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Abstract 

Forward Looking Codes and Standards: Future Load Effects workshop report includes 
recommended research needs on the following themes: changes in hazard demand relative to 
historical basis, changes in structural capacity due to changes in material properties, and 
geotechnical conditions. 

Keywords 

Codes and standards; Building codes; Future hazards; Load effect: Design guidelines; Design 
criteria; Structural capacity; Adaptation; Resilience. 
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Preface 

 
In October 2024, the Structural Engineering Institute (SEI) of the American Society of Civil 
Engineers (ASCE) commenced a project under National Institute of Standards and Technology 
(NIST) Contract No.1333ND24PNB730652 to develop workshops on Forward-Looking Codes and 
Standards. This report documents the results of the second workshop on Forward-Looking 
Codes and Standards: Future Load Effects based on contributions to the workshops by 
scientists, natural hazard experts, structural engineers and other design professionals, and 
standard and code development experts.  
 
The following are the themes of the four workshops: 

1. Future hazards for design: Confidence/uncertainty in hazard projections, local 
downscaling of global models, and conversion of hazard projections to engineering 
design criteria;  

2. Future load effects on the built environment: Changes in hazard demand relative to 
historical basis, changes in structural capacity due to changes in material properties, and 
geotechnical conditions; 

3. Engineering design guidelines and criteria: Nonstationary reliability, service life, design 
loads, resistance, and structural capacity degradation; and 

4. Adaptation and resilience: Adaptive design for buildings and infrastructure systems, 
considering future hazards, material durability, and structural capacity degradation, and 
strategic planning methods for future conditions. 

 
The impetus for the project was the observed increases in land and ocean temperature 
extremes; sea-level change; frequency and length of heat waves; and changes in the frequency 
and intensity of heavy precipitation, flash floods, severe storms, and cyclones. Because of 
potential changes in environmental hazards and structural capacity over time, the need to 
advance design practices to incorporate future hazard predictions and their uncertainties into 
codes and standards for buildings and infrastructure is urgent. NIST continues to conduct 
research and provide leadership in the advancement and knowledge of these hazards and to 
provide the science and engineering that supports the development of standards and 
guidelines that will lead to more resilient communities and economic continuity across the 
nation. 
 
The workshop development process started with a review of ongoing research, guideline 
development efforts, and relevant case studies. An extensive workshop preparation process 
followed this review that convened four one-and-a-half-day workshops to obtain input from 
experts in these areas and resulted in report preparation and review by the Workshop Steering 
Committee (Obeysekera et al. 2026a, b, c, d).  
 
The workshops identified a broad range of research and development activities required to 
advance codes, standards, and engineering design practice that capture the effects of future 
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conditions and have the goal of reducing impacts from severe environmental hazards. This 
report includes the discussion of current needs in design practice and specific 
recommendations on research needs to advance next generation building standards and codes 
and to achieve specific goals of adaptation and resilience. 
 
SEI is indebted to the leadership of Jayantha “Obey” Obeysekera, Ph.D., P.E., F.EWRI, M.ASCE, 
who served as the Workshop Director and the Workshop Steering Committee members Meg 
Ackerson, P.E.; Joe Ackroyd, P.E., M.ASCE; Joseph Barsugli, Ph.D.; Kevin Borth, P.E., S.E., 
M.ASCE; Michel Ghosn, Ph.D., F.SEI, M.ASCE; Matt Gilbertson, P.E., S.E., M.ASCE; Elisabeth 
Gilmore, Ph.D.; Jack Hogan, P.E.; Sihan Li, Ph.D., P.Eng., M.ASCE; Mari Tye, Ph.D., C.Eng., 
M.ASCE for their contributions to putting the workshop together and developing this report. 
 
SEI gratefully acknowledges NIST for its leadership and vision for this project. Appreciation is 
also extended to the many individuals who participated in the workshop. Appendix C lists the 
names and affiliations of all who participated in the workshop and, therefore, contributed to 
this report. Thank you to the ASCE staff— especially Katie Stueckle, who served as Workshop 
Coordinator; Jessica Jun, who served as a Workshop Conference Manager; James Pullis, who 
served as the Conference Center Manager; and Addie Gordon, who served as a Workshop 
Coordinator and drafted and edited the final report.  
 

Jennifer Goupil, P.E., F.SEI, F.ASCE 
Managing Director Structural Engineering Institute and American Society of Engineers Chief 

Resilience Officer 
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1. Section 1: Workshop Overview 

 Introduction 

The National Institute of Standards and Technology (NIST) has a long history of conducting 
research and development to identify methods and practices; to advance codes and standards; 
and to support the resilience of buildings, physical infrastructure, and communities.  
 
NIST’s commitment to the effects of hazards on codes and standards for the built environment, 
and on engineering more broadly, is reflected in its being the lead agency for the National 
Earthquake Hazard Reduction Program, the National Windstorm Impact Reduction Program, 
and its Disaster and Failure Studies Program and Community Resilience Program. Similarly, 
ASCE/SEI is actively committed to integrating future hazard data and future conditions into 
technical standards, especially within the national model design standard for structural loads in 
Minimum Design Loads and Associated Criteria for Buildings and Other Structures (ASCE/SEI 7-
22, ASCE 2022). The next edition, ASCE 7-28, is currently developing a new section for future 
hazard design loads. To continue with these efforts, one of NIST’s strategies is to further 
develop codes and standards to better prepare for future hazards and conditions.  
 
The second workshop for Future-Looking Codes and Standards: Future Load Effects, held on July 
29-30, 2025, and this resulting report, focused on the research and development efforts 
needed to implement future hazards and associated design criteria in codes and standards, and 
potential degradation of structure capacity, to inform strategic planning for future 
requirements in the built environment, and to understand potential changes to design 
requirements. 

 Workshop Scope and Purpose 

The purpose of the workshops was to provide a science-based assessment of data and 
development needs to advance design practice and building standards for future natural 
hazards and conditions across U.S. communities.  
 
The workshop scope covered the broad subject area of future hazards for codes and standards 
development, specifically the needed input from scientists, practitioners, and researchers on 
how to do the following: 

• Prioritize research and development needs to advance design practice for future 
hazards and conditions (beyond the ongoing efforts of ASCE/SEI 7-28);  

• Use the best available science to characterize future hazards and conditions for design 
practice;  

• Identify a path toward improving building standards and design practice; and  
• Consider resilience, adaptation, and social and economic impacts to businesses and 

communities. 
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 Workshop Development Process 

The development of these workshops began with the selection of the Workshop Steering 
Committee (WSC) for all four workshops, which includes climate scientists, structural engineers, 
and social scientists. They are qualified academics and practicing experts who have worked in 
the fields of future hazard projections, engineering design, social impacts, resilience, and 
adaptation. The WSC included the following experts:  
• Meg Ackerson, P.E., Arup; 
• Joe Ackroyd, P.E., M.ASCE, Assistant Commissioner; Technical Affairs & Code Development; 

New York City Department of Buildings, NYC; 
• Joseph Barsugli, Ph.D., Research Scientist III, CIRES, University of Colorado Boulder, NOAA 

Physical Sciences Laboratory Affiliate; 
• Kevin Borth, P.E., S.E., M.ASCE, Sr. Structural Project Engineer | Associate Vice President, 

HGA; 
• Michel Ghosn, Ph.D., F.SEI, M.ASCE, Professor, the City College of New York/CUNY; 
• Matt Gilbertson, P.E., S.E., M.ASCE, Sr. Technical Manager, Simpson Gumpertz & Heger; 
• Elisabeth Gilmore, Ph.D., Professor, Carleton University; 
• Jack Hogan, P.E., Associate Climate Risk and Resilience Engineer, Arup; 
• Sihan Li, Ph.D., P.Eng., M.ASCE, Senior Specialist, Associate, RWDI; and 
• Mari Tye, Ph.D., C.Eng, M.ASCE, NIST PREP Fellow, Whiting School of Engineering, Johns 

Hopkins University.   
 
The WSC started meeting in February 2025 to develop the content of the workshop. The WSC 
selected the following topics as critical issues, and the participants were selected based upon 
their expertise in these areas: 

• Confidence and uncertainty in hazard projections, 
• Downscaling of global climate models, and 
• Conversion of hazard projections to design loads and associated criteria.  

 
To help understand the current state of future-looking codes and standards, the WSC shared 
reading materials to with workshop participants, which are referenced in Appendix C.  
 
The one-and-a-half-day workshop was convened on July 29–30, 2025, to identify the highest 
priority needs that form the basis of this report. The WSC, industry-leading experts, academics, 
and representatives from key government agencies attended the workshop. Members of the 
public were also able to view speaker presentations on the first morning of the workshop via 
Zoom webinar. The workshop was held at ASCE headquarters in Reston, Virginia (Figure 1-1) 
and was simultaneously streamed for virtual participants (Figure 1-2). Thirty in-person and 36 
virtual participants attended the workshop.  
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Figure 1-1. In-person participants at the NIST/SEI Forward-Looking Codes and Standards: Future 
Load Effects workshop on July 29, 2025. 
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Figure 1-2. Online participants at the NIST/SEI Forward-Looking Codes and Standards: Future 
Load Effects workshop on July 29, 2025.  
 
The design of the NIST/SEI Forward-Looking Codes and Standards workshop enabled all in-
person and online participants to contribute in multiple ways. The workshop began with subject 
matter expert presentations of ongoing, synergistic efforts and several state-of-the-practice 
presentations that were also viewed by registered public attendees.  
 
Following the presentations, the public session concluded, and a plenary session engaged the 
participants in a discussion to define the state of the art and the future ideal state needed to 
incorporate future load effects into design standards and codes.  
 
The participants were then divided into five breakout groups based upon four hazard types 
(wind, inland flood/rain, coastal flood/sea-level rise, and snow/permafrost/ice) and one that 
specifically focused on structural capacity. The goal of the hazard-based breakout groups was to 
identify what is needed to characterize future loads and load effects and the next generation of 
research needs. The goal of the structural capacity breakout group was to identify the most 
impactful future effects on structural capacity and the next generation of research needs. In 
these breakout groups, the participants were given three prompts to answer their group goals: 
(1) identify critical research needs, (2) identify topics not currently considered, and (3) prioritize 
the top five research needs.  
  
Each breakout group then reported back to all the workshop participants in a general session 
and described its prioritized research and development needs. Following these presentations 
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and subsequent discussions, all the workshop participants prioritized the separate breakout 
group research and development needs.  

 Workshop Framework 

The framework for Workshop 2 was developed around key questions and intended outcomes 
from the WSC and was organized into two main topics.  

The first was to estimate load effects due to future hazards. To do so, participants were asked 
to consider (1) how future hazard demand changes relate to historical basis, such as parameter 
and coefficients (e.g., wind speed and air density), and (2) how to incorporate uncertainty—
both aleatory and epistemic (e.g., modeling, analysis, projection-downscaling, pathways)—
when estimating loads under future conditions. 

The second topic explored how changes in assumed structural capacity, material properties, 
soil, performance, and so on, may change under future conditions.  

These topics framed the final set of questions posed to participants, which centered on 
identifying the resources, research, and tools desired for design and focused on the discussion 
of next-generation research needs, including 

• Future hazard data and models for engineering load effects and design,  
• Guidelines for incorporating uncertainties for design, and 
• Evolution of structural capacity as a function of future hazard conditions. 

 Workshop Report Organization 

Following Section 1, Workshop Overview, the workshop report is organized as follows: 
• Section 2 describes the current state of the art and summarizes presentations from the 

workshop, 
• Section 3 describes the discussions on advancing the workshop goals that were held 

during breakout discussions, 
• Section 4 describes the top recommended research needs that were identified during 

the breakout sessions, 
• Section 5 describes the analysis of research needs that were identified during the 

breakout sessions, 
• Section 6 lists acronyms and abbreviations, and  
• Section 7 provides the references cited. 

 
The report also includes three appendices. Appendix A Priority Research Needs includes 
additional details about the priority research needs identified by each breakout session during 
the workshop. Appendix B Workshop Materials contains the workshop agenda, copies of the 
presentations. Appendix C Workshop Participants lists the workshop participants in alphabetical 
order.  
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2. Section 2: Current State of the Art 

 Workshop Presentations 

The first three speakers shared presentations on Synergistic Efforts focused on load effects to 
build a foundational understanding of the current field.  
 
Alex Cannon (Appendix B.2.1.1) presented an overview of how the 2025 National Building Code 
of Canada (NBCC) integrates projected changes in climatic design values. His talk emphasized 
the use of historical data and future projections to recalibrate design parameters for wind and 
snow loads. He discussed the statistical modeling approaches, including the use of Gumbel and 
lognormal distributions, and highlighted the shift from traditional 50-year return periods to 
longer durations (e.g., 500-year) to better reflect future climate risks. The presentation 
underscored the importance of incorporating scaling factors to ensure reliability and safety in 
structural design under evolving environmental conditions.  
 
Hanping Hong (Appendix B.2.1.2) detailed the methodology used to calibrate wind and snow 
load effects in the 2025 NBCC. He explained the reliability-based design framework, including 
the selection of limit state functions, target reliability indices, and probabilistic models for 
various loads. His analysis incorporated future effects using scaling factors and emphasized the 
importance of adjusting load combinations and importance factors based on building 
categories. Hong proposed a more uniform risk approach and updates to wind and snow load 
factors to enhance consistency and resilience in structural design.  
 
Therese McAllister (Appendix B.2.1.3) presented findings from the ASCE/NIST Special 
Publication on the impact of future conditions on structural loads and performance. She 
outlined the challenges posed by nonstationary climate variables and their implications for 
design reliability. The presentation covered various affected load types, including temperature, 
wind, snow, ice, rain, and flooding. She concluded with the need for probabilistic modeling, 
scenario-based design approaches, and the integration of climate science into engineering 
standards to maintain safety and functionality over the life cycle of infrastructure systems. 
 
Next, a panel (Appendix B.2.1.4), moderated by Abbie Liel, discussed the methodology, 
assumptions, and decisions behind updates to ASCE/SEI 7-28 Chapter 36. Matt Gilbertson 
addressed flood loads, proposing the use of future sea-level rise projections and enhanced local 
flood maps. Sihan Li discussed wind load modeling using downscaled data and Monte Carlo 
simulations, advocating for a nonstationary reliability approach. Abbie Liel presented snow load 
projections using generalized extreme value models and climate data. Ken Kunkel covered rain 
load projections using multiple downscaled datasets and extreme value statistical analysis. 
Ahmed Abdelaal focused on atmospheric ice loads and the need for improved spatial coverage 
and data access. Collectively, the panel emphasized the importance of integrating future 
scenarios into load calculations to ensure structural resilience. 
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The presentations of the remaining three speakers centered around Structural Capacity and 
Functional Underperformance.  
 
Brian Pailes (Appendix B.2.1.5) explored the mechanisms and impacts of structural material 
degradation, particularly corrosion, on steel and reinforced concrete. He discussed various 
deterioration processes such as alkali-silica reaction, freeze-thaw damage, and microbial-
induced corrosion. Pailes showed the need to understand deterioration rates and their effects 
on structural capacity, especially in changing conditions. Improved inspection techniques and 
the incorporation of degradation data into design practices were some strategies discussed.  
 
Ted Zoli (Appendix B.2.1.6) shared insights from real-world infrastructure performance, 
focusing on bridges and other exposed systems. His presentation examined how evolving load 
effects, regulatory environments, and design adaptations influence structural resilience. Zoli 
highlighted issues such as overweight vehicles, wind behavior, and vessel impacts. He stressed 
the need for continual code updates, better measurement practices, and a focus on rapidly 
changing conditions.  
 
David Frost (Appendix B.2.1.7) introduced the concept of “foundation-based architecture” as a 
paradigm shift in structural design. He discussed the hidden impacts of groundwater changes, 
including erosion, saltwater intrusion, and subsurface variability, which are often overlooked in 
conventional design processes. Frost proposed rethinking the top-down design approach to 
start with site-specific subsurface conditions. He illustrated how foundations can be 
multifunctional, adaptable, and sustainable, offering solutions to challenges posed by changing 
future conditions and resource limitations and calling for a more integrated and resilient 
approach to foundation and structural design. 

