changing
climate at regional and building scal€limatic change has the potential to affect many
areas, such as the aviation and renewables industries (through wind directionality shifting
or reduced energy gid), or the design of the build environment through increasing wind
effects on structures.

It could allow CWE to simulate a wider variety of climate mechanisms and gain insights
into the impact of different storm types (derechos, tornadoes, thunderstorms, etc.) on the
built environment.

It could provide an understanding of urban processes suchasheatisland at a much
higher resolution.

It could improve thenodelingof topograghy-driven flows, which are currently limited

by the capabilities in both CWE and physicaddeling The outcomes could support,

among others, the development of more accurate wind codes in mountainous areas with
sparse weather stations and limited highlity data.

It could also provide a better characterization of the wind #bleight, which is crucial
for the design of super tall buildings that are not only affected by the conventional
boundary layer but also by veering effects due to the Ekman layer

This research aims to advance the integration of mesoscale simulations withamdiaunilding-

scale models. Integration is broadly defined as any form of information exchange regarding the
incoming turbulent wind characteristics between a mesoscaleramtdan or building-scale
simulation. For example, research efforts could consider

X

Validation and use of mesoscale models to provide input for defining more realistic
boundary conditions in traditional LES models, both for conventional bouhalgey
flows and other wind events

Definition of a computationally efficient workflow to enable a larger uptake of these
simulations in the industry

Identification of the most suitable parametrization techniques for different wind events
and urban processes

Dewelopment of guidelines related to the use of different mesoscale models faqr CWE
and

Use of immersed boundary or fitted mesh approaches, involving methods to handle
turbulence generation near nested grid boundaries.
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Thisresearch will greatly benefit frogollaboratioramongmeteorologists, wind engineers,
CWE specialistsand software developers. Furthermore, novel integration methods will draw on
methods for data assimilation, machine learning, and uncertainty quantification.

A.8. Priority Research Need 8. Sensitivity Analysis and Uncertainty
Quantification in CFD

To improve the current staté theart and achieve the imminent targets of CWE, experimental
and computational results for pressure measurements should be considered estimates wit
confidence intervals instead of exact numbers. Numerical simulations require many modeling
choices, including the design of the computational mesh, the selection of discretization and
solution methods, the turbulence model, and the definition of boundaditions. These

modeling choices and corresponding parameters interact nonlinearly in the-Skakies

equations, and their effect on the predicted pressures should be quantified to define error bars
that inspire confidence in the design decisionsvaerirom simulation results. The research
necessary to support the required sensitivity analysis and uncertainty quantificatiparisnt

to generate guidelines for proper CWE usage. The final target is to ansvi@lativang
guestionWhich parameters should be thoroughly investigated and calibrated, such that realistic
error bars can be defined while maintaining a reasonable balance between accuracy and
computational cost/complexity of procedures? The answer to this question feniggching a

state where CWE can be used as an independent tool for design against wind loads.

While defining errors bars for simulation results, computational wind engineers should keep in
mind the theoretical background of LES modeling. In LES, thergsdlution not only affects

the numerical accuracy of the discretized solution to the equations, but it also definesofie cut
frequency between the modeled and resolved scales. As such, the solution accuracy is
determined by a complex interaction bedwehe grid resolution and grid quality, the numerical
schemes, and the sgid turbulence model. Furthermore, the unsteady nature of the simulations
requires the specification of a tirgependent boundary condition for the incoming turbulent

wind field, which will act in concert with the discretized Nawvfgtokes equations to provide a
numerical solution. The nonlinear interaction between the modeling choices introduces a
significant challengbecause&onclusions regarding the accuracy or sensitivityestilts

obtained with a specific computational model do not necessarily generalize to simulations that
employ different baseline model choices. For example, conclusions regarding adequate grid
resolutions or the impact of the sgkid model or the inflow bondary conditions can differ

between two codes that employ different spatial or temporal discretization schemes. This
challenge should be a central consideration in all research efforts toward sensitivity analysis and|
uncertainty quantification of CWE sirfations, particularly when considering analysis of the
effect of the computational mesh and the boundary conditions.