2.1.1. Workshop Reading Materials for Current State of the Art 

Prior to the workshop, participants received one-page pre-reading materials on ASCE/SEI 7-28 
Chapter 36 hazard loads for flood, ice, rain, snow, and wind to prepare for current state-of-the-
art discussions and the workshop breakout sessions. ASCE/SEI 7-28 introduces Chapter 36 
Future Conditions, addressing how future climate will alter design loads for floods, ice, rain, 
snow, and wind. The chapter supplements existing provisions by adjusting hazards expected by 
late century, while maintaining current reliability standards for structural safety.  

Flood loads rely on Federal Emergency Management Agency (FEMA) flood maps for present 
conditions but incorporate future sea-level rise projections from the National Oceanic and 
Atmospheric Administration (NOAA’s) 2022 Interagency Report. Local jurisdictions’ future flood 
maps, when available, are prioritized. A “bathtub” model currently adds projected sea-level rise 
to stillwater elevations, though more advanced nonlinear methods are desired. Local hydrologic 
and hydraulic analysis remains essential due to the site-specific nature of flooding. 

Ice loads are based on freezing rain hazards, using historical station data and North American 
Coordinated Regional Downscaling Experiment (NA-CORDEX) (Bukovsky 2020) regional climate 
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models. Ice accretion is modeled with U.S. Army Corps of Engineers – Cold Regions Research 
and Engineering Laboratory’s (CRREL) thermodynamic model and a conservative wind-driven 
method. Nonstationary extreme value analysis (Generalized Pareto Distribution) estimates 
design ice thickness for multiple return periods. Improvements are needed in spatial coverage, 
observations, and public dataset access. 

Rain loads adjust the 100-yr, 15-min rainfall intensity using climate model–derived adjustment 
factors (AFs). Observed data from NOAA Atlas-14 provide the baseline, with climate projections 
(statistical and dynamic downscaling) producing multiplicative AFs for future design. A 
nonstationary Generalized Extreme Value framework incorporates warming trends. Pending 
publication of NOAA Atlas-15 may streamline delivery of updated rainfall values. 

Snow loads are projected using a Variable Infiltration Capacity model forced by the World 
Climate Research Programme (WCRP) Coupled Model Intercomparison Project, Phase 5 (CMIP5) 
climate outputs. Reliability-targeted ground snow loads are recalculated with nonstationary 
probability distributions, allowing parameters to evolve over time. Change factors are derived 
across U.S. Environmental Protection Agency ecoregions and applied consistently. The 
approach ensures that future loads do not decrease below current levels, maintaining minimum 
safety margins. 

Wind loads incorporate non-hurricane (synoptic and thunderstorm) and hurricane winds. 
Future non-hurricane winds are derived from downscaled datasets (NA-CORDEX, ECCC 
[Environment and Climate Change Canada]), with gust factors applied to convert mean winds to 
design gusts. Hurricanes are simulated using a Monte Carlo framework with climate-modified 
environmental inputs. A nonstationary minimax approach ensures reliability over a 50-year 
reference period. Limitations remain in thunderstorm modeling and full-physics hurricane 
projections. 

Overall, ASCE/SEI 7-28 Chapter 36 represents an initial structured effort to standardize climate-
adjusted design loads nationally. While methodologies are built on existing ASCE/SEI 7 
frameworks, uncertainties persist due to local variability, data gaps, and evolving climate 
science. Future improvements will focus on refined modeling, broader observational coverage, 
and standardized national datasets for future flood and other hazard projections. 

These overviews of hazard loads in ASCE/SEI 7-28 Chapter 36 were discussed in the workshop in 
a panel moderated by Abbie Liel, as described previously (Appendix B.2.1.4). 
 

 Goals for Future State 

The plenary focused on loads and load effects that are developed into design standards and 
codes. Key themes centered on individual specific hazards and how those are translated into 
loads and load effects and how nonstationarity has effects on structural capacity. 
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As participants discussed the future of structural design, they concluded that codes and 
standards must evolve to reflect increasing uncertainty in hazards and load effects. Next-
generation requirements could include a tiered approach to hazard classification, which may 
help capture varying levels of knowledge and uncertainty, especially as we consider compound 
events such as flood and wind interactions and cascading effects like debris-induced damage. 
Current design philosophies must adapt to account for time-varying capacities and loads, 
potentially shifting toward scenario-based or performance-based design (PBD) frameworks. The 
treatment of transient loads, such as short-duration rainfall or convective wind events, requires 
better data and modeling to inform load combinations and thresholds. Coastal and inland flood 
events, including distinctions between pluvial and fluvial flooding, should be addressed 
separately in future codes. Additionally, serviceability-level loads and long-term degradation 
must be considered for all infrastructure, but particularly for aging infrastructure in flood-prone 
areas affected by sea-level rise (SLR). Marine design standards may no longer be functional 
under future conditions, prompting a reevaluation of system-level modeling versus member-
level approaches.  

Future codes may need to be structured differently, with flexible timelines and prescriptive 
elements that avoid long-term rigidity. Human behavior, maladaptation, and evolving usage 
patterns also influence future load effects, highlighting the need for guidelines for both new 
and existing structures. As climate data and models improve, design targets like the 3 °C goal 
may shift, requiring a deeper understanding of uncertainty sources. Public-facing rating systems 
could help communicate structural resilience, while decision-makers must be equipped to 
understand and weigh required versus optional criteria. Finally, the education of future 
engineers must evolve to prepare them for designing in a world of moving targets, where data, 
models, and hazards are constantly changing. 

The workshop participants envision a future design ecosystem where nonstationary load effects 
and capacity are considered together. This vision includes the following: 

• Load effects that incorporate nonstationary and compounding or cascading effects and 
long-term degradation; 

• Design approaches that include time-varying loads and capacity and shift toward 
structural performance objectives and design acceptance criteria; 

• Engineers and design professionals who are equipped with knowledge of how to 
evaluate structural performance based upon the most critical loads and load effects and 
expected capacity for the design; and 

• Project teams who will have access to guidelines that define the anticipated loads and 
load effects, including cascading and compounding effects, to be evaluated for expected 
capacities of infrastructure components and systems for both new and existing projects. 
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3. Section 3: Discussion of Advancing Future Load Effects 

This section includes summaries of the discussions that occurred in the breakout groups. The 
participants in the breakout groups discussed several prompts before agreeing on the research 
needs, which are summarized in Section 4. 

 Breakout 1. Wind 

Breakout group 1 focused on the challenges and future needs for building codes and design 
standards that pertain to wind. To provide context, wind types were listed in terms of those 
causing the most damage to the built environment: tropical cyclones, severe convective storms 
(excluding tornadoes), extratropical storms, tornadoes, and orographic winds (special regions). 
 
In terms of data and models, the biggest gap is the current ability to characterize severe 
convective storms. Extratropical storms are the most frequent but are less likely to affect design 
wind levels; they are likely the design basis for west coast winds. Tropical cyclones, severe 
convective storms, and extratropical storms are combined for design wind speed maps. The 
following research needs were identified during the discussion. 
 
Higher-resolution temporal and spatial data are needed to improve modeling for future severe 
convective storms. For example, convective storms need a minimal spatial resolution of 1 km 
and temporal data at 5 min intervals. However, methods for future events need to consider 
other scales, such as those used for historical data (4 km and 5 min). New methods might 
benefit from the use of machine learning (ML) or other artificial intelligence (AI) methods. Such 
methods need to limit the use of ML or AI to interpolation, not extrapolation. If a method 
interpolates with smoothing algorithms, it needs a correction factor that considers the dynamic 
characteristics of wind events. One example of a dynamic process is the ability to resolve a 
thunderstorm/tornado apex in high-resolution models. Other issues that need to be addressed 
include if the gust factor in use is now appropriate for thunderstorms and how we better 
connect coarse regional climate models with extreme tails of distributions.  
 
Uncertainty in future wind events and associated wind speeds needs to be quantified through 
multiple simulations and datasets for global climate models and regional models. Historical 
records and measurements document that average global temperatures have been increasing 
since the start of the industrial age, between 1850 and 1900. Part of the uncertainty studies 
should be the question of when the temperature effects on future hazards, such as wind speed, 
become significant relative to the baseline data. Sensitivity studies can help determine when 
significant increases in future hazards become relevant for the built environment. Such 
timelines may vary by region, but a consistent approach will benefit from standardization. 
 
To advance thunderstorm models, improved observational data are needed. Wind data from 
Automated Surface Observing Systems (ASOS) instruments are sparse and have insufficient 
spatial and temporal details to discern thunderstorm winds. The need for better observational 
data includes network equipment that would not lose power or stop recording data during peak 
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wind events. The quality control process by NOAA for ASOS data is another source of data loss, 
as the process sometimes loses peaks that are real measurements and keeps recorded peaks 
that are not; NOAA does not keep raw data for review or comparison. This also occurs for peaks 
in tornado data. 
 
Design assumptions for wind loads need to be reviewed. For instance, a 3 s gust wind speed for 
thunderstorms does not produce the same wind effect as a hurricane. Wind tunnels use 
boundary conditions to model extratropical events; however, thunderstorms have other 
conditions (such as strong shear flows) that are not simulated. Vertical profiles, durations of 
events, and scales of turbulence length differ among wind types. Other sources of 
thunderstorm data may be available that are not in public space that could be added to current 
datasets.  
 
Research needs for tornadoes include spatial and temporal resolution issues across affected 
areas, wind field structure changes due to atmospheric warming, whether the frequency of 
future tornado events is higher, and whether a surrogate or proxy model could be used to study 
tornado event characteristics and future changes. The cause of the observed trend of increased 
tornado events in the Southeast is not clear; while the central plains still have several tornado 
events. Dynamic downscaling models show a further increase in future tornado events for the 
Southeast. A longer-term trend may exist for tornado events that the current datasets, which 
are from the 1990s to the present, cannot be used to evaluate. Research may need to focus 
more on regional changes than on frequency/intensity changes. 
 
Significant wind event types that fall between downbursts and tornadoes need to be defined. 
One approach would be to study thunderstorm generation mechanisms and characteristics 
(particularly time components, including duration of events). For instance, a derecho will have a 
longer time frame than a downburst. Downbursts are small contributors to extreme wind 
events. This research should be guided by identifying which wind events are most relevant for 
design. 
 
A review to determine whether current codes and standards adequately address wind loads is 
needed. This may include defining required data quality, model capabilities, design 
assumptions, uncertainties, and so on, that lead to minimum loads and load combinations. 
 
Currently, design wind speeds are based on a stationary process. How well this assumption of 
stationarity applies to future thunderstorms and other wind events is unclear. Evaluation of 
methods and technology to reduce uncertainty in future wind events is needed. For example, 
the turbulence of wind flow varies among events, which can lead to greater uncertainty for 
thunderstorm events than that currently assumed in reliability analyses. 
 
The duration of wind events and the upwind exposure affect wind speeds and structural 
performance; upwind exposure categories can change over the life of a structure. Design wind 
speed maps assume a 1 h duration for all wind events at a given location; this assumption 
should be reexamined. Similarly, damage is associated with wind events that do not reach 
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design-level wind speeds. Damage to walls is primarily due to debris, whereas roof uplift is a 
structural load path failure (a need exists to see if recent code updates provide adequate 
resistance). In general, for wind speeds less than design levels, the structural system (e.g., the 
main wind force resisting system or MWFRS) performs well, but the building envelope (i.e., the 
components and cladding or C&C) is damaged, often due to design/construction quality or 
debris impact. Tornado events are the exception to this observation. Building envelope 
ensembles are not evaluated as a system, unlike MWFRS. Furthermore, to advance structural 
performance and community resilience, social consequences to building and infrastructure 
failures need to be addressed in future design solutions. 
 
The following topics are not currently considered and were identified for wind events and their 
impact on the built environment: 
• An improved understanding of tiered confidence levels by climate scientists is needed to 

develop design criteria for future hazards. Characterizing the basis of low confidence criteria 
may include the source of data, sources of uncertainty, site factors, and the physics of wind 
events.  

• When the sample size is small, downscaled models may have a single realization, which is 
inadequate for future event characterization. A wider ensemble of datasets is needed to 
inform future hazard characterization, including sensitivity to resolution and so on. 

• Structural design does not currently address wind-driven rain, which is a significant factor in 
property damage in hurricanes and can occur during other wind events (an atmospheric 
river, for example). The ASTM International standard tests for wind-driven rain use 15% of 
wind load with simulated rain for physical laboratory testing; this has proved to be 
inadequate to prevent this type of water intrusion.  

• Serviceability/functionality issues related to building use may need to be adjusted for future 
hazard events. 

• Wind-driven hail damages building envelopes, which may lead to rain intrusion. 
• Wildfire-driven winds can create vortexes outside the fire perimeter that lead to 

unanticipated damage to buildings. 
• Tornado events and resulting debris fields have significant impacts. Tornadoes create more 

debris than hurricanes. Tornado provisions have adopted hurricane debris criteria for now, 
but further studies comparing hurricane and tornado debris fields as a function of wind 
speed are needed. Debris impact affects design criteria for windows and C&C. 

• Field studies need to consider design versus construction quality to assess structural 
capacity and performance. 

 Breakout 2. Inland Flood/Rain 

Breakout group 2 focused on challenges and future needs in evolving flood-related building 
codes and design standards. Participants discussed technical, policy, and data-driven issues, 
particularly regarding how future climate scenarios intersect with the built environment and 
the need to rethink flood hazard data/mapping and design approaches. 
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Noncoastal flood hazard areas present a unique challenge compared with other natural hazards 
we design buildings to resist. Noncoastal flood risk is highly localized and sensitive and can vary 
widely from watershed to watershed.  

Participants noted significant gaps in flood risk data for public infrastructure and suggested a 
more holistic view of new and existing construction. A common topic throughout the discussion 
was the inadequacy of current FEMA flood maps for engineering purposes, especially when 
considering flood events beyond the historic 100-year flood. These maps are intended for 
insurance, not engineering design, and lack the granularity necessary to assess localized flood 
risk, especially in areas affected by short-duration stormwater flooding or complex compound 
flood scenarios (e.g., storm surge plus heavy rainfall). Current practice for considering future 
flood hazards often involves extrapolating future conditions from present-day analyses using 
conservative scaling factors. However, this method lacks regional specificity and produces 
oversimplified risk estimates. Localized flood maps that reflect the distinct characteristics of 
individual watersheds and better align with future precipitation estimates are needed. 

The most recent editions of ASCE standards (ASCE/SEI 7-22 Supplement 2 and ASCE/SEI 24-24) 
require designing most buildings for the 500-year flood event, while critical buildings are 
designed for 750- or 1,000-year flood events. These data are often unavailable, using FEMA 
maps or otherwise, and most projects lack the resources to conduct site-specific hydrologic and 
hydraulic (H&H) studies. There is a consensus that building designers cannot be expected to 
conduct detailed watershed modeling, especially for smaller or resource-constrained projects. 
Under ASCE/SEI 24-24, scaling factors are applied to account for these more extreme events. 
Methods and tools are needed that can help practitioners assess risk more precisely without 
deep H&H expertise, especially given the wide variation in floodplain behavior under changing 
conditions. 

Another layer of complexity relates to the interaction between existing infrastructure and 
observed behavior, such as riverine flooding, which is often underrepresented in flood analyses 
and maps. Debris blockages and damming effects can drastically alter flood elevations and 
extents. For example, hydrodynamic flood loads change significantly when water is temporarily 
slowed by debris and then released suddenly. 

Regarding stormwater/urban flood hazards, participants noted the problem of outdated or 
insufficient stormwater infrastructure data, particularly in dense urban areas that experience 
frequent stormwater flooding, such as New York City. Participants emphasized the inadequacy 
of current design precipitation values for stormwater systems. Field experiences in Texas and 
North Carolina showed actual flooding exceeded expected impacts due to unmapped or poorly 
understood local features like stream crossings and embankments. Public infrastructure is 
inconsistently documented, which hinders effective risk assessments. 

Several participants advocated for a shift from prescriptive codes to PBD, which has become 
common in other hazard areas like seismic and wind design. However, the data needed to 
support PBD for flood-resistant design are still lacking. 
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While the group generally agreed that the process of converting hazard data into structural 
loads is well understood, the challenge lies in defining and quantifying the hazard itself. 
Participants stressed the uncertainty in climate model projections and the implications for 
future rainfall intensity and frequency. The unknowns associated with the built environment 
and land development may carry more uncertainty than future precipitation. 

Participants strongly agreed that research should support both new and existing structures 
because their implications and solutions may differ. While load characterization may be similar, 
the response and mitigation strategies would vary significantly. 

The group discussed the current movement to integrate ASCE/SEI 24-24 and ASCE/SEI 7-22 
Supplement 2 into the International Building Code, especially for residential applications. One 
major obstacle is the public’s assumption that if a site is permitted for construction, it must be 
safe, which complicates the adoption of more stringent codes. 

Participants discussed how to enhance consideration of more resilient flood design in 
residential settings, particularly with the adoption of forward-looking flood-resistant design in 
the International Residential Code. Better appraisal models that reflect reduced flood risk for 
elevated or flood-resilient buildings could improve incentives. The group contrasted the public’s 
growing awareness of wildfire risk with the slower recognition of flood risk in property value 
and development decisions. Participants agreed on the need for more public education, social 
science research, and integration of economic incentives to align resilience with market 
behavior. 

In addition to the top five priorities described in Section 4, the group identified the following 
topics that may necessitate research to enhance noncoastal flood mitigation: 

• Short-duration flash flooding: Noncoastal flood events driven by intense, localized 
storms (e.g., 15 min, high-intensity rainfall event) are underrepresented in current maps. 
Mapping efforts must better reflect the flood extents and the rapid rate of such flood 
events. 

• Site-specific vulnerability: Risk assessments must account for vulnerabilities not only in 
buildings but also in supporting infrastructure systems, such as utilities, roadways, and 
bridges that contribute to broader community resilience. 

• Performance-based versus prescriptive design: Future standards may need to shift toward 
performance-based approaches that tailor solutions to specific flood characteristics and 
acceptable risk levels, moving beyond prescriptive code requirements. 

• Riverine versus coastal versus compound flood hazards: Transition zones where riverine 
and coastal flooding intersect require unique consideration. These flooding areas remain 
among the least understood and most complex to model accurately. In addition, future 
conditions may cause a shift in controlling flood events in these areas. 

• Debris loads and damming effects: Flood models must include physical factors like 
debris-induced damming, which can dramatically change hydraulics and increase 
localized flood loads. 
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• Climate uncertainty and regionalization: A significant challenge is determining which 
climate models best represent future precipitation and how uncertainty propagates 
through to flow predictions. Regionalization of these projections is essential to produce 
reliable design guidelines. 

• Glacial lake outburst floods (GLOFs): Extreme events such as GLOFs provide valuable 
case studies to improve understanding of rapid-onset flood mechanisms. 

• Design-focused flood maps: Insurance-focused flood maps are often not the best tool for 
informing structural design. Design-specific flood maps that incorporate deeper technical 
parameters (e.g., velocity, debris impact, load duration) are needed. 

 Breakout 3. Coastal Flood/Sea-Level Rise 

The coastal flood/sea-level rise breakout session identified critical research needs for 
addressing flood loads and coastal design in the context of future climate. A key issue is the 
limitation that current tools were not developed for future climate impacts and lack consistency 
across locations. A mismatch exists between wind load discussions incorporating hurricane 
models, which consider future climate, and flood models that do not, leading to inaccurate 
predictions of storm surge and rainfall. Participants highlighted the need for national mapping, 
accounting for nonstationarity with sea ice melting in sea-level rise estimates and integrating 
storm surge and sea-level rise to identify extreme flood events (e.g., 100-, 500-, and 1,000-year 
floods). The discussion also emphasized the lack of standards in the coastal field compared with 
other areas; the difficulty for clients to fund site-specific modeling; and the need for 
methodologies to plan under uncertainty, such as risk-based approaches in nonstationary 
settings and dynamic adaptation pathways. Participants underscored the importance of training 
more coastal engineering experts to address the growing complexities in this field and providing 
materials and tools that can support engineers who lack coastal expertise but work in the 
coastal zone. 
 
Further research needs include moving beyond depth to analyze velocity and wave action 
impacts on coastal structures, addressing the lack of velocity data for dynamic flood loads, and 
focusing more on extremes rather than averages. Social science research is needed on how to 
present extremes, averages, and probabilities, as is model development to integrate wind, 
precipitation, sea level, and storm surge for compound flooding. The group also discussed the 
efficiency of nature-based solutions in reducing wave loads and their potential inclusion in 
future codes and manuals. Other topics include the interactions between adaptation strategies 
and hazards, incorporating structural capacity and groundwater into codes, and a system-level 
approach to resilience for critical infrastructure. The group also highlighted the need to 
consider both existing and new structures and how to modify existing infrastructure for 
changing human activity and technology alongside environmental conditions. Integrated 
models that encompass precipitation, wind, sea-level rise, and bathymetry are also a critical 
need.  



NIST GCR 26-072 
July 2026 

  

 

16 

 Breakout 4. Snow/Permafrost/Ice 

The six breakout participants discussed research to inform codes and standards with respect to 
snow and ice loads. Participants drew on their direct experience with code updates including 
ASCE/SEI 7-28 Chapter 36 (Future Conditions) and the National Building Code of Canada (NBC 
2025), both of which include future hazard effects. For this summary, the research needs that 
were discussed for snow and ice have been grouped by hazard.  
 
The discussions of snow loads dealt with characterizing ground snow loads, translating ground 
loads to roof loads, and finally developing more detail about the interaction of these loads with 
the structures and other design criteria. Current standards and codes are based on the annual 
maximum ground snow load as measured by the weight of snow water equivalent (SWE). While 
U.S. snow data tend to measure SWE directly (where measurements are taken including the 
effect of rainwater on the snowpack), Canadian data are typically only for snow depth and must 
be converted based on assumptions of bulk density. Research into possible regional changes in 
snow density and frequency of rain-on-snow events with respect to future conditions was 
suggested.  
 
Participants noted that annual maximum SWE does not account for the intermittency of ground 
snow loads in locations where snowstorms are rare and melting between storms is 
considerable. Therefore, more data on duration of ground and roof snow loads would be 
particularly useful when considering load combinations. For example, a peak snow load that 
lasts five days before melting would be associated with a lower risk of combining with a seismic 
event than one that lasts a month or more.  
 
More consideration of how to design for nonstationary hazards would be particularly important 
for snow loads that are either decreasing or nonmonotonic with increases before decreasing. 
The implications of designing for lifetime versus maximal annual risk should be examined in 
more detail. In the broader discussion, the possibility was raised of increases in extreme snow 
due to increased moisture in the atmosphere, even in regions where snow occurrence is 
decreasing overall. Participants expressed concern that current analysis methods of ground 
snow loads might not capture the possibility of larger maximal snow roof loads (even if less 
frequent). Thus, how to better characterize the changing probability distributions and the 
implications for risk could be a topic for research.  
 
Participants paid considerable attention to the translation from ground snow loads to roof 
snow loads. Even if ground snow load decreases, roof loads may increase because of the effect 
of warming temperatures on the redistribution of snow. For example, in regions that transition 
from very cold winters, wind scour of snow on roofs might become less effective. Alternatively, 
a warming climate might lead to the possibility of melt and refreeze, leading to ice layers that 
can reduce accumulation. Accounting for this possibility, the NBCC moved from uniform load 
factors and drift provisions to incorporate wind factors (as does ASCE/SEI 7-22) and added a 
winter temperature variable in the ground-to-roof load factor. However, more research into 
temperature and other climatic effects on ground-to-snow translation of loads was seen as 
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needed, including understanding regional variations in the processes involved.  
 
Discussions also addressed the load effects on and interactions with structures. Thermal effects 
on roof loading were discussed, noting that energy codes specify higher R-values that could 
lead to greater snow retention, either for new construction or for retrofits. Because a thermal 
factor is included in the standards for snow loads (though not for ice loads), this is more of a 
design decision. Some newer roofing materials have considerably lower friction, including some 
plastics/polymer materials. More research is needed on how new building materials affect 
loads through shedding of snow and redistribution of snow on the roof through sliding, 
potentially concentrating loads.  
 
More broadly, participants discussed the balance of safety (e.g., protecting people from sliding 
snow and ice from roofs) with the potential for increased snow retention, for example, by 
barriers that retain snow. Many jurisdictions require that snow and ice falling hazards be 
mitigated, but no guidelines exist on how to incorporate that into design. The development of 
guidelines in the standards on how to design for public safety from falling snow and ice was a 
suggested topic for research.  
 
The broader discussion raised the possibility of extending codes to cover tied structural 
systems. Design codes assume that the maximum load occurs at the same point in time 
everywhere on the structure, but on larger systems drifting snow loads may occur at different 
locations at different times, which might lead to overdesign with current codes. While currently 
dealt with by using bespoke structural modeling for each project, research into how to include 
this into codes, along with duration of load effects, is needed. The participants also expressed 
concern about overdesign for rare large events where the most extreme risks could be 
mitigated through active monitoring and management of roof snow loads. However, current 
codes do not allow for active melting of snow to reduce design loads because of the possibility 
of those systems failing during power outages precisely when they are needed most.  
  
The discussion then moved to ice. The potential for ice accretion on structures is determined by 
the presence, intensity, and duration of freezing rain, which is then used as input to an ice 
accretion model to estimate ice thickness on a cylindrical object. The design ice loads are then 
determined through extreme value analysis. As with snow, the discussion can be broken down 
into needs for better characterization of the environmental hazard and better understanding of 
how to translate this hazard to structural loads. The primary challenge associated with 
determining design loads for a changing climate is the shift from observation to model-based 
determination of freezing rain conditions. However, considerable challenges also exist in 
developing estimates from the current observational record at locations between observation 
sites.  
 
Participants discussed the problems with the current observational record for determining the 
present-day hazard and for use in model validation extensively. The data, ideally hourly or a 
finer temporal resolution, come from automated weather stations, mostly at airports. The data 
are spatially sparse, and the historical record needed to determine extremes has gaps. The 
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sparsity issue is particularly acute in Alaska. The relevant meteorological variable is the amount 
of precipitation falling as freezing rain. This quantity is typically calculated from measurements 
of the precipitation rate when the ice is detected by the ice sensor at the observation station, if 
included in that instrument package. In many weather stations, the presence of ice is noted, 
but the thickness is not measured. Newer sensors measure ice thickness, but the accuracy or 
relevance of these ice thickness measurements for structures is questionable and the cost is 
about $10,000 per unit. Several innovative research ideas were suggested to increase the 
quality and quantity of observations of both freezing rain and ice accretion. These include 
development of low(er)-cost sensors to measure freezing rain and ice accretion thickness and 
leveraging of newer technology infrastructure for gathering data, including along smart roads. 
The participants explored possible economic incentives for increasing the observational 
coverage and noted that economically motivated sectors could participate in public-private 
monitoring partnerships. A potential synergy with aviation safety research (including some 
research at the National Center for Atmospheric Research on cloud icing) and the electric 
transmission industry and the possibility of using nontraditional data, such as from the 
insurance industry, were noted. Finally, the possibility of using citizen science was put forth, if 
adequately quality controlled.  
 
ASCE/SEI 7-28 is moving toward using model-based estimates of freezing rain to fill in the gaps 
in observational records (through weather reanalysis products such as using fifth generation 
European Centre for Medium‑Range Weather Forecasts (ECMWF) atmospheric reanalysis tool 
(ERA-5) (Herbach 2020)) and to use in climate models to project to the future. Current climate 
models, and even weather models, have trouble directly simulating freezing rain, largely 
because of horizontal and vertical resolution and the temporal increments for recording and 
saving data. Instead, empirically based algorithms (for example, the Bourgouin algorithm) are 
used to deduce the likelihood of freezing rain from temperature and humidity output at several 
vertical model levels in the atmosphere. However, these algorithms are wanting: a 46% hit rate 
for correct deduction of freezing rain is typical. While several models are being compared for 
the current ASCE/SEI 7-28 updates, research to improve the detection algorithms for 
precipitation type, perhaps using advanced ML techniques, is desired. Improved observations 
would be needed for calibration and validation of these models. Also suggested was that the 
simulation of freezing rain be investigated with convection-permitting climate models (those 
with finer than 4 km horizontal resolution and more vertical levels in the atmosphere). The 
primary goal of this would be to study model processes to improve the translation from climate 
model scales to local scales and constrain the epistemic uncertainties in climate that are 
unlikely to be adequately sampled by the limited quantity of higher-resolution models. 
Therefore, research is needed to leverage reanalysis and climate model data to better 
characterize freezing rain and ice loads where observations are lacking, including between 
observation stations in the present and in all locations in the future. 
 
The ice accretion model that is used was developed for a cylindrical object at right angles to the 
wind and was developed to simulate ice accretion on transmission lines. Research into the 
accretion of ice on other surfaces is a priority. Flat surfaces, particularly solar panels, are also a 
priority as the installation of solar panels proliferates, even in cold climates. Solar panels are 
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not currently considered in codes, however, and developing guidelines for a “flat” icing factor 
would be helpful.  
  
In considering broader topics regarding frozen precipitation, research into the problem of in-
cloud (rime) icing was mentioned. This is a particular concern for tall structures, including 
transmission towers, wind turbines, cable-stayed bridges, and tall buildings. As noted 
previously, a potential synergy exists with aviation icing research. The breakout group also 
briefly discussed the specific problem of icing on bridges, noting that ice loads are small 
compared with other loads, but that ice shedding is a large safety concern. These concerns do 
not directly affect existing codes and standards to the knowledge of the participants. The 
design of other mitigation strategies, such as surface-applied heat technology or other means 
of controlling ice shedding, is unregulated. Hail is not currently considered in the codes but was 
mentioned as being particularly significant for insured losses. The relevance to structural loads 
arises because hail can compromise the building envelope leading to later structural damage. 
Research would include better characterization of the current hail hazard and better 
understanding of future hazards. Finally, the impact of snow and ice on communities, 
particularly on community lifelines and horizontal infrastructure, and economic livelihoods, was 
discussed, and the group proposed further research into the effect of snow and ice loads and 
hazards on community resilience.  
  
Section 4 presents the group’s top five priority research needs. The group also provided 
additional research needs typology based on their conversation. Research needs are 
categorized according to the typology introduced in the first workshop report.  
 

1. Uncertainty and Nonstationary Reliability: Characterization of design load risks when 
snow load increases with warmer temperatures before it decreases. Incorporation of 
temperature effects when translating ground snow to roof snow loads. 

 
2. Hazard Data: 
• Characterize duration of ground snow loads in addition to annual maximum,  
• Characterize the changing probability distribution of extreme ground snow loads, 
• Improve freezing rain and ice thickness measurements, and  
• Provide more comprehensive hail hazard data in the present and projections into the 

future. 
 

3. Design: 
• Design for snow loads on tied structures; 
• Standard for active monitoring and management of snow loads; 
• Guidelines for managing snow and ice on structures for public safety (falling/sliding 

snow and ice), including effect on snow loads; and  
• Investigation of effect of new roofing (and building envelope) materials on snow and ice 

accumulation, ablation, redistribution, and so on.  
 

4. Methods/Models: 
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• Ice accretion on flat and other noncylindrical surfaces; 
• Improved precipitation type algorithms, perhaps AI/ML, to determine freezing rain 

intensity and duration from climate model and reanalysis model data;  
• Analysis of convective-permitting climate models for better process understanding; and 
• Modeling of snow load distribution (on large structures) due to various effects. 

 
5. Communication/Knowledge: Understanding of risk of snow and ice on community 

lifelines, including horizontal infrastructure, and economic impacts on communities.  