The design of the computational mesh, including the topology of the cells, the definition of local
refinement regions, and the resolutioithm each region, significantly influences the accuracy

of LES results and is closely relatexthe computational cost. Mesh sensitivity studies for LES
must become standardized and clearly distinguished from mesh independence studies that are
typically used for RANS simulation8ecausehe mesh resolution also determines theoftut
frequency between modeled and resolved scales, LES results are always mesh dependent.
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Hence, generalizable methods to establish the appropriate mesh resolution forited teqei

of accuracy irpredictingspecific quantities of interest are needed. The generalizability of the
methods should be emphasized throughout each research effort; studies that simply aim to
identify the adequate grid resolution for predictions witle specific code will have limited
impactbecauséhe conclusions will depend on the interaction between the chosen grid resolution
with the numerical schemes and syid model. Investigations of the impact of numerical and
solution schemes and sgbid models should aim to explore similarly generalizable approaches.
This research need is closely related todéeelopment of are-standard/guidelines.

The definition of the inflow boundary conditions is another dominant uncertainty in CWE
simulations. Geerally, Dirichlet inlet conditions are used at the inlet boundary based on velocity
time series calculated either from precursor domains, synthetic methods, or physical time series
(Potsis and Stathopoulos, 202Zhe main scope is to generate the tapgefiles in the incident

flow to match the profiles measured in the wind tunnel measurements for which LESwébkults
be validated and verified. The target profiles should prescribe at a minimum the mean wind
speed, the turbulence intensities, and thgtle scales; the effect of higherder velocity

statistics remains to be investigated. A first challenge in this process is that the imposed inflow
conditions tend to evolve between the domain inlet and the location of interest further
downstream in a wathat is dependent on the mesh, the numerical schemes, and-tédsub
model. To support generalizing findingboutthe sensitivity of wind pressure predictions to the
inflow conditions, the relationship between the inflow conditions and the wind flow at the
location of interest should be known. Second, significant uncertagatresxisin the target

flows, for exampé, due to uncertainty or even a lack of data in the wind tunnel measurements.

Novel methods for sensitivity analysis and uncertainty quantification to efficiently represent
these uncertainties in the simulations and support meaningful validation are.raextiition

to the inflow boundary conditions, effects of the computational domain size and other boundary
conditions, including the outlet, sidend top planeshould be investigated. These other

boundary conditionaresignificant whermodelingnon-synoptic winds.

Finally, this effort should consider uncertainties introduced during thepgposéssing of the

pressure time series to determine the peak pressures. The assumptions used in this process shc
be thoroughly examined and accounted for inrdported error bars. Importantly, this

uncertainty is not unique to processing computational results, and the knowledgefrgamed
high-quality experimental studiggovidean excellent reference to support quantifying the effect

of parameters used foxteeme value analysis (total duration, number of windows, percentage of
norrexceedancgeetc.).

In summary, CWE involves solving a pgharametric mathematical system of equations with
nonlinear interactions between the parameters and the quantitiese$tintdne complexity of

the models highlights the need for CWE to include standardized sensitivity analysis and
uncertainty quantification for results that will be used in practical applications, meeting certain
criteria to provide confidence in the predid peak design loads. Similar sensitivity reports for
the quantification of CWE pressure results with Lia&delingwill be included soon in similar
provisions ofAlJ (20195.

ild
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A.9. Priority Research Need 9. Leverage CWE to Improve Understanding of
Wind Characteristics and Effects

Incoming wind characteristics significantly influence the prediction of peak design loads. The
mean wind profile primarily affects the mean pressure coefficients, while the three turbulence
intensities significantly affect the fluctuagjrpressures. The turbulence length scales (nine total)
are also known to affect the flow patterns and resulting pressure distribution around buildings.