 Breakout 5. Structural Capacity 

The most common materials used in the construction of buildings and other structures consist 
of reinforced concrete; steel; wood; masonry; and for some applications glass, aluminum, and 
fiber-reinforced plastics. Current structural design codes and standards implicitly account for 
the long-term behavior of these materials by applying appropriate load and resistance factors 
to ensure that structural components made from these materials achieve reliability levels 
consistent with those of structures that have demonstrated adequate performance over their 
service lives. However, evidence suggests that the aging and deterioration of structural 
materials is accelerating under the effects of changing environmental and human-made 
stressors. This implies that currently used design specifications may no longer adequately 
reflect future structural safety levels and that using historic trends to calibrate code-specified 
load and resistance factors may lead to building structures that may have shorter service lives 
than anticipated. Civil and structural engineers and material scientists have been investigating 
deterioration mechanisms of structural materials to identify the most important stressors, 
develop models to project future reductions in the load-carrying capacity of typical structural 
materials, and investigate approaches to shield them from damaging elements and improve 
their performance over time. Summarizing the discussion of breakout group 5 of the second 
workshop, this report seeks to identify issues related to the effects of the environment on the 
structural capacity of buildings and civil infrastructure systems; identify topics that are not 
currently considered in structural design codes and standards; and prioritize research needs, 
taking into consideration future changes in pertinent loads and hazards. 
 
The primary causes of structural material aging include environmental exposure, chemical 
reactions, and mechanical stresses. The effects of various climate hazards and their interaction 
with other stressors on accelerating material deterioration mechanisms have been the subject 
of research for many years. This section provides a short listing of the main climatic hazards 
that influence structural material deterioration.  
 
Reinforced Concrete: Chloride penetration primarily causes corrosion of reinforcing steel in 
concrete members. Chlorides from sea salt and deicing salts may be deposited on concrete 
surfaces and with time penetrate the concrete through existing cracks and diffusion processes. 
Corrosion is initiated when the chlorides reach the passive layer that normally protects the 
steel from rusting. Chlorides break the passive layer, initiating an electrochemical interaction 
among iron atoms from the steel, oxygen, and water to produce rust, which has a larger volume 
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than steel, leading to concrete cracking and spalling. Concrete members in regions exhibiting 
increased precipitation, higher frequencies of snow and freezing rain with associated increases 
in the spread of deicing salts, and members exposed to changes in wind intensities and 
directions that carry ocean and deicing salts farther afield, may be subject to higher corrosion 
rates than previously anticipated. Similarly, the intrusion of salts into groundwater as sea levels 
change contributes to increased deterioration of concrete foundations. Furthermore, changes 
in temperature and humidity could facilitate the diffusion of chlorides into concrete layers, 
accelerating the initiation of the corrosion process. Increasing carbon dioxide (CO2) 
concentrations in the atmosphere react with the alkaline cement paste, lowering its pH and 
increasing the risk of reinforcing steel corrosion in a process known as carbonation. Changes in 
the frequency of freeze-thaw cycles lead to increased cracking and spalling of concrete due to 
the expansion and contraction of water within concrete pores. Increases in ambient humidity, 
moisture, and temperature can cause concrete to shrink and creep, leading to cracking and 
large deformations. Higher rates and intensities of precipitation carrying abrasive substances 
and chemicals can lead to erosion, scaling, or spalling of concrete surfaces.  
 
Structural Steel: As is the case with steel rebars in concrete, electrochemical reactions among 
steel; oxygen; increasing humidity and moisture levels; and higher levels of chloride ions from 
wind-carried saltwater, deicing salts, and the intrusion of salts into groundwater lead to the 
formation of rust and loss of material, reducing the load-carrying capacity and stiffness of 
structural steel and steel foundations. Increasing frequencies and intensities of windstorms and 
associated vibrations can lead to sudden and unexpected fatigue failures of steel members, 
while increasing humidity and moisture may accelerate corrosion that would not only 
compromise the strength and stiffness of structural steel but also reduce its resistance to cyclic 
fatigue. Higher temperature differentials can lead to increased deformation levels and higher 
stresses in steel members.  
 
Wood: Increasing moisture levels create an environment conducive to biological attack and 
mechanical damage. Moisture can lead to warping and splitting of structural wood and the 
corrosion of metal fasteners. High temperatures contribute to creep under permanent loads. 
Moisture and high temperatures create a favorable environment for the wood’s infestation 
with bacteria, fungi, termites, and other insects. These break down the wood’s cellular 
structure, leading to its weakening and eventual failure. Changes in cloud patterns and 
associated increases in ultraviolet (UV) radiation, rain, and temperature fluctuations lead to 
cracking, checking, and erosion of wood.  
 
Masonry: Rain, snow, rising dampness, and freeze-thaw cycles lead to erosion, weakening, and 
cracking of mortar joints. Salt from deicing agents and airborne sea salts can chemically react 
with masonry materials, degrading their load-carrying capacity. Mold, mildew, and other 
biological organisms thrive in damp conditions, potentially causing structural damage and 
weakening the material.  
 
Glass: If they do not directly break glass surfaces on impact, hail and wind-borne debris can still 
create surface flaws and microcracks, reducing glass strength. Low temperatures and freeze-
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thaw cycles can accelerate the growth of existing microcracks under sustained tensile stress, a 
phenomenon known as stress corrosion, significantly reducing the glass strength and 
potentially leading to failure. Repeated application of stress from winds and other hazards, 
even below the material’s yield strength, can cause the glass to fail due to fatigue, especially in 
humid environments.  
 
Aluminum: Aluminum is prone to fatigue failure under repeated loading and unloading cycles. 
Thus, flexible aluminum components exposed to repeated wind-related stress cycles are prone 
to higher risks of failure. Higher temperatures increase the tendency of aluminum components 
to deform under the influence of permanent loads. High temperatures can also accelerate 
microstructural changes, potentially increasing fatigue failures.  
 
Fiber-Reinforced Plastics (FRPs): Moisture can penetrate the FRP matrix, causing swelling and 
plasticization and ultimately leading to degradation. This process can also create microcracks 
and delamination within the composite, further reducing its strength. High temperatures can 
lead to degradation of the matrix while fluctuations in temperature can induce thermal 
stresses, contributing to microcracking and delamination. Freeze-thaw cycles can lead to 
debonding and reduced load transfer between the fiber and the matrix. Changes in cloud cover 
increases exposure to UV radiation, reducing the ultimate tensile strength and modulus of FRP 
components.  
 
Protective Systems: Structural steel is normally protected against corrosion by protective 
coating systems such as paint, while concrete and wood are protected using various types of 
sealants. Changes in temperature, moisture, or substrate conditions can lead to loss of 
adhesion between the sealant or coating and component surfaces. Exposure to UV radiation 
can cause polymers in sealants and coatings to degrade, leading to cracking, chalking, and loss 
of adhesion, exposing the material to all degradation mechanisms. 
 
Climate hazards in combination with other natural or manmade loads may indirectly undermine 
structural capacity. For example, the scouring of soil around foundations due to flooding events 
reduces the ability of structures and infrastructure systems to resist all types of applied loads 
even when the structural materials themselves are not affected by the flood.  
 
Modeling, prediction, and validation was the next point in the breakout group conversation. 
Assessing the safety of structures over their expected service lives requires accurate models 
that engineers can employ during the design phase to predict future conditions of the structure 
and subsequently decide on proper and timely repairs and rehabilitation strategies. 
Researchers are investigating various approaches to establish such models and verify their 
validity. These models can be classified as either high fidelity or predictive, both of which 
should be validated to ensure their reliability. The most useful models must be easily 
implementable in engineering practice and should be sufficiently flexible to incorporate data 
collected in the field and be updated based on information gathered from in situ inspections.  
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High-fidelity models, also known as constitutive models, are empirical-theoretical models that 
incorporate fundamental physics, chemistry, and mechanics concepts to predict the long-term 
behavior of structural materials and estimate their effective service lives. Such models link 
transport and diffusion processes that follow the movement of substances like moisture, 
chlorides, and other chemicals considering the permeability of the substrates and the presence 
of pressure gradients. High-fidelity models would also account for chemical reactions, such as 
those that create rust, that alter the properties of structural materials and reflect the 
mechanical and chemical interaction between different constituents, such as those that bond 
reinforcing steel bars to concrete, to estimate the overall strength and stiffness of the altered 
materials. The most advanced models incorporate multiscale representation of heterogeneous 
materials starting at the micro level up to the macro scale and employ numerical approaches 
such as finite element methods to simulate structural behavior and account for the interaction 
among different constitutive materials of various geometric shapes and boundary conditions. 
High-fidelity models provide a deep understanding of the complex interaction between climatic 
hazards and basic constituents, which facilitates a long-term projection of the behavior of 
structural materials. They also would help in investigating options for improving the 
performance of materials by identifying the influence of various potential additives and 
protective systems.  
 
Predictive models are primarily based on available information from past data and historic 
performance of structural materials using various analytical and statistical techniques. The goal 
of predictive models is to forecast future behavior even if the underlying fundamental 
principles are not fully understood. Predictive models are usually easier to implement in routine 
practice than high-fidelity models. However, they are limited by the scarcity of historic data, 
which are difficult to collect because of changes introduced by manufacturers in material 
formation procedures over the years and changes in the underlying physical and climate 
conditions over the long service lives of structures.  
 
Both high-fidelity and predictive deterioration models must be validated using experimental 
laboratory and field data. Monitoring real-time deterioration mechanisms requires long periods 
of observation, which has led many researchers to apply accelerated testing procedures. Also, 
lab experiments are usually conducted in carefully controlled environments, such as controlled 
temperature settings in humidity chambers and controlled infusion of chemicals and other 
substances. Despite their convenience, scaling accelerated testing results to real time and 
reconciling the differences between controlled lab conditions and the variabilities in field 
conditions, which are impossible to control and difficult to monitor over long periods of time, 
present a real challenge for researchers and engineers. 
 
The most useful models can be adjusted to incorporate information about the structural 
materials from inspection data, actual field conditions, and monitored variations in climate 
conditions to compare the predicted degradation of the materials with estimates of component 
strength and stiffness estimated based on in situ data.  
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Structural material degradation simulators for concrete, structural steel, and other structural 
materials should be made available through open-source, web-based platforms that are easily 
accessible by practicing engineers. These models should be established and continually updated 
by appropriate government agencies (e.g., National Labs) or professional societies (e.g., ASCE) 
to provide long-term estimates of material behavior over its life cycle. The models should allow 
for entering site-specific information on physical and environmental conditions to estimate the 
reduction in the load-carrying capacity of structural components under various loading 
conditions. The platforms should also provide information on the model’s underlying 
assumptions, sources of uncertainty, and reliability of predictions.  
 
Current structural standards are developed based on estimates of the initial load-carrying 
capacity of structural components along with projections of the maximum expected loads 
within a preset service reference period. Models for estimating future reductions in the 
strength of components, in combination with models for estimating changes in future loads and 
hazards, should provide the ingredients for developing improved risk-informed, reliability-
based structural design codes and standards. The calibration of design codes requires the 
evaluation of the aleatory uncertainties associated with estimating the various parameters and 
the epistemic uncertainties that reflect the limitations in the ability of the models to accurately 
predict the behavior of structural materials over time.  
 
The degradation of structural resistance in combination with potential increases in many 
climate hazards confirms the nonstationary, time-dependent nature of the reliability of 
structural systems. This phenomenon amplifies the complexity of structural reliability 
calculations. It also raises questions regarding how to adjust current design codes and 
standards to account for the time-dependent behavior of a structure when its construction 
must meet strict criteria that ensure its overall safety up to the ill-defined end of service time. 
 
One issue that arises when dealing with nonstationary loads and structural material strengths 
relates to the definition of the design reference period. While the current 50-year reference 
service life adopted in ASCE/SEI 7-22 does not necessarily reflect the actual service lives of 
many buildings and other structures, it has long been accepted as an adequate planning horizon 
for code calibration purposes when addressing stationary loads and resistances. Because 
deterioration mechanisms vary widely based on local conditions, material-processing methods, 
construction practices, and exposure to hazards, and because of differences in the acceleration 
of deterioration processes of various materials over time, review of possible alternatives to the 
current preset reference design service period has been requested. Furthermore, the 
overwhelming uncertainties in projecting future changes in nonstationary material resistances 
and loads over long periods of time hamper any possible revisions.  
 
Estimating the reduction in structural material strengths involves determining a large number 
of variables that are associated with significant statistical variations. Furthermore, even under 
controlled conditions, existing material degradation models involve high levels of epistemic 
uncertainties due to their inherent limitations. Also, strong evidence suggests that the 
environmental factors (e.g., temperature, moisture, airborne substances) that have a large 
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impact on structural degradation are changing over time. Projecting future changes in these 
parameters involves another set of large epistemic uncertainties. Therefore, the time-variant 
strength and stiffness of structural components can only be assessed in a probabilistic sense.  
 
The probability models that are used to calibrate structural design loads and standards must 
account for the uncertainties in the resistance and load parameters. In traditional reliability 
analyses, common practice has been to assume that resistance and loads are independent, fully 
uncorrelated random variables. However, the discussion in this report reveals that structural 
deterioration mechanisms are highly related to the intensity and frequency of many climate 
hazards that also drive the environmental loads applied to the structure. Advanced new-
generation structural design standards must be calibrated to account for such correlations, 
which may indicate that future structures may exhibit lower safety levels than previously 
assumed.  
 
Frequently, nonstructural systems (e.g., building envelopes or protective systems such as paint) 
serve as shields to the structure from the elements and tend to reduce their degradation. 
However, the deterioration of such nonstructural systems would not only reduce the efficacy of 
the shield but may often hide signs of structural component deterioration leading to potential 
failures.  
 
Structural design primarily focuses on reducing the risk of failures under the effect of extreme 
events. Often, a material is subjected to repetitive, low-intensity loads that cause microscopic 
material defects or slip processes that introduce microcracks. Under stress concentrations, 
these eventually coalesce into macrocracks that may subsequently rapidly propagate, 
potentially leading to structural failure in a process known as cyclic material fatigue. 
Degradation river scour under repeated low-level floods is another type of damage that often 
remains unnoticed until the failure of structural foundations. 
  
Current standards account for the effects of compounding hazards using load combination 
factors and, as mentioned earlier, ignore the correlation between the effect of a hazard on the 
loads and their effect on material degradation. Furthermore, load combinations factors are 
usually determined following Turkstra’s rule, which assumes that high-level hazards have low 
probability of occurring simultaneously and that even if they do occur their intensity levels are 
statistically independent. However, these assumptions are not always valid, and in many 
situations the levels of intensity of different loads are highly correlated, such as the 
combination of high levels of precipitation, storm surges, and wind intensities that cause low-
cycle fatigue failures during hurricanes. Compounding effects do not necessarily occur from a 
single major event. For example, in the context of material degradation, corroded materials are 
known to exhibit lower resistance to cyclic loading in a phenomenon known as corrosion 
fatigue. Freeze-thaw cycles may cause crack expansion in concrete members, but these cracks 
may also expand due to all types of other loadings. Most codes and standards tend to ignore 
such combinations of effects and focus on the degradation of materials assuming that the 
effects are independent.  
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Structural design codes and standards do not account for the degradation of structural 
members in a direct, explicit manner. One approach to include degradation in the design-check 
equations is to calibrate strength reduction factors that would be added to current resistance 
factors. These reduction factors would be calibrated using structural reliability principles and 
would ideally account for all the issues mentioned in this subsection of the report. The 
resistance reduction factors would account for the changing capacity over the service life of the 
structure and consider the correlations between material strength and load combinations.  
 
This breakout group also addressed various areas of field testing, monitoring, and inspection. 
Many existing traditional structural inspection methods are geared toward identifying signs of 
deterioration. Existing methods may be human-driven approaches, such as visually observation 
of rust-related discoloring or hands inspection of fatigue or other types of cracks, or approaches 
that utilize mechanical and electronic devices, such as hammering to identify areas of 
compromised concrete or measuring corrosion rates in reinforcing steel. Other measurement 
devices such as magnetic resonance can help identify the concrete internal structure and 
proportions of various constituents. These methods may effectively recognize the presence of 
deterioration or the composition of the material but require subjective assessments in 
combination with analytical techniques to obtain estimates of reductions in member stiffness 
and strength. Structural health–monitoring instruments, including accelerometers and radar 
that measure the response of a structure to ambient loads or applied loads, have been used in 
combination with structural optimization techniques to infer the stiffness and other properties 
of structural components and by correlation the strength and load-carrying capacity of 
structural members. However, most existing approaches are associated with a relatively large 
range of errors, and a continuous need exists to improve existing technologies to develop rapid, 
reliable, cost-effective test methods that provide consistent in situ evaluations of the strength 
and stiffness of deteriorating components.  
 
Current design codes and standards are developed to ensure that many structure types and 
geometries meet risk-informed target reliability levels that are based on a priori assumptions 
on future member behavior and loading conditions. At regular periods of time after 
construction, it is possible to assemble specific information on hazard data, recognize signs of 
member deterioration, and observe and measure the response of a structure to random 
human-engineered and environmental loads and field testing.  
 
The design codes are also based on the assumption that some reasonable level of over-
conservatism would not lead to excessive increases in construction cost. However, 
rehabilitating an existing deteriorated structure to meet the same criteria set for a new 
structure usually involves prohibitive costs, which is often not justified because the information 
that can be assembled in the field about the structural behavior of the system; the 
deterioration of the members; and the types, frequencies, and intensities of loads will 
considerably reduce both the aleatory and epistemic uncertainties that are usually utilized to 
develop the general design criteria. 
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Except for the case of highway bridges, currently no guidelines exist on how to apply 
information on an existing building or other structural type after construction. The guidelines 
should provide protocols for performing inspections, evaluating existing capacity of 
components, and predicting performance accounting for future reductions in capacity and 
changes in loading under climate impacts. The guidelines for the assessment of existing 
structures should clearly define the metrics, sampling strategies, and the scope of behavior-
informed testing, and incorporate these into a reliability-based procedure that accounts for the 
aleatory and epistemic uncertainties and the possibility of measurement errors to estimate the 
future performance of the structure and estimate its safe remaining life.  
 
The Federal Highway Administration mandates that bridges undergo rigorous inspections on a 
biennial basis and that bridges be classified based on well-established condition-rating and 
load-rating procedures conducted by certified inspectors and engineers that meet strict risk 
assessment criteria. Various jurisdictions and authorities should establish similar requirements 
and schedules for monitoring, inspecting, and assessing the safety of all types of structures. 
 
Component-level and system-level assessments were the next major topic of conversation. 
 
The structural design process is based on an analysis of the load path to compare the effects of 
the applied loads to each member’s capacity. It usually assumes that all structural members 
remain in their original, pristine condition and maintain their original linear, elastic behavior 
throughout the loading process. Structural deterioration often initiates at a concentrated point 
within a structural element before it spreads to affect a single component or member and 
possibly multiple members of a structural system. Even concentrated local deterioration may 
alter the overall behavior of a structural member, degrading its stiffness and strength. Modeling 
the effects of localized deterioration on member behavior is even more challenging than 
modeling classical member plastification and nonlinear behavior because it depends on the 
specific random damage location and the extent of damage within the member.  
 
Traditional structural analysis processes ignore changes in the load path within a structural 
system whether the change is due to the nonlinear behavior of nondeteriorated members or 
due to member stiffness and strength degradation that result from deterioration mechanisms. 
Furthermore, in nonredundant structural systems, a single member’s deterioration may initiate 
a cascading effect that would jeopardize the structural system’s robustness and lead to a 
catastrophic collapse. Therefore, specialized organizations should aim to develop protocols for 
performing advanced analysis processes that will lead to accurate modeling of the behavior of 
structural members exposed to different types of deterioration mechanisms and for using 
member behavior models to assess the performance and safety of the entire structural system. 
The analysis should not only concentrate on strength and the possibility of failure but be 
sufficiently flexible to consider structure-specific performance criteria.  
 
Because of the large uncertainties in estimating deterioration rates and future conditions of 
structural members under changing environmental and loading conditions, the breakout group 
recommends that the design of structures whose members are susceptible to levels of 
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degradation be designed to be inspectable so that critical members can be easily accessed for 
visual or other types of inspection. Also, the structure should be designed and constructed to 
permit the reinforcement, repair, or replacement of deteriorated members, or the upgrading of 
members that evidence suggests are being exposed to higher levels of deteriorating agents or 
to changes in physical conditions and climate stressors.   
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4. Section 4: Recommendation of Research Needs 

In their discussions, each breakout group identified the top five priority items and/or research 
needs to characterize future loads and load effects on their specific hazard (groups 1-4) or on 
structural capacity (group 5).  

 Breakout 1. Wind  

As part of its research needs analysis and prioritization of future loads and load effects for wind 
hazards, breakout group 1 first categorized wind types that produce damage in order of hazard 
significance: tropical cyclones, severe convective storms (excluding tornado), extratropical 
storms, tornadoes, and orographic winds (special regions). The following topics were identified 
as top priority for research:  
• Develop multiple high-resolution (km-scale) simulations for historical and future severe 

convective storms, bounded by observations, are needed to reduce or better quantify 
uncertainty. 

• Collect observational data with a higher quality and resolution to ensure extreme events for 
wind types are adequately captured and to improve future hazard models and projections. 
Data sests should use existing, new, and emerging data sources, including wind 
measurement stations, satellite data, and NOAA’s Next Generation Weather Radar 
(NEXRAD). 

• Assess wind load design assumptions for the range of wind types to determine adequacy for 
historical and future wind loads. This includes the applicability of the 3 s gust wind speed for 
severe convective storms and the choice of the appropriate reference period for reliability 
analyses. 

• Develop methods for improved tornado wind modeling and enhance understanding of 
changes in regionalization. This includes characterizing changes to frequency and intensity 
due to warming and observed trends of increased tornado events east of the central plains. 

• Develop methods and design criteria to capture effects associated with damage due to 
wind-driven rain, to ensure continued functionality. 

 Breakout 2. Inland Flood/Rain 

Breakout group 2 focused its future loads and load effects research and priority needs on inland 
flood and rain hazards. The group identified key research priorities to improve noncoastal flood 
resilience through better data, modeling, design, and interdisciplinary approaches. The central 
focus is transitioning from reactive, flood-resilient design based on past observations to more 
proactive, forward-looking strategies anticipating future flood conditions and land 
development: 
• Leverage existing data for near-term predictions: In the short term, the engineering 

community must develop more methods to use existing flood data from FEMA or other 
sources to estimate future flood conditions, particularly where new models or downscaled 
climate projections may not yet be available. These methods should consider local 
watershed characteristics to account for the variable behavior of noncoastal flood hazards. 
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• Develop noncoastal flood characterization: Flood hazard studies must go beyond inundation 
maps to capture characteristics that are critical to flood-resistant design and planning, such 
as floodwater velocity, rate of rise, and flood duration. These parameters are crucial for 
evaluating potential damage and designing flood-resistant structures. 

• Account for the influence of future development: Modeling must incorporate future 
development patterns, including changes in land use and stream migration, to ensure that 
future infrastructure decisions are considered in assessing local flood hazards. This includes 
both physical development and environmental changes that alter flood behavior, such as 
stream migration. 

• Automate flood mapping: The process of developing flood hazard studies and maps must 
become more efficient to keep flood risk data up-to-date and more comprehensive. 
Automation, including the use of machine learning and artificial intelligence, can reduce the 
duration of map update cycles and expand map coverage, especially in underserved areas 
of the country. 

• Encourage design for adaptation: In some instances, resilient design emphasizes adaptation 
to noncoastal flooding, rather than seeking to resist or eliminate the hazards. 
Multidisciplinary approaches are needed to develop strategies that consider long-term 
mitigation and the evolving nature of risk. 

 Breakout 3. Coastal Flood/Sea-Level Rise 

The focus of breakout group 3 was on future loads and load effects related to coastal flood and 
sea-level rise hazards. The following are needs identified by the group:  

• Consistent flood hazard maps (e.g., depth, velocity, wave height, extent) at the national 
level that consider various flood drivers (e.g., SLR, storm surge, precipitation, wave 
action, groundwater rise, erosion, subsidence, coastline change) to provide up-to-date, 
scientifically credible, fit-for-purpose, and regularly updated data for localized design. 

• Techniques for dealing with nonstationarity and uncertainty of hazards (e.g., SLR, storm 
surge, precipitation); for example, under a specified warming level (e.g., 3 °C) and the 
timeline to reach that level, design life of the structures, and impact to reliability 
considerations in design. 

• Incorporation of decision analytic frameworks into design and guidelines on how to 
select an approach in design, such as dynamic adaptive pathways, benefit-cost 
assessments, risk-based designs, design for functional recovery, and design for 
serviceability performance during frequent hazards. 

• Research into nature-based solutions (e.g., ecotone levee, oyster reefs) to understand 
their performance, capacity, and impact on hazard reduction and development of 
appropriate and viable design criteria. As a priority, we need Tribal partners to 
incorporate their knowledge of nature-based solutions into design. 

• A new design philosophy that incorporates a systems approach to account for the 
spatial distribution of infrastructure, environment, and people exposed to coastal 
hazards, including changing societal preferences for coastal access (e.g., availability, 
public access, habitat restoration) and their impacts on design (e.g., larger ships wave 



NIST GCR 26-072 
July 2026 

  

 

31 

wake effect, functional changes on hazard levels). We need to identify and include key 
partners in civil society, community organizations, government agencies, and industry to 
co-develop code philosophy as part of the code development process. 

 Breakout 4. Snow/Permafrost/Ice 

Breakout group 4 primarily identified upcoming research needs related to snow, permafrost, 
and ice. After discussion and grouping of certain topics, the top five research needs for snow 
and ice load effects were developed through consensus among the participants. These were 
not ranked individually:  

• Research is needed to relate ground snow to roof and drifting loads and to understand 
the processes that are involved and how climate effects can be incorporated. The goal is 
to better understand regional differences in snow movement and accumulation both on 
the ground and on large structures (such as arenas), and how this will change in the 
future. 

• Engineering research is needed to understand building interactions arising from newer 
roofing materials (e.g., snow sliding, redistributing) and how management of the risks of 
falling snow and ice affects snow loads. Guidelines on dealing with these public safety 
concerns would be welcome. 

• Research is needed to leverage reanalysis and climate model data to better characterize 
freezing rain and ice loads where observations are lacking, including between 
observation stations in the present and for the future in all locations. This research 
includes developing more reliable observations of freezing rain and ice accretion 
thickness at more locations, validation of reanalysis products (such as ERA-5), and better 
detection algorithms to translate climate model output to local ice. Options include 

o Developing low-cost sensors and leveraging other sensor networks such as smart 
roads and other new technology infrastructure; 

o Combining hindcasts from weather models and nontraditional data such as 
insurance claims to enhance the observational record; 

o Quantifying ice accretion and load on different (noncylindrical) surfaces, for 
example solar panels; and 

o Investigating convection-permitting model simulations for better process 
understanding of future conditions. 

• Investigation of frozen precipitation loads that are not currently included in the 
standards, including hail and rime icing, is needed. For example, hail can lead to 
degradation of the structure once the envelope is compromised. Rime icing is a concern 
for tall structures, including power transmission towers, wind turbines, and tall 
buildings. Potential synergy exists with aviation research on in-cloud icing.  

• Research is needed into load distribution effects that are not currently treated, including 
snow redistribution that causes beam deflection beams and leads to secondary ponding 
and concentration of loads, or from human intervention (e.g., people clearing snow 
from parking garages). 
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 Breakout 5. Structural Capacity  

Breakout group 5 was tasked with identifying the most impactful future effects on structural 
capacity and the next generation of research needs. The discussion presented in the previous 
sections led to the identification of the following top research topics: 

• Develop models for various deterioration mechanisms for structural materials that 
account for the effects of different environmental stressors (temperature, humidity, 
CO2, chloride, saltwater) and their combination with mechanical stressors. These 
models should be implemented in open-source tools and presented so as to facilitate 
their adoption in engineering practice. The models should be able to provide engineers 
with information on changes in the stiffness and strength of structural materials. 

• Validate deterioration models using advanced numerical tools and real-time and 
accelerated laboratory and field testing. 

• Build reliability models that account for aleatory uncertainties in deterioration agents 
and parameters and the epistemic uncertainties associated with the methods used to 
assess the degradation in structural capacity and apply those to calibrate load 
combination factors and generate data-driven, site-specific capacity reduction factors 
that can be added to the resistance side of load and resistance factor design (LRFD) type 
design-check equations.  

• Improve understanding of the effects of localized deterioration and its impact on 
component and system performance and develop criteria for assessing the redundancy 
and robustness of structural systems whose members are prone to different types of 
deterioration mechanisms.  

• Provide guidelines for monitoring and inspection requirements for evaluating the 
capacity of structural members and systems and their future performance under future 
climate impacts.  
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5. Section 5: Analysis of Research Needs 

Following the breakout sessions, the workshop participants reconvened and reviewed the 
recommended research needs from each breakout session. Along with the review, the 
participants engaged in robust discussions about the identified research needs, noting some 
duplication. As the workshops progressed, the WSC noticed the emergence of several themes 
that were aligned with, but not quite identical to, the focus of the specific workshop. 
Consequently, the WSC reviewed the prioritized research needs and indexed each according to 
the themes identified below.  
 

 Prioritized Research Needs Indexed to Themes   

A summary discussion of results is useful for understanding the scope and complexity of the 
workshop topic. In general, the workshops were designed to build upon each other and 
progress the participants’ thinking and understanding of the research needs. While each 
workshop focused on a specific aspect of overall need, each workshop yielded meaningful 
discussions in several areas. In review of the results, six themes emerged and the research 
priorities identified were aligned with the themes to consistently organize all topics across all of 
the workshops. The following briefly describes these themes. 
 
1. Future Hazard Data and Information. Development of up-to-date, scientifically credible and 

fit-for-purpose, future-ready hazard data frameworks that are scientifically robust, 
transparent, and directly usable in engineering and planning decisions. Identifies future 
hazard datasets and associated information, including projections and their uncertainties, 
that are needed for future engineering design criteria. 
 

2. Future Load Effects and Infrastructure Conditions. Advancement of load characterization 
under future conditions, infrastructure performance modeling, and structural capacity 
assessments that explicitly account for future climate, nonstationarity, and evolving built-
environment conditions. The aim is to enable reliable, transparent, and forward-looking 
load and infrastructure condition assessments that support resilience modeling, code 
development, and risk-informed engineering decisions under future conditions. 

 
3. Design Guidelines, Criteria, and Tools. Modernization of design guidelines, criteria, and 

engineering tools to explicitly address nonstationary hazards, future climate conditions, and 
time-dependent infrastructure performance. Translates evolving climate science and 
infrastructure performance knowledge into practical, transparent, and flexible design 
guidelines that support resilient infrastructure under future conditions. 

 
4. Resilience and Adaptation. Advancing resilience- and adaptation-focused engineering 

frameworks that move beyond prescriptive design toward performance-based, risk-
informed, and decision science–based approaches suited for future conditions. The aim is to 
enable transparent, scalable, and socially informed adaptation strategies that support long-
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term infrastructure performance and community resilience under evolving climate and risk 
conditions. 

 
5. Planning and Design Frameworks. Evolution of engineering practice toward risk-informed, 

adaptive, and life-cycle-based decision frameworks capable of addressing nonstationary 
hazards and long-term climate uncertainty. Includes research needs to align engineering 
design, planning, and code development with long-lived infrastructure performance, 
community resilience outcomes, and evolving societal risk preferences under future 
conditions. 

 
6. Codes and Standards. Modernization of codes, standards, and design philosophies to 

reflect system-level risk, nonstationary hazards, and long-term infrastructure performance 
under future climate conditions. Enables adaptive, evidence-based codes and standards that 
support resilient infrastructure, informed decision-making, and timely adoption of best 
available knowledge. 

 
The final outcome is the list of research needs indexed according to the six themes identified by 
the WSC (Table 5-1). Note that the list of research needs are those prioritized by the workshop 
participants, but the list is not in priority order. Additional details from each breakout group, 
along with preliminary indexing, are provided in Appendix A. 
 
Table 5-1. Priority Research Needs Identified by the Workshop Participants Indexed across Six 
Themes *  
       

Research Need 

Future 
Hazard 

Data and 
Information 

Future Load 
Effects and 

Infrastructure 
Conditions 

Design 
Guidelines, 

Criteria, 
and Tools 

Resilience 
and 

Adaptation  

Planning and 
Design 

Frameworks 

Codes and 
Standards 

Assess wind load 
design assumptions 
for the range of wind 
types to determine 
adequacy for 
historical and future 
wind loads.  

2  2 1    

Multiple high-
resolution (km-scale) 
simulations for 
historical and future 
severe convective 
storms, bounded by 
observations, are 
needed to reduce or 

1 2     
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better quantify 
uncertainty.  

Observational data 
with a higher quality 
and resolution to 
ensure extreme 
events for wind types 
are adequately 
captured and to 
improve future 
hazard models and 
projections. Data sets 
should use existing, 
new, and emerging 
data sources, 
including wind 
measurement 
stations, satellite 
data, and NEXRAD.  

1  2    

Develop methods 
and design criteria to 
capture effects 
associated with 
damage due to wind-
driven rain to ensure 
continued 
functionality.  

 1 2    

Develop methods for 
improved tornado 
wind modeling and 
enhance 
understanding of 
changes in 
regionalization. This 
includes 
characterizing 
changes to frequency 
and intensity due to 
warming and 
observed trends of 
increased tornado 
events east of the 
central plains.  

1 2 2    
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As a near-term 
approach until 
standardized, 
universal future 
conditions flood 
hazard data products 
are developed, we 
need to develop a 
method(s) to adjust 
or augment currently 
available flood 
hazard data from 
present-day flood 
maps and studies to 
estimate future 
conditions. This 
method(s) may 
consist of multiple 
scaling factors to 
account for different 
future effects.  

 1 2    

Develop 
multidisciplinary 
design and mitigation 
approaches that 
accommodate 
flooding rather than 
simply resist floods 
or elevate above the 
flood, such as 
floating structures, 
low water-crossing 
bridges, etc.  

 2 1    

We must improve 
our current 
definitions (boundary 
conditions) and 
models of various 
flood characteristics 
and better 
understand their 
associated 
uncertainties.  

2 2 1    
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Develop method(s) 
to account for future 
development and 
other non-climate-
related future 
conditions that may 
impact noncoastal 
flooding, such as 
worsening runoff 
characteristics, 
including potential 
drought conditions. 
This will improve the 
reliability of future 
climate models to 
reflect the built 
environment.  

 1 2    

Institute measures to 
automate flood 
mapping and 
improve the 
efficiency of flood 
map development, 
such as AI or ML to 
develop models and 
maps. Human effort 
should focus on 
oversight and field 
verification of 
existing conditions. 
In addition, we must 
improve 
understanding of 
hydrological models 
that translate 
precipitation into 
flood characteristics.  

 2 1    

Consistent flood 
hazard maps (e.g., 
depth, velocity, wave 
height, extent) at the 
national level that 
consider various 
flood drivers (e.g., 
SLR, storm surge, 
precipitation, wave 
action, groundwater 

 1 2    
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rise, erosion, 
subsidence, coastal 
change) to provide 
up-to-date, 
scientifically credible, 
fit-for-purpose, and 
regularly updated 
data sources for 
localized design.  
Develop techniques 
for dealing with the 
nonstationarity and 
uncertainty of 
hazards (e.g., SLR, 
storm surge, 
precipitation). For 
example, under a 
specified warming 
level, such as 3 °C 
and the timeline to 
reach that level, 
design life of the 
structures, and 
impact to reliability 
considerations in 
design.  

  1  2  

Develop a new 
design philosophy 
that incorporates a 
systems approach to 
account for the 
spatial distribution of 
infrastructure, 
environment, and 
people exposed to 
coastal hazards, 
including changing 
societal preferences 
for coastal use and 
their impacts on 
design. Identify key 
partners in civil 
society, communities 
of practice, 
government 
agencies, and 
industry to co-

  1  2 2 
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develop code 
philosophy as part of 
the code 
development 
process.  

Incorporate decision 
analytic frameworks 
into design and 
provide guidelines  
on how to select an 
approach in design, 
such as dynamic 
pathways, benefit-
cost assessments, 
risk-based design, 
design for functional 
recovery, and design 
for serviceability or 
performance during 
frequent floods.  

   1 2  

Improve our 
understanding of 
nature-based 
solutions (e.g., 
ecotone levee, oyster 
reeds) to understand 
their performance, 
capacity, and impact 
on hazard reduction 
and to develop and 
validate design 
criteria. As an 
industry, work with 
Tribal partners and 
incorporate their 
knowledge of nature-
based solutions into 
design.  

 2  1   

Research is needed 
to relate ground 
snow to roof and 
drifting loads, the 
processes that are 
involved, and how 

 1 2    
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climate effects can 
be incorporated. The 
goal is to better 
understand regional 
differences in how 
snow moves and 
accumulates, and 
how this will change 
in the future.  
Research is needed 
to leverage reanalysis 
and climate model 
data to better 
characterize freezing 
rain and ice loads 
where observations 
are lacking, including 
in the future. This 
includes more 
reliable observations 
of freezing rain and 
ice accretion 
thickness at more 
locations, validation 
of reanalysis 
products, and better 
methods to translate 
climate model output 
to local ice.  

 1 2    

Investigate ice loads 
that are not covered 
now, including hail 
and its effects on 
buildings and rime 
icing and its effects 
on power 
transmission.  

2 1     

Research is needed 
into load distribution 
effects that are not 
currently treated, 
including deflection 
(beams) leading to 
secondary ponding 
concentration of 
loads or from human 
intervention.   

1 2 
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Engineering research 
is needed to 
understand building 
interactions arising 
from newer roofing 
materials (e.g., snow 
sliding) and how 
management of the 
risks of falling snow 
and ice affect loads.   

1 2 

   
Develop models for 
various deterioration 
mechanisms 
accounting for 
different 
environmental 
stressors 
(temperature, 
humidity, CO2, 
chloride, saltwater, 
etc.) and implement 
them in open-source 
tools for practice.   

1 2 

   
Build reliability 
models accounting 
for uncertainties in 
capacity degradation 
and apply those to 
calibrate load 
combination factors 
and generate data-
driven, site-specific 
capacity reduction 
factors.   

2 1 

   
Provide guidelines  
for monitoring and 
inspection 
requirements for 
evaluating capacity 
and future 
performance under 
climate impacts.    

1 

 

2 2 

Validate 
deterioration models 
using advanced 
numerical tools and 
real-time and  

1 2 
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accelerated 
laboratory and field 
testing.  

Improve 
understanding of 
localized 
deterioration and its 
impact on 
component and 
system performance.   

1 2 

   
*Table Key:  
 1 = Primary research need 
 2 = Secondary research need 
 3 = Related research need 
 

 Discussion of Results 

The outcomes of Workshop 2 on future load effects and infrastructure conditions reveal a 
strong and consistent message: advancing resilience under future climate conditions will 
require coordinated progress across hazard data, load characterization, infrastructure 
performance, design practice, planning frameworks, and codes and standards. While each 
theme represents a distinct dimension of the challenge, the highest-priority research topics 
emphasize integration, linking future hazard information to structural loads, structural 
response, and ultimately to engineering and planning decisions for the built environment that 
must perform reliably over long time horizons. 

5.2.1. Future Hazard Data and Information 

Emphasizing the outcomes of the first workshop on future hazards, the second workshop 
focused on establishing up-to-date, scientifically credible, fit-for-purpose future hazard datasets 
for engineering use. Workshop participants emphasized the need to move beyond fragmented 
or purely scientific climate products toward developing frameworks for hazard datasets that are 
transparent, reproducible, and directly applicable to engineering design and risk assessment. 
High-priority research topics include improving the quality and spatial resolution of 
observational (historical) datasets; high-resolution (km-scale) simulations of future extreme 
events; and better characterization of future hazards such as extreme winds, snow and rain, 
flooding, and compound events that drive infrastructure risk. 

A recurring theme is the importance of clearly quantifying and communicating uncertainty. 
Rather than treating uncertainty as an afterthought, future hazard datasets must include 
uncertainty information in a meaningful way that engineers and planners can use. Priority 
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research, therefore, emphasizes standardized methods, clear documentation of assumptions, 
and consistency across regions for each hazard type. Other research topics focus on refinement 
of existing datasets and improved linkage between historical observations and future 
projections, which are valuable but secondary to the need for future-ready hazard frameworks. 

5.2.2. Future Load Effects and Infrastructure Conditions 

The future load effects and infrastructure conditions theme identified several consequential 
and technically demanding areas of research. Priority topics address future hazard 
characterization for engineers to determine loads and load effects and to understand the 
evolving condition and capacity of an engineered system. Participants identified a critical gap 
between climate science and future hazard models due to significant uncertainty and 
nonstationarity and the consequence of these factors on engineering load models and 
structural performance assessments. For instance, participants recognized that high-resolution 
simulations for historical and future storms, bounded by historical observations, are needed for 
assessing uncertainties in future hazards and loads. 

Priority research calls for the development of load characterization methods that explicitly 
account for nonstationarity, changing hazard characteristics, and evolving infrastructure 
conditions, particularly degradation mechanisms. This includes advancing approaches to 
translate future wind, flood, wave, surge, precipitation, temperature, and compound hazards 
into time-dependent structural and geotechnical loads and degradation effects. Importantly, 
these methods must move beyond static design assumptions to reflect how loads may 
intensify, shift in frequency, or interact over the service life of infrastructure. 

High-priority topics for infrastructure capacity changes over time emphasize improved 
representation of aging, degradation, maintenance practices, and material performance under 
climate stressors such as corrosion, fatigue, thermal effects, and moisture intrusion. 
Participants stressed that not only increasing demands but also declining capacity drive future 
risk of damage or failure, and that both processes must be represented. Research is also 
needed to better capture system interactions and cascading effects, recognizing that 
infrastructure failures often arise from interconnected system responses or compounding loads 
or load effects rather than isolated components or hazards. 

Other topics in this theme focus on incremental refinement to existing load models and 
performance tools. While useful, these efforts were viewed as insufficient without more 
fundamental advances that enable transparent, scenario-based assessments of future load 
effects and infrastructure conditions. 
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5.2.3. Design Guidelines, Criteria, and Tools 

Priority research in design guidelines, criteria, and tools focuses on translating advances in 
hazard models and structural loads, effects, and conditions into practical guidelines for 
engineering applications. Participants highlighted the growing disconnect between rapidly 
evolving climate science and the design tools and criteria used in everyday engineering practice. 
High-priority topics, therefore, emphasize the modernization of design guidelines to explicitly 
address nonstationary hazards, future climate conditions, and time-dependent infrastructure 
performance. 

This includes developing flexible criteria that can accommodate multiple future scenarios, 
improving transparency in how environmental hazard information is incorporated into design 
decisions, and enhancing tools that allow practitioners to apply future-condition data 
consistently. Secondary priorities include updating existing guidelines and refining tools once 
future-oriented design criteria are more firmly established. 

5.2.4. Resilience and Adaptation 

Within the resilience and adaptation theme, high-priority research emphasizes a shift toward 
performance-based, risk-informed, and decision-science-based approaches. Participants 
underscored the need for engineering frameworks that explicitly address uncertainty, support 
adaptive decision-making, and link technical performance metrics to broader resilience 
outcomes for infrastructure systems and communities at large. 

High-priority topics include developing methods to evaluate adaptation strategies over time, 
supporting transparent trade-off analyses, and integrating social and economic considerations 
into engineering decision-making. Other topics focus on refining existing resilience metrics and 
adaptation frameworks, which are important yet depend on advancing developments in hazard, 
load, and performance modeling. 

5.2.5. Planning and Design Frameworks 

Priority research under the theme of planning and design frameworks centers on evolving 
engineering practice toward life-cycle, systems-based decision frameworks that can 
accommodate long-lived infrastructure and deep climate uncertainty. High-priority topics 
emphasize aligning planning, design, and investment decisions with future performance 
objectives; risk tolerance; and adaptive pathways for design, construction, and maintenance. 

Participants highlighted the need for frameworks that support sequencing of actions over time, 
coordination across sectors, and integration of engineering decisions with broader planning and 
governance processes. Secondary priorities include harmonizing existing planning tools and 
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improving coordination between planning and design once future-oriented frameworks are in 
place. 

5.2.6. Codes and Standards 

Finally, the codes and standards theme highlights the need to modernize regulatory and 
standards frameworks to reflect system-level risk, nonstationary hazards, and long-term 
infrastructure performance under future climate conditions. Priority research focuses on 
developing adaptive, evidence-based approaches for codes and standards and applications that 
maintain credibility while allowing timely incorporation of emerging technologies. 

High-priority research topics include mechanisms for integrating interim guidelines, addressing 
future loads and performance explicitly, and shifting from purely prescriptive requirements 
toward risk-informed principles. Other topics include incremental updates and improved 
dissemination of existing standards, which depend on advances across the other themes. 

 Summary 

In summary, the workshop priorities point to a clear research trajectory: future resilience 
depends on strengthening the full chain of hazard characterization; loads; infrastructure 
performance; design practice; and ultimately codes, standards, and planning decisions. Priority 
research consistently emphasizes integration, developing future-ready hazard data that can be 
credibly translated into time-varying loads; evaluated against evolving infrastructure conditions 
and capacity; and embedded within performance-based, risk-informed decision frameworks. 
Advancing any single theme in isolation will be insufficient; progress in design guidelines, 
resilience strategies, and codes and standards is fundamentally constrained by the ability to 
represent future hazards, loads, and infrastructure performance in a transparent and decision-
relevant manner. Collectively, these priorities underscore the need for coordinated, 
interdisciplinary research that not only advances scientific understanding but also ensures that 
new knowledge is usable; adaptable; and timely for the engineers, planners, and decision-
makers responsible for long-lived infrastructure under an uncertain and changing climate. 
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6. Section 6: Acronyms and Abbreviations 

AF   Adjustment Factor 
AI   Artificial Intelligence 
ASCE   American Society of Civil Engineers 
C&C   Components and Cladding 
CO2   Carbon Dioxide 
FEMA   Federal Emergency Management Agency 
FRP   Fiber-Reinforced Plastic 
GLOF   Glacial Lake Outburst Floods 
H&H   Hydrologic and Hydraulic 
ML   Machine Learning 
MWFRS  Main Wind Force Resisting Structure 
NBCC   National Building Code of Canada 
NEXRAD  Next Generation Weather Radar (NOAA) 
NIST   National Institute of Standards and Technology 
NOAA   National Oceanic and Atmospheric Administration 
PBD   Performance-Based Design 
SEI   Structural Engineering Institute 
SWE   Snow Water Equivalent 
UV   Ultraviolet 
WSC   Workshop Steering Committee 
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Appendix A. Discussion of Priority Research Needs  

Tables A-1 through A-5 summarize the breakout session research needs. After the breakout 
session reporters presented and described their sessions’ research needs, the full group of 
participants rated each research recommendation from all breakout sessions.   
 
Table A-1. Breakout Group 1: Wind: Research Needs, as Rated by the Workshop Participants 

Priority need % of total ranking 
Assess wind load design assumptions for the range of wind types to 
determine adequacy for historical and future wind loads. 

31% 

Multiple high-resolution (km-scale) simulations for historical and future 
severe convective storms, bounded by observations, are needed to 
reduce or better quantify uncertainty.  

26% 

Observational data with a higher quality and resolution to ensure 
extreme events for wind types are adequately captured and to improve 
future hazard models and projections. Data sets should use existing, 
new, and emerging data sources, including wind measurement stations, 
satellite data, and NEXRAD.  

21% 

Develop methods and design criteria to capture effects associated with 
damage due to wind-driven rain, to ensure continued functionality.  

13% 

Develop methods for improved tornado wind modeling and enhance 
understanding of changes in regionalization. This includes 
characterizing changes to frequency and intensity due to warming and 
observed trends of increased tornado events east of the central plains.  

9% 

 
Table A-2. Breakout Group 2: Inland Flood/Rain: Research Needs, as Rated by the Workshop 
Participants 

Priority need % of total ranking 
As a near-term approach until standardized, universal future conditions 
flood hazard data products are developed, we need to develop a 
method(s) to adjust or augment currently available flood hazard data 
from present-day flood maps and studies to estimate future conditions. 
This method(s) may consist of multiple scaling factors to account for 
different future effects. 