The sensitivity of the pressure predictions to the incoming wind field is an important challenge in
validation and benchmark studies. Differences in the incoming wind field are one of the main
reasons for discrepanciamongdifferent wind tunnel experimésandfor discrepancies

between reduced and ftdtale measuremen(glorrison et al., 2001)Similarly, uncertainty in

the wind profiles measured in the wind tunhat been shown &xplain discrepancies between
CWE predictions and wind tunnel measuretaghambertiandGorlé, 2020). Most of these

studies focused on predicting pressures around an isolated structure. The influence of the
incoming wind field will likely be reduced if upstream and surrounding buildings are included in
the analysis. Howevethe extent to which the influence is reduced and the upstream distance
within which buildings should be representedhainto be determined.

The sensitivity of wind pressures to the incoming wind field also raises important questions
regarding the actualgak design loads that a building might experience. Current analysis
methods assume the wind fieddtsas a neutral synoptic surface layer with idealized turbulence
characteristics; actual values might deviate from this assumption. Furthermore, thafaear
characteristics of the turbulent wind field during extreme wind events, which cause most of the
damage, are not fully understood. Hence, the wind pressures experienced by structures that are
exposed to hurricanes, downbuystsd tornadoes have sifjnant uncertainty because of the
uncertainty in the turbulent wind characteristics.

This research aims to leverage CWE to improve understanfitagoulent wind statistics and
resulting wind pressures on the building surface. New methods to systematieaditigate and
guantify this relationship should be proposed, with a focus on identifying the level of accuracy in
the wind statisticsequiredto achieve a specific level of accuracy in the predictions. This level of
accuracy is expected to be differéor different quantities of interest (e.g., mean base forces and
moments vspeak cladding loads on a panel).

In this effort, accoutmg for the fact that the wind characteristics imposed at the inflow of CWE
simulations might evolve when moving dowstm in the computational domasessential
Becausedhe evolution depersbn the specific boundary conditions, numerical methods, mesh,
and subgrid model used, the relationship to be investigated is the one between the turbulent
wind statistics at theuilding location (as for example obtained from an empty domain
simulation) and the resulting pressures on the buildiloge thatthe wind characteristics also
evolvein wind tunnel experiments, and careful characterization of the statistics at theduildin
location of interest is equally important in these experiments.

This research will benefit significantly from the combined use of CWE simulations with wind
tunnel experiments, field observatioos largerscale weather prediction models. The ultimate
goal is to support matching the level of detail and accuracy in CWE inflow boundary conditions
for different extreme wind events to the level of detail and accuracy required in the predictions
for the quantitie of interest.
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Appendix B.May 2023 Reston, Virginia, Workshop

B.1. Workshop Agenda

SE! | strucrura

ENGINEERING
INSTITUTE

NILST [ ste oo
NIST Computational Wind Engineering Workshop
DATEMay 18t19, 2023

LOCATIOMSCE Bechtel Conference Center;
1801 Alexander Bell Drive, Reston, VA 20191

Workshop Agenda +v6
Presiding: Workshop Director Don Scott, S.E., P.E., F.SEI, F.ASCE

Day 1: Thurs., May 18; 9:00am +5:00pm Eastern
8:00ami 9:00am Continental Breakfast Provided

9:00ami 9:30anm Welcome
X Purpose, Goals, and Workshop Agenda
o0 Opening Remarks from Dr. Long Phan, Ph.D., P.E., M.ASCE, F.ACI; NIST
o Welcome from Laura Champion, P.E., F.SEI, F.ASCE; ASCE/SEI

X Introductions

9:30am 10:30ant Stateof-the-Art PresentationgComputational Fluid Dynaios Design
Toold Theory and Practice [60 mins]

X Mathematical approaches[20 mins = 15 mins + 5 mins Q&ARArif Masud, Ph.D.,
F.EMI, M.ASCE; Professor, University of lllinois, Urbax@&hampaign

x Combine machine learning and CFO 20 mins = 15 mins + 5 mi@&A]; JianXun
Wang, Ph.D.; Assistant Professor, University of Notre Dame

X Technical aspects of softwar¢20 mins = 15 mins + 5 mins Q&ARleksander Jemcov,
Ph.D.; Associate Research Professor, University of Notre Dame
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10:30am 10:45anm: Coffee Break an@Group Photdon front steps of building)

10:45am 11:45am Stateof-the-Art PresentationsVerification andValidation Case Studies [60
mins]

X Synoptic and non-synoptic wind [20 mins = 15 mins + 5 mins Q&AGirma
Bitsuamlak, Ph.D., A.M.ASCHrofessorWesternUniversity

x Static [20 mins = 15 mins + 5 mins Q&AHassan Hemida, Ph.D., Profesddniversity
of Birmingham, UK

X Dynamic [20 mins = 15 mins + 5 mins Q&ARbiy Melaku, Ph.D., Aff. M.ASCE;
University of California Berkeley

11:45ami 12:30pm: Stateof-the-Art Panel Discussion
x PanelDiscussion: Potential Risks [45 mins = 30 mins discussion + 15 mins Q&A]

0 Moderator:Melissa Burton, Ph.D., C.Eng; Principakup

0 Panelists:
f Goncgalo Pedro, Ph.D.; RWDI
f Stefano Capra; Ramboll
f David Banks, Ph.D.; CPRc.
f R.Paneer Selvam, Ph.D., University of Arkansas

12:30pmi 1:00pm: Working Lunch Providedh Breakout Sessions

BREAKOUT SESSIONS
12:30pmi 4:45pm: Five concurrent sessions (dée followingdescriptions)

x Computational Fluid Dynamics Design TeoWMloderator Ahsan Kareem
Verification and Validation Benchmark Testifgoderator Ted Stathopoulos
System Reliability and RistModerator Melissa Burton

StormType andGeneration Moderator Catherine Gorle

X X X X

Structural Engineeringépplications Moderator Brad Young

2:30pmi 2:45pm: Coffee Break

4:45pmi 5:00pm: Reconvene
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X Summary and Adjourn Day 1

Day 2: Friday, May 19; 8:00am #2:00pm Eastern
7:30ani 8:00ant Continental Breakfast Provided

8:00ami 8:15am Welcome

X Purpose and Goals of Day 2

8:15ami 10:45am ReportOut

x Breakout Session Repetut: Expert forPresentation [30 mins EACH = 20 mins + 10
mins Q&A]

(0]

O O O O

StormType andGeneration

Verification and Valdation Benchmark Testing
System Reliability and Risk

Structural Engineering\pplications
Computational Fluid Dynamics Design Tool

10:45 ani11:00 am: Coffee Break

11:00ami 11:50an Prioritization

X Prioritization of Research Needs [20 mins]

X Moderated Panel Discussion of WSC [30 mins]

11:50am 12:00pm: Conclusion

X Summary and Adjourn Day 2

12:30pm #4:00 pm: Workshop Steering Committee Meeting
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swene. O ENT ST CWE  Wo

ENGINEERING

!NSTITUTE B r e a k O Ut T
Particip

NIST | oo
U.S.DEPARTMENT OF COMMERCE 12/10/2022

The following desabes the breakout sessions organized for the afternoon, as well as identifying
the WSC member moderating the session and the proposed participant lists.
TOPIC: Computational Fluid Dynamics Design Tool

CWE WSC Moderator: Ahsan Kareem

The session o@omputational Fluid Dynamics (CFD) Design Tools will aim at overviewing the
current CFBbased tools being used in reseamol practice. Thawill include adiscussioron

the various numerical approaches, turbulence modeling and pédméel simulationsligital
twining, and machine learniFgased accelerators. The expected outcome will include a
prioritization of research needs for ttievelopmenof tools with the infusion of new
technologies to expedite simulations for practagglications and resesr.

TOPIC: Verification and Validation Benchmark Testing
CWE WSC Moderator: Ted Stathopoulos

Verification and ValidatiofV&V) are often confused but estimation of deviations between
numerical and experimental results belongs to the former, whilgutetification of errors

belongs to the latter. The session will discuss and comment on minimaluacgetainties to be
comparable with values derived from experimental results originating from different wind tunnel
laboratories carrying out tests resfieg the ASCE 49 standard provisions. This session will also
include a discussion to prioritize research needs.