25% 

Develop multidisciplinary design and mitigation approaches that 
accommodate flooding rather than simply resist floods or elevate above 
the flood, such as floating structures, low water-crossing bridges, etc. 

25% 

We must improve our current definitions (boundary conditions) and 
models of various flood characteristics and better understand their 
associated uncertainties. 

20% 

Develop method(s) to account for future development and other non-
climate-related future conditions that may impact noncoastal flooding, 
such as worsening runoff characteristics, including potential drought 
conditions. This will improve the reliability of future climate models to 
reflect the built environment. 

15% 

Institute measures to automate flood mapping and improve the 
efficiency of flood map development, such as AI or ML to develop 
models and maps. Human effort should focus on oversight and field 
verification of existing conditions. In addition, we must improve 
understanding of hydrological models that translate precipitation into 
flood characteristics.  

15% 

 



NIST GCR 26-072 
July 2026 

  

 

50 

Table A-3. Breakout Group 3: Coastal Flood/Sea-Level Rise: Research Needs, as Rated by the 
Workshop Participants 

Priority need % of total ranking 
Develop consistent flood hazard maps (e.g., depth, velocity, wave 
height, extent) at the national level that consider various flood drivers 
(e.g., SLR, storm surge, precipitation, wave action, groundwater rise, 
erosion, subsidence, coastal change) to provide up-to-date, scientifically 
credible, fit-for-purpose, and regularly updated data sources for 
localized design. 

32% 

Develop techniques for dealing with the nonstationarity and uncertainty 
of hazards (e.g., SLR, storm surge, precipitation). For example, under a 
specified warming level, such as 3 °C and the timeline to reach that 
level, design life of the structures, and impact to reliability 
considerations in design. 

30% 

Develop a new design philosophy that incorporates a systems approach 
to account for the spatial distribution of infrastructure, environment, and 
people exposed to coastal hazards, including changing societal 
preferences for coastal use and their impacts on design. Identify key 
partners in civil society, communities of practice, government agencies, 
and industry to co-develop code philosophy as part of the code 
development process.  

19% 

Incorporate decision analytic frameworks into design and provide 
guidelines on how to select an approach in design, such as dynamic 
pathways, benefit-cost assessments, risk-based design, design for 
functional recovery, and design for serviceability or performance during 
frequent floods.  

11% 

Improve understanding of nature-based solutions (e.g., ecotone levee, 
oyster reeds) to understand their performance, capacity, and impact on 
hazard reduction and to develop and validate design criteria. As an 
industry, work with Tribal partners and incorporate their knowledge of 
nature-based solutions into design.  

8% 

 
Table A-4. Breakout Group 4: Snow/Permafrost/Ice: Research Needs, as Rated by the 
Workshop Participants 

Priority need % of total ranking 
Research is needed to relate ground snow to roof and drifting loads, the 
processes that are involved, and how climate effects can be 
incorporated. The goal is to better understand regional differences in 
how snow moves and accumulates, and how this will change in the 
future.  

39% 

Research is needed to leverage reanalysis and climate model data to 
better characterize freezing rain and ice loads where observations are 
lacking, including in the future. This includes more reliable 
observations of freezing rain and ice accretion thickness at more 
locations, validation of reanalysis products, and better methods to 
translate climate model output to local ice.  

30% 

Investigation of ice loads that are not covered now, including hail and 
its effects on buildings and rime icing and its effects on power 
transmission. 

16% 

Research is needed into load distribution effects that are not currently 
treated, including deflection (beams) leading to secondary ponding 
concentration of loads or from human intervention. 

8% 
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Engineering research is needed to understand building interactions 
arising from newer roofing materials (e.g., snow sliding), and how 
management of the risks of falling snow and ice affects loads.  

7% 

 
Table A-5. Breakout Group 5: Structural Capacity: Research Needs, as Rated by the Workshop 
Participants 

Priority need % of total ranking 
Develop models for various deterioration mechanisms accounting for 
different environmental stressors (temperature, humidity, CO2, chloride, 
saltwater, etc.) and implement them in open-source tools for practice. 

42% 

Build reliability models accounting for uncertainties in capacity 
degradation and apply those to calibrate load combination factors and 
generate data-driven, site-specific capacity reduction factors. 

23% 

Provide guidelines for monitoring and inspection requirements for 
evaluating capacity and future performance under climate impacts. 

13% 

Validate deterioration models using advanced numerical tools and real-
time and accelerated laboratory and field testing. 

12% 

Improve understanding of localized deterioration and its impact on 
component and system performance. 

10% 
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Appendix B. Workshop Materials 

B.1. Workshop Agenda  

SEI NIST Forward-Looking Codes and Standards:  
Future Load Effects Workshop 

DATE: July 29–30, 2025 
LOCATION: ASCE Bechtel Conference Center,  
1801 Alexander Bell Drive, Reston, VA 20191 

 VIRTUAL: Zoom and Teams links sent separately 
 

Workshop Agenda  
Workshop Director: Jayantha “Obey” Obeysekera, Ph.D., Research Professor,  

Director of Sea Level Solutions Center, Institute of Environment at FIU 
 

WORKSHOP MATERIALS: Link to Digital Materials Package (password: futureloads)  
 
Day 1: July 29, 9:00am–5:00pm ET  
8:00am–9:00am: NETWORKING CONTINENTAL BREAKFAST PROVIDED 

GENERAL SESSION 
9:00am–9:30am: Welcome 

• Welcome, Purpose, and Workshop Agenda and Goals  
o Welcome and Opening Remarks—Jayantha “Obey” Obeysekera, Ph.D., P.E., Research 

Professor, Director of Sea Level Solutions Center, Institute of Environment at FIU 
o Purpose—Therese McAllister, Ph.D., P.E., F.SEI, Dist.M.ASCE, Deputy Chief, Materials and 

Structural Systems Division, NIST 
o Workshop Agenda and Goal—Jennifer Goupil, P.E., F.SEI, F.ASCE, Managing Director SEI, 

Chief Resilience Officer ASCE 
• Introductions—All Participants  

 
9:30am–10:45am: Synergistic Efforts: Load Effects 
Presentations on current, ongoing synergistic work: this workshop will leverage and build on 
complementary efforts. 

• 2025 Building Code of Canada: Projected Changes in Climatic Design Values;  
Alex Cannon; ECCC Canada [15 min]  

• 2025 Building Code of Canada: How and Which Load Effects Were Addressed;  
Hanping Hong; Western University [15 min]  

• Analysis of Climatic Loads: ASCE Special Publication 2024;  
Therese McAllister; NIST [10 min] 

https://upload.asce.org/public/folder/6moepfx1geuxdsgpw1k_tq/Future%20Load%20Effects%20Workshop%20Materials
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• Load Effects under Consideration by ASCE/SEI 7-28 Chapter 36: Methodology, Assumptions, 
and Decisions [25 min] 

ο Moderator: Abbie Liel, University of Colorado  
- Matt Gilbertson, SGH: Flood 
- Sihan Li, RWDI: Wind  
- Abbie Liel, University of Colorado: Snow 
- Ken Kunkel, NOAA/NCSU: Rain 
- Ahmed Abdelaal, SUNY Polytechnic Institute: Ice  

• Q&A Discussion; Moderator: Jayantha Obeysekera [10 min]  

10:45pm–11:00am: PICTURE + COFFEE BREAK 

11:00am–12:00pm: Synergistic Efforts: Structural Capacity and Functional Underperformance  
• Structural Degradation; Brian Pailes, SGH [15 min]  
• Lessons Learned from Bridges and Other Exposed Infrastructure; Ted Zoli, HNTB [15 min]  
• Hidden Effects of Groundwater Changes on Erosion, Saltwater Intrusion, and More;  

David Frost, Georgia Tech [15 min]  
• Q&A Discussion; Moderator: Jayantha Obeysekera [10 min]  

12:00pm–12:30pm: WORKING LUNCH PROVIDED 

12:30pm–1:30pm: Plenary Discussion  
Session to define the goals for future state, followed by instructions for the breakout sessions.  

• Next-Generation Goals for Load Effects; ALL [45 min] 
Moderators: Jayantha Obeysekera, Therese McAllister  
Discussion to prepare for breakouts.  

• Charging Breakouts; Jennifer Goupil [15 min] 
Instructions on how the breakouts will work.  
 

GOAL: What do you wish you had? What is needed to characterize future loads and load effects? 
What are the most impactful future effects on structural capacity? What are the next-generation 
research needs? 

PROMPTS:  

1. Identify critical research needs.  
2. Identify topics not currently considered.  
3. Prioritize top 5 research needs. (Each written as a sentence.)  

1:30pm–1:45pm: Move to assigned breakout rooms (see following plan) 



NIST GCR 26-072 
July 2026 

  

 

54 

 
1:45pm–3:15pm: Concurrent Breakout Sessions 
3:15pm–3:30pm: COFFEE BREAK 
3:30pm–4:45pm: Concurrent Breakout Sessions (cont.) 
4:45pm–5:00pm: Reconvene  

o Summary and Adjourn Day 1  
 
Day 2: July 30; 8:00am–12:00pm ET  
7:30am–8:00am: NETWORKING CONTINENTAL BREAKFAST PROVIDED 
8:00am–8:15am: Welcome 

ο Purpose and Goals of Day 2 
8:15am–10:30am: Report Out  

• Breakout Session Report Out: [15 min EACH = 10 min + 5 min Q&A] 
15-minute COFFEE BREAK (9:30am) 

ο Moderated Discussion of Breakout Reports [45 min] 
Moderator: Jayantha Obeysekera  

10:30am–11:45am: Prioritization  
ο Prioritization of Research Needs: Survey [15 min] 
ο Discussion of Survey Results [60 min] 

11:45am–12:00pm: Conclusion  
o Summary and Adjourn Day 2  

 
----------------------------------------------------------------------------------------------------------------------- 
12:30pm–3:30pm: Workshop Steering Committee Meeting 
----------------------------------------------------------------------------------------------------------------------- 
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B.2. Workshop Presentations 

B.2.1. Day 1: Overview Presentations 
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B.2.1.1. Load Effects: 2025 Building Code of Canada: Projected Changes in Climatic Design 
Values; Alex Cannon 
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B.2.1.2. Load Effects: 2025 Building Code of Canada: How and Which Load Effects Were 
Addressed; Hanping Hong 
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B.2.1.3. Load Effects: Analysis of Climatic Loads – ASCE Special Publication 2024; Therese 
McAllister 
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B.2.1.4. Load Effects: Load Effects Under Consideration by ASCE 7-28 Chapter 36: 
Methodology, Assumptions, and Decisions; Panel Moderated by Abbie Liel 
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B.2.1.5. Structural Capacity and Functional Underperformance: Structural Degradation; Brian 
Pailes 
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B.2.1.6. Structural Capacity and Functional Underperformance: Lessons Learned from Bridges 
and Other Exposed Infrastructure; Ted Zoli 
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B.2.1.7. Structural Capacity and Functional Underperformance: Hidden Effects of 
Groundwater Changes on Erosion, Saltwater Intrusion, and More; David Frost 
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B.2.2. Day 2 Slides: Overview Presentation  
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B.2.2.8. Breakout Session Reports 
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Appendix C. Workshop Reading Materials  

The following summaries were distributed to the participants in advance of the workshop to 
provide background information on the development of the 2028 edition of ASCE/SEI 7 in the 
new Ch. 36 Future Conditions: Flood, Ice, Rain, Snow, and Wind: 

C.1. Flood Loads for ASCE 7-28 Chapter 36 Future Conditions 

Hazard Data Sources 

The proposed provisions for future flood loads in Chapter 36 of ASCE 7-28 are generally divided 
into coastal flood sources (e.g., sea level change, subsidence) and non-coastal flood areas. For 
both categories, the proposed provisions primarily rely on the basic flood loads (i.e., present-
day flood hazard) in Chapter 5 of ASCE 7 for the calculation of various types of flood-related 
loads, including hydrostatic loads, hydrodynamic loads, wave loads (coastal flooding only), and 
debris impact loads. Within Chapter 5, the key parameter affecting the magnitude of each of 
these loads is floodwater depth (or stillwater depth for coastal floods). For example, the flood 
velocity for hydrodynamic and debris loads is based on the floodwater depth, and the wave 
height for wave loads is based on the floodwater depth. To that end, for this initial cycle of 
Chapter 36 of ASCE 7-28, the key objective is to augment the floodwater depth to better reflect 
future conditions, but rely on the same methodologies and models for load computations used 
to represent present-day flood loads. 
 
Models/Methods for Future Design Values 
A key challenge for flood hazards in Chapter 36 is the lack of a standardized, uniform, and 
national source for the extents and elevations for future flooding. Chapter 5 (present-day 
flooding) relies on the FEMA flood hazard maps and studies, which, while imperfect, are 
relatively universally available and intended to represent a uniform hazard. However, FEMA 
maps do not reflect future conditions. While FEMA is exploring new mapping initiatives that 
may be useful in the future, such as the Future of Flood Risk Data Initiative (FFRD), those tools 
will not be available for this current ASCE 7 cycle. 
 
Meanwhile, some local jurisdictions have independently undertaken future conditions mapping 
programs, and in many cases, have already utilized the maps and corresponding flood hazard 
data for enhanced floodplain management ordinances, zoning regulations, or local building 
code requirements. However, these local mapping initiatives are non-standard in the future 
condition they are meant to represent (both in terms of the warming scenario and time horizon 
represented, but also in the source and recency of the data). Further, they are very localized to 
the municipality or jurisdiction that funded the study. 
 
Assumptions and Decisions 
Compared to other hazards in the scope of ASCE 7, flood hazards are very localized hazards. A 
local analysis is required to accurately define the hazard at a level suitable for design. For 
example, a hydrologic and hydraulic (H&H) analysis of a particular watershed, a stormwater 
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analysis of a specific urban area, or a coastal analysis of a reach of coastline. As a result, 
determining the magnitude of the primary climatic parameters that drive future flood 
conditions (sea level change for coastal flooding and future rainfall frequency/intensity for non-
coastal flooding) is only the first step; localized flood analysis based on those selected 
parameters must then be performed at individual locations across the nation. 
 
For this initial cycle of ASCE 7-28 Chapter 36, the current proposals aim to: 
 
• Where locally adopted, require designers to utilize local future conditions flood maps 

and hazard data in place of the FEMA flood hazard maps and studies for the 
computation of flood loads on buildings. 

• For coastal flood hazard areas, require the incorporation of future sea level change 
projections from the 2022 Interagency Task Force on Sea Level Change Report in place 
of the historical/observed sea level change rates currently adopted by Chapter 5. Sea 
level projections are localized to the nearest NOAA tidal station or nearest one-degree 
lat/long grid point, accounting for regional variations in relative sea level change, such 
as vertical land movement. The current approach adopted by Chapter 5 and the 
proposed Chapter 36 provisions utilizes a “bathtub” model wherein the projected sea 
level change value is added to the present-day stillwater elevation. 

• Provide commentary to allow users to understand how flooding will change in the 
future, and provide resources for gathering data and estimating future flooding where 
data is unavailable. 

Nonstationary Analysis 
The reliability analyses performed to support the proposed Chapter 36 provisions for sea level 
change in coastal flood hazard areas utilize a first-order nonstationary process. The mean value 
of the projected sea level added to the probabilistic stillwater elevation is nonstationary over 
time. Historic variability of stillwater elevation around the nonstationary mean value is modeled 
based on the observed historic variability record at the applicable NOAA gauge.  
 
Items That Could Improve the Current Approach 
The long-term ambition for future conditions of flood loads in ASCE 7 would be to rely upon a 
standardized, uniform, and national source for the extents and elevations of future flooding. 
Such maps would need to present future conditions scenarios aligned with the mandate of 
Chapter 36 (currently three-degree Celsius warming by the end of the century). However, other 
potential items that could improve the current proposed approach in the near term may 
include: 

• Simplified methodologies for determining future coastal flood elevations (i.e., stillwater) 
that estimate the non-linear effects of sea level change instead of the “bathtub” 

https://earth.gov/sealevel/us/internal_resources/756/noaa-nos-techrpt01-global-regional-SLR-scenarios-US.pdf
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approach. Such methodologies might utilize an amplification factor or a similar 
approach. 