TOPIC: System Reliability and Risk
CWE WSC Moderator: Melissa Burton
The use of computational numerical modelling for design conditions inuitte

environment has been used more and more prevalently over the last two decades. The ugp

of the tool has become an accepted standard for use in assessments around air quality,
pollutant entrainment, and pedestrian comfiear. these applications therigth of

simulations can be quite short and often involve mesh simplification. The quality of the
outcome of these simulations begins to collapse when results are required in wake zones
gust speeds are high, or much beyond a characterization of mearsflegsired. In this
session we will discuss the legost barrier to entry of CWE and the risk of moving too
quickly, and prior to QA/QC protocol development and standardization, to quantifying
wind loading (static and dynamic) on structures. We will e¢stew and discuss when

we believe the opportunity for reliability of results could be low. In summary, this session
will include prioritization of identified research needs.

-
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TOPIC: Storm Type andGeneration

CWE WSC Moderator: Catherine Gorle
When calalating wind loading on buildings it is important to accurately predict the
turbulent fluctuations of the wind pressures on the structure. These pressure fluctuations
have two origins: the turbulence in the incoming wind field, and the turbulence generated
by the presence of the building in the flow. Accurate prediction of fluctuating pressures
therefore requires accurate specification of boundary conditions for the wind, as well as
sufficient grid resolution and model accuracy to resolve the flow aroenuitding. In
this session we will discuss the stateheart and open research questions in specifying
realistic turbulent boundary conditions for wind flow, considering both stationary neutral
surface layer winds and more comptenstationary flows such as tornadoes and
downbursts. Opportunities and challenges to improve the realism of these inflow
conditions will be identified and a prioritized list of research needs will be identified.

TOPIC: Structural Engineering Applications

CWE WSC Moderator: Brad Young

While the use of CFD has become more firmly accepted within the AEC industry for larger scale
flow modeling applications, the unique aspects of bluff body aerodyng@wmseschallenges in
theapplication of CFD/CWE for theavelopment of structural wind loads for the specific

purposes of manwind-force-resistingsystem (MWFRS) design, and fevaluation of wind

response such as lateral accelerations. Charactedsticgindary layer wind turbulence,

local/acute flow separiain at the building envelope, and the resulting turbulent wake formation,
and computational limitations comprise some of the challenges in this regard. Nevertheless,
CFD/CWE holds significant potential to emerge as a valuable design tool for structural
engneers. This session aims to create a collaborative dialog between leading experts in the CWH
field, both from academic and commercial pracbaekgrounds, to explore the successes and
challenges in the use of CFD/CWE in the development of static andhaystructural wind
loading, and to identify and prioritize areas of needed research to allow CWE to emerge as a
more useful andccessible design tool for the engineering industry, in this regard.
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B.2. Workshop Presentations

SEI-NIST PERFORMANCE
BASED DESIGN
WORKSHOP

Feb. 23-24, 2023

American Society of Civil Engineers, Reston, Va.

WELCOME

9:00—9:30am

[NIST R
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GENERAL
SESSION

Workshop Director:

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

* Purpose

e Goals

* Agenda
* Digital Package

SEI-NIST
STRUCTURAL Performance Based Design Workshop
INSTITUTE u

NIST

Workshop Agenda - FINAL_v3
Presiding: Workshop Director Don Scott, S, P.E, F.56), F ASCE
pa

Agenca
‘Opaning Remarks from Long Phan, Ph.D. P.E, MASCE, NIST
‘Welcome from Laura Chamgion, P E., .56, FASCE, 1

- State of

" Wind Design
KewnP. A

£
130 mins. = 20 miws PPT » 10 mins O8A]

Wind Design
John Waliace, P D, Professor, Uniersity of Calornia, Los Angeies
125 mins. = 15 mins PPT + 10 mins OBA]

Melasa Burton, PhD, CEng Princiowl, Arvp

140 mins. = 30 mies PP+ 10 mins O8]

PURPOSE AND GOALS

Performance-Based Wind Design Methodologies

Review of the Current State-of-the-Art of

Performance-Based Wind Design
|dentification of Research Needs and
Prioritization for Standardization in Practice.
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* Opening Remarks:
Long Phan, Ph.D.; Group Leader, NIST

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

SEI-NIST Performance Based Design
for Wind Workshop

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

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

Engineering Laboratory, NIST
long.phan@nist.gov
https://www.nist.gov/people/long-phan

STRUCTURAL
N H E;lg(l)NFSAE]%Igs ENGINEERING
INSTITUTE
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Welcome and Thanks!