• Simplified but reasonably accurate methodologies for estimating the extents and 
elevations of future conditions flood elevations for non-coastal / riverine flood hazard 
areas. 

• Practical methods to allow designers to accurately determine the extents of future 
flooding scenarios based on local topography. 

C.2. Ice Loads for ASCE 7-28 Chapter 36 Future Conditions 

Hazard Data Sources 
This work integrates multiple datasets to characterize atmospheric icing hazards from freezing rain, both 
historically and in future climate conditions. Historical data include long-term, hourly observations from 
U.S. ground weather stations and gridded reanalysis products. These serve as the baseline for model 
validation. Future projections are based on dynamically downscaled climate simulations from the NA-
CORDEX archive, including Regional Climate Models (RCMs) such as WRF and CRCM5. These are driven by 
multiple CMIP5 Global Climate Models (GFDL, MPI, CanESM2, HadGEM2) and the CMIP6 CanESM5 model. 
Key variables include near-surface air and dew point temperatures (2 m), surface pressure, 10 m wind 
speed, precipitation amount and type, and vertical atmospheric temperature profiles. This multi-model, 
multi-resolution dataset supports robust spatial and temporal representation of freezing rain events 
across the U.S. and Alaska. 

Models/Methods for Future Design Values 
Freezing rain is diagnosed using the different precipitation-type algorithms including the Bourgouin 
method, which evaluates temperature profiles to classify precipitation types. A freezing rain event is 
defined as a continuous period where freezing rain is detected, ending when surface temperatures exceed 
0.6°C. Ice accretion is calculated using two models: the Cold Regions Research and Engineering Laboratory 
(CRREL) heat-balance model, which accounts for thermodynamic processes, and a simplified conservative 
model based on wind-blown precipitation. Both models simulate radial ice thickness on a 1-inch diameter 
horizontal cylinder at 10 m elevation, consistent with ASCE 7 design specifications.  

Nonstationary Analysis 

Extreme value analysis using the Generalized Pareto Distribution (GPD) is applied to the resulting time 
series of ice thickness to estimate design loads for selected recurrence intervals (e.g., 250, 500, 1000, and 
1400 years), including the effects of concurrent wind-on-ice conditions. 

Assumptions and Decisions 
The analysis assumes that freezing rain occurs when there is precipitation and it is diagnosed as freezing 
rain by the precipitation-type algorithm, with surface temperatures at or below freezing. Surface 
temperature exceeding 0.8°C marks the end of an event, based on assumptions about melt and ice 
shedding. Ice accretion is modeled on standardized structural geometries (1-inch horizontal cylinder at 10 
m height) to match ASCE 7 load definitions 

Items That Could Improve the Current Approach 
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• Broader Spatial Coverage: Filling data gaps in mountainous and rural areas currently excluded from 
ASCE ice maps. 

• Enhanced Observations: Upgrading surface stations and sensors to improve accuracy in ice-prone 
conditions. 

• Data Access: Making processed freezing rain and ice thickness datasets publicly available to support 
design and standards development. 

• Uncertainty Quantification: Enhancing the evaluation of statistical uncertainty by incorporating 
differences in precipitation-type classification between model datasets, gridded reanalysis products, 
and observational variability. 

C.3. Rain Loads for ASCE 7-28 Chapter 36 Future Conditions 

Hazard Data Sources 
The ASCE 7 Rain Load Standard requires the use of the 15-minute duration, 100-yr recurrence 
interval (iR).  
 
Future changes to the rainfall intensity arising from global warming are being estimated from 
analyses of climate model simulations. The objective of the climate model analyses is to 
determine global warming adjustment factors (AF) that are applied to values derived from 
historical observational data. Specifically, 
 

iR_FC  =  AFFC  *  iR 
 
where 
 
iR_FC   = rainfall intensity adjusted for conditions at the 3°C global warming level 
iR   =  rainfall intensity based on analysis of historical, observed rainfall data.  
AFFC     =  multiplicative adjustment factor for the 15min, 100-yr rain load standard to adjust for 
3°C global warming by 2100. 
 

Models/Methods for Future Design Values 
The current source for the rainfall intensity (iR) for most areas of the U.S. is NOAA Atlas-14. It 
was originally assumed that, by the time ASCE7-28 is released, NOAA Atlas-15 (NA15) would be 
published and provide all three of the above variables. Thus, iR_FC could be obtained directly 
from the NA15 website.  Earlier this year, NA15, Vol. 2 (which would deliver these three 
variables) was removed as a deliverable. However, in the past week, that decision was 
reversed. The impact of this latest change on the delivery of the Rain Loads standard has not 
yet been addressed by the Future Conditions subcommittee.  
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The estimation of AFFC is being done using a number of climate model datasets. These include 
three statistically-downscaled datasets, three dynamically-downscaled datasets, and two global 
climate model datasets. The three statistically-downscaled datasets (Localized Constructed 
Analogues, Seasonal Trends and Analysis of Residuals, University of Wisconsin Probabilistic 
Downscaling) are developed from 13 common global models and consist of daily precipitation 
at high spatial resolution for the period of 1950-2100 for the continental United States 
(CONUS). This suite of datasets of large ensemble size provides robust estimates of adjustment 
factors at the daily resolution, which are used as the foundation. The three dynamically-
downscaled datasets are the North American Coordinated Regional Downscaling Experiment 
(NA-CORDEX), the CONUS404, and the Northern Illinois University (NIU) simulations.  All of 
these cover CONUS. The NA-CORDEX data consist of 7 models simulations at 25 km resolution 
for the period of 1970-2100. The CONUS404 is a 4 km resolution simulation for the period of 
1979-2065. The NIU dataset is a set of 3.75 km resolution simulations for five 15-year time 
slices. The CONUS404 and NIU simulations are both at convection-permitting resolutions. These 
dynamically downscaled datasets are used to establish relative relationships between daily 
duration and 15-minute duration adjustment factors. The global climate model datasets are the 
National Center for Atmospheric Research Large Ensemble simulations (LENS) and NOAA’s 
Seamless System for Prediction and Earth System Research (SPEAR) model simulations. These 
global model datasets are being used to estimate adjustment factors for the U.S. regions 
outside of the coterminous U.S. (oCONUS). 

Nonstationary Approach 
Research will be completed soon to establish estimates of AF for both CONUS and oCONUS 
areas of interest. The analyses of all climate model datasets use non-stationary Generalized 
Extreme Value methods with global warming level used as the non-stationary co-variate in the 
location and scale parameters of the GEV statistical distribution.  

Assumptions and Decisions  
Adjustment factor estimates are derived from the GEV parameters for 3°C GWL. For CONUS, 
the daily AFs, derived from the LOCA2, STAR, and UWPD datasets, are used as the baseline. 
Adjustment factors are derived from the dynamically downscaled datasets for daily, hourly, and 
15-min durations. The change from daily down to the short durations are quantified and used 
as a relative adjustment to the baseline daily Afs. 
 
Items That Could Improve the Current Approach 

• Given the recent rapid developments regarding the NA15, Vol. 2 publication, discussions 
are ongoing as to the next steps, including whether the hosting of the AF and iR values 
by ASCE is desirable. 

 

C.4. Snow Loads for ASCE 7-28 Chapter 36 Future Conditions  

Hazard Data Sources 
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Future projections of snow load rely on hindcast (1950 - 2006) and future projections (2006 - 
2100) of snow loads (derived from snow water equivalent) from a variable infiltration capacity 
(VIC) model forced with Global Climate Model (GCM) outputs of precipitation and temperature 
from the Coupled Model Intercomparison Project - Phase 5 (CMIP5) for two emissions scenarios 
(RCP 4.5 and RCP 8.5) that have been downscaled to a 6km resolution. 

Models/Methods for Future Design Values 

Ground snow loads in Chapter 7 of ASCE 7 are “reliability-targeted,” which means that the 
specified ground snow loads directly meet the failure targets set forth in Chapter 1 of ASCE 7 
for each risk category for a target structure. The target structure used to determine the 
reliability is a flat roof supported by a single steel beam defined by the limit state: 

φR = 1.2D + 1.0(Gl*Gr) 

where R represents the structural resistance (multiplied by a strength reduction factor φ), D 
represents the dead load, Gl represents the ground snow load, and Gr represents the ratio 
between the annual maximum ground snow load and the annual maximum roof snow load. The 
variables R, D, Gl, and Gr all represent random variables, meaning that their values are 
determined by probability distributions. ASCE 7 Chapter 7 assumes that Gl follows a 
Generalized Extreme Value (GEV) probability distribution with parameters location (μ), scale 
(σ), and shape (ξ) that are calculated at more than 7900 locations across the Conterminous 
United States (CONUS) and Southern Canada. 

Nonstationary Analysis 

Current snow loads assume that all of these random variables are characterized by stationary 
probability distributions, which means that the probability distribution parameters remain 
constant over time (t). However, in a future condition, the distribution of Gl is no longer 
assumed to remain constant, but rather to be a function of t, i.e., 

GEV(μ(t), σ(t), ξ)s 

The parameter ξ is assumed to remain constant over time due to insufficient sample sizes to 
reliably estimate three time-dependent parameters simultaneously. 

The future projection data is used to estimate a time dependent ground snow load GEV 
distribution at each grid point in the climate map using generalized additive models. This allows 
for the trends in the probability distribution parameters to be non-linear as informed by the 
data. Then, a “historical period” (1970 - 2020) and “future period” (2030 - 2080) are set for the 
time dependent analysis. The historical period was selected to reflect the typical date range for 
snow loads in Chapter 7 of ASCE 7, which contain data through July 2020. The future period was 
selected to reflect the 50-year time period in which snow might be the greatest threat for 
which ASCE 7-2028 might first be feasibly used. 

A time dependent snow load simulation is run for these two reference periods with the 
aforementioned GEV distribution and assuming that all other components of the simulation (D, 
Gl and R) are stationary. This time dependent reliability analysis simulates many 50-year 
reference periods, with a different set of probability distribution parameters used for each year 
in the reference period. Only the maximum value is retained from each 50-year reference 
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period. In locations with declining snowpacks, the maximum values are more likely to come 
from earlier in the reference period. The opposite would be true in locations with increasing 
snowpacks (which is very rare) or locations with constant snowpack but increasing variance. 

The Risk Category II Reliability-Targeted Ground Snow Load is then calculated for both 
reference periods in order to determine their ratio. This process is repeated for 31 future 
projection ensemble members and aggregate change factors for Risk Category II snow loads 
across regions. Regions will be determined using the Environmental Protection Agency's Level 
III Ecoregions and change factors will be assumed to remain constant across eco-regions. It will 
also be assumed that the same change factors can be applied to other risk categories. 

Assumptions and Decisions 

This approach relies on the assumption that the change factors obtained from the GCM output 
are consistent even if the raw snow values are biased relative to actual measurements of snow. 
One issue is that biases in the VIC modeling approach may influence snow accumulations 
dynamics in non-linear ways which would obscure the results. That said, estimates of 
accumulated snow are always a secondary variable from GCM output, so alternative future 
projections of snow would suffer from the same limitation. 

Ideas That Could Improve the Current Approach 

The reliability-targeted load approach relies on extrapolations of extreme events from 
statistically-derived probability distributions. This process is already uncertain when using 
historical data and even more uncertain when using future projections. This is one of the 
reasons why the future climate factors are prevented from being less than 1.0, which ensures 
that future construction is at least as safe as current/past construction. 

Future work should quantify the diminishing returns that come with downscaled climate data, 
since site-specific reliability analyses are computationally costly. 

C.5. Wind Loads for ASCE 7-28 Chapter 36 Future Conditions 

Hazard Data Sources 

The current ASCE 7 basic wind speed maps in Chapter 26 incorporate separate analyses of three 
different storm types: tropical cyclones (e.g., hurricanes), synoptic winds, and thunderstorms 
(tornadoes are treated separately in Chapter 32).  The non-hurricane winds are based on 
extreme value analysis of observed peak gust data from many anemometer stations across the 
U.S, which is quality controlled and standardized to equivalent 3-second peak gust values at 10 
m height over flat, open terrain.  Hurricane winds are developed using a Monte Carlo hurricane 
simulation model seeded with historical environmental data (see ASCE 7-22 section C26.5.1 for 
more information). 

Wind speed projections that form the basis for the non-hurricane components of future 
conditions basic wind speeds are drawn from the North American component of the 
Coordinated Regional Downscaling Experiment (NACORDEX) and Environment and Climate 
Change Canada (ECCC).  These datasets were selected based on the relatively finer temporal 
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and spatial resolutions compared with other data sources.  The future conditions hurricane 
wind speeds are simulated using environmental data from the National Center for Atmospheric 
Research (NCAR) Community Earth System Model (CESM), specifically, sea surface temperature, 
tropopause temperature, meridional winds, and zonal winds. 

Models/Methods for Future Design Values 

The future projections of non-hurricane wind speeds don’t directly provide 3-s gust wind 
speeds, so hourly mean wind speeds were obtained from the future projections. Gust factors 
provided in Chapter 26 were used to convert hourly mean wind speeds to 3-s gust wind speeds, 
which were then used to derive the future conditions basic wind speed change factors for the 
non-hurricane wind speeds. 

The future condition hurricane wind speeds are developed using the same Monte Carlo 
simulation model used to develop the hurricane wind speeds incorporated in the basic wind 
speed maps in ASCE 7-22. The hurricane track methodology, developed using historical 
hurricanes and environmental reanalysis data, reproduces the frequency and geometric 
characteristics of hurricane tracks as well as the variation of storm size and intensity along the 
tracks. To define the future condition hurricane wind speeds, the same simulation framework is 
used where environmental data is instead sourced from climate model output representative of 
the desired future climate state. where the GMST has increased 3°C above the pre-industrial 
baseline.  

The non-hurricane and hurricane wind speeds are combined using the same procedure as 
described in ASCE 7-22 Section C26.5. Change factors were derived as ratios of the  future 
conditions basic wind speeds to the ASCE 7-22 basic wind speeds. The future conditions basic 
wind speeds were the value that associates the target annual exceedance probability and meet 
the future condition criteria. The future conditions wind speed change factors were applied to 
the basic wind speeds in Chapter 26 to obtain the future conditions basic wind speeds.  

Assumptions and Decisions  

For purposes of reliability analysis, a linear trend in future climate effects on peak wind speeds 
is assumed between now and the future state, which is 3°C global warming level (GWL) around 
2080 to 2100. 

Nonstationary Approach 

An approach known as Minimax has been adopted, which assures that, over an assumed 50-
year reference period for reliability analyses, the annual probabilities of failure will not exceed 
that which has historically been considered acceptable as defined in Chapter 1 and design 
practices in Chapters 26 through 31. The future conditions non-hurricane basic wind speed 
change factors are determined using the Minimax approach for each target annual exceedance 
probability (AEP) between the present condition and when the 3°C GWL is reached by 2080. A 
nonstationary Gumbel distribution is developed using  all available samples from every 
simulation in the climate model outputs, including both historical and future periods.  

Items That Could Improve the Current Approach 
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• More refined spatial and temporal scale models: The resolution of global climate models 
is too coarse to explicitly simulate fine scale processes such as the convection that 
drives thunderstorms. 

• Improved methods for thunderstorm wind modeling: Peak gusts from thunderstorms 
drive most of the extreme wind climate in the US (except for areas where hurricanes 
dominate), particularly for design of buildings in the higher risk categories (with 
associated smaller AEPs).  Current methods for modeling of future thunderstorm winds 
are very limited and underrepresent their contribution to the extreme wind climatology. 

• Physics-based full scale nonstationary evolving hurricane modeling: hurricanes winds 
are modeled by separate components and unlike climate models, the “numerical” 
mechanisms that translate from basic environmental variables to wind field and 
trajectory are quantified by historical records and reanalysis. This mechanism is 
assumed maintained the same and static in future conditions. Physics-based full scale 
climate models are currently incapable for projecting long term large ensemble of basin-
wide hurricanes in future conditions.    
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Appendix D. Workshop Participants 
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