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

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

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

ler TENGINEERING SEI-NIST Performance Based Design for Wind Workshop f;'é‘::[’;’mlc
LABORATORY il
February 23-24, Reston, Virginia INSTITUTE

Motivation and Goals

* NIST Overarching Goal: Motivation: Wind Losses
To reduce the risk and enhance the resilience of buildings, = u.s. Economic

s P s & Insured
infrastructures, and communities to wind hazards through [ "=t by Peitl

Economic Loss

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

I s

M Flooding
M Earthquake
M Drought

Wildfire
Winter Weather

Insured Loss

) Data: Aon, Catastrophe Insight (2019)

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

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

* Most wind fatalities occurred inside buildings

ler Teucmesnme SEI-NIST Performance Based Design for Wind Workshop fmﬁ&’mﬁ
LABORATORY T
February 23-24, Reston, Virginia INSTITUTE
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Motivation and Goals

Workshop Goals:

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

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

ler TENGINEERING SEI-NIST Performance Based Design for Wind Workshop f;'é‘::[’;’mlc
LABORATORY il
February 23-24, Reston, Virginia INSTITUTE

NIST GCR 14:973-13

Measurement Science R&D
Roadmap for Windstorm
and Coastal Inundation
Impact Reduction

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

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

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

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

= Strategic Priority #4: Develop PBD for Windstorm Hazards

» Public Law 114-52: NWIRP to “support the development of PB engineering tools,
and work with appropriate groups to promote commercial application of such
tools, including wind-related model building codes, voluntary standards, and

construction best practices”

ler Tsucmesnms SEI-NIST Performance Based Design for Wind Workshop ST AL
LABORATORY R STs
February 23-24, Reston, Virginia INSTITUTE
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e Building on current knowledge and expertise, including:
o SEl Prestandard for Performance-Based Wind Design V1.1

Prestandard for

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

e Diving deeper on topics related to:
o Wind climate characteristics,

o System reliability, American Society of Civil Engineers
o Wind-structure interaction,

o Structural analysis techniques, and ASCE e =
o Wind design

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

LABORATORY

ler TENGINEERING SEI-NIST Performance Based Design for Wind Workshop bt

February 23-24, Reston, Virginia INSTITUTE

Thanks again, and let’s start!

; ; STRUCTURAL
ler Tagéugﬂggs SEI-NIST Performance Based Design for Wind Workshop Lt

February 23-24, Reston, Virginia INSTITUTE
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Name, Organization,

STATE-OF-THE-ART

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

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

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

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

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

321 W 6th Street, Austin, TX

Practical Implementation of the Prestandard
for Performance-Based Wind Design

STRUCTURAL

Senior Associate MAGNUSSON ENGINEERING
KLEMENCIC -

Kevin Aswegan, P.E., S.E.

NATIONAL INSTITUTE OF
STANDARDS AND TECHNOLOGY

Structural + Civil Engineers
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MOMENT MY (million kip-ff)

—e—ASCE 7
——WT STATIC

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

Prestandard for
Performance-Based

—— Wind Design

American Society of Civil Engineers

]

4 FOUNDATION
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7.4.3.2 Deformation-controlled elements and actions

Calculated demand to capacity ratios for deformation-controlled elements shall not exceed 1.25,
where demand is calculated per provisions in Chapter 6, and the capacity is calculated as follows:

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

7.4.3.4 Minimum strength for Method 1 design

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

1. For reinforced concrete elements, the capacity is the/expéected strength'in accordance with
ACI 318 with the/phi-factor-according to ACI 318:




