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3.1 INTRODUCTION

Structural codes and standards provide criteria for the design of buildings, bridges,
and other civil infrastructure to withstand demands imposed by their service
requirements and by environmental events or climatic hazards such as snow and
ice, rain, windstorms, and riverine and coastal flooding. These codes and standards
are revised periodically (typically at intervals of 5 to 10 years) to ensure that they
continue to represent the state-of-the-art in engineering science and knowledge.
For the past four decades, structural codes and standards worldwide,
including the Minimum Design Loads and Associated Criteria for Buildings
and Other Structures, ASCE 7-22 (ASCE 2022b), AASHTO LRFD Bridge Design
Specifications (AASHTO 2020) International Building Code (IBC 2021a), National
Building Code of Canada (NBCC 2020), and Eurocodes have adopted the principles
of limit states (or strength) design. The structural engineering and regulatory
communities have also learned over that period that structural reliability and risk
analysis tools are essential for modeling uncertainties associated with structural
loads and response to ensure satisfactory performance in service. Following the
transition from allowable stress design (ASD) to limit states design (often referred
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to as load and resistance factor design or LRFD), the evolution of criteria for
climatic loads has been gradual and deliberate. Existing criteria for climatic loads,
based on historical climatological records and assessments of structural reliability
levels underlying these criteria, have treated the operational and climatic loads as
stationary in nature (i.e., the past is representative of the future).

The reality of climate change promises to have a disruptive and substantial
impact on this gradual evolution of risk-informed codes and standards as well as
on structural design practice (ASCE 2015a, 2018). The assumption of stationarity in
natural hazard analysis is not tenable when climate change effects are considered.
Moreover, uncertainties in climate effects projected over the remainder of the 21st
century are extremely large, especially for wind, ice, and snow loads (Tye et al.
2021). More aggressive climatic factors may accelerate structural deterioration
in some situations as well as increase hazard intensities and durations. Finally,
climate change has become a volatile economic and political issue. Achieving
the necessary consensus on climate change effects on infrastructure systems
within a code committee will require skillful technical management and careful
separation of politicized issues (e.g., what are the causes of climate change) from
technical issues (e.g., what is the impact of climate change on structures). There
may also be resistance from the public to the costs incurred by climate-related
code changes because of their controversial nature. Conversely, failure to address
the impact of climate change on the long-term performance of structures and
infrastructure facilities could lead to an increased risk of damage and failure of
civil infrastructure, increased costs of infrastructure design, construction and
maintenance, public health and safety issues, disruption of public services, and
negative socioeconomic and environmental impacts nationwide.

Several key questions must be addressed to consider the imperatives of
climate change in code and standard development, among them

« How should one model the nonstationarity in climatic hazard event
occurrences and intensities that arises because of climate change?

« How should these uncertainties be integrated into a time-dependent
structural reliability analysis to estimate future behavior and to demonstrate
compliance with performance objectives expressed on reliability terms?

« Howshould the structural engineering profession and the public be persuaded
to accept such changes in the national interest (Cooke 2015), even if the costs
of infrastructure systems increase in some instances?

Chapter 3 is designed to answer these and other questions.

3.2 OBJECTIVES AND SCOPE

3.2.1 Objectives

Chapter 3 addresses the challenges posed by climate change in structural
engineering practice to advance the performance of infrastructure systems
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through guidelines for recommended code and standard provisions as well as
for best engineering practices for design, rehabilitation, and risk management
of future climate extremes. Moreover, because current standards and codes for
structural design are based on historic climatic data and associated loads and
load combinations, Chapter 3 promotes further research to apply the scientific
principles of structural reliability and risk analysis to incorporate climate change
effects in structural design codes and standards, evaluation and rehabilitation
of existing infrastructure, performance-based design (PBD) of structures, and
community resilience.
The following tasks are undertaken to achieve these objectives:

o Identify and characterize hazards that are significant for the design of
buildings and other structures and are susceptible to climate effects,
including extreme temperatures, precipitation, riverine and coastal flooding,
landslides, sea level rise, extratropical winds, tropical cyclones and associated
storm surge, ice accretion, snow and freeze-thaw cycles, among others.

« Summarize the principles of reliability-based structural design and risk-
informed decision-making, as applicable to a changing climate.

« Investigate the issue of the nonstationarity of climate and its implications
on climatic loads, load combinations, and structural reliability levels and
develop methods for modeling uncertainties in climate variables.

o Identify and assess the impact of changes in climatic hazards and climate-
related loads on the performance of structures and resilience of communities.

3.2.2 Scope

The scope of Chapter 3 includes climatic loads and structural performance that are
also found in ASCE 7 (ASCE 2022b), the International Building Code (ICC 2021a),and
the AASHTO LRFD Bridge Design Specifications (AASHTO 2020). It does not include
time-dependent performance of structural components and systems (discussed in
Chapter 4), which are the purview of material standards and specifications, such as
ACI 318 Building code requirements for structural concrete (ACI 2019), or the AISC
Specification for Steel Building Structures (AISC 2022). Nor does it include special
structures that are outside the scope of building and bridge codes and standards.

Many climate effects in infrastructure systems, such as wildland-urban
interface (WUI) fires, landslides and droughts, and pluvial flooding, are better
addressed through zoning or land-use regulations than through structural
engineering practice. Chapter 3 does not address these issues.

The hazard analyses needed to identify and determine climatic structural
load parameters are provided and adopted by reference from Chapter 2.

Many fundamental concepts of the problem have already been presented
in the ASCE report, Adapting Infrastructure and Civil Engineering Practice to a
Changing Climate (ASCE 2015a). Chapter 3 focuses on how these concepts can be
implemented in structural engineering practice.

The focus of this chapter is on structures. Readers are referred to the ASCE
MOP 140, Climate-Resilient Infrastructure: Adaptive Design and Risk Management
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(ASCE 2018), for a more general discussion of other applications in civil and
environmental engineering, such as lifelines, dams and hydraulic structures, and
environmental systems.

3.2.3 Overview

The chapter begins with an overview of climatic loads appearing in structural
design guidelines, standards, and codes used for buildings, bridges, and coastal
infrastructure. It draws upon recent activities in the United States (ASCE 2015a,
2018; Tye et al. 2021) as well as in Canada under the Climate-Resilient Buildings
and Core Public Infrastructure Initiative (CRBCPI) to develop future climate-
based design criteria for the National Building Code of Canada (NBCC 2020) and
the Canadian Highway Bridge Design Code (CSA 2019). That overview is followed
by a brief summary of principles of risk-informed decision-making and the use
of reliability targets for setting design criteria in ASCE 7 (ASCE 2022b) and the
AASHTO Bridge Design Specifications (AASHTO 2020).

A major portion of Chapter 3 addresses the treatment of nonstationarity in
analysis of climate-dependent building code parameters and a detailed discussion
of those parameters on an individual basis, drawing on an extensive review of the
literature, with a comprehensive reference list. The need to address climate change
impacts on geotechnical systems is summarized. Performance-based approaches
to climate change are introduced because it is likely that structural engineers
will address client needs under the alternative means and methods clauses of the
building codes.

The last major section deals with climate change impacts on community
resilience, a topic of urgency in light of increasing losses to infrastructure systems
as a result of extreme climate hazards with large geographic footprints and the
issuance of PPD 21 (PPD 2013). A summary of recommendations for improving
structural design practices concludes the chapter.

3.3 CLIMATE CHANGE AND ITS IMPACT ON LOADS FOR CIVIL
INFRASTRUCTURE

3.3.1 Fundamentals of Structural Design for Climatic Loads

The primary objective of building codes and standards is to protect life safety
under extreme (or design-basis) conditions. The national resource document in
the United States for structural loads on buildings is ASCE 7, Minimum Design
Loads and Associated Criteria for Buildings and Other Structures (ASCE 2022b),
which is adopted by the International Building Code (ICC 2021a) and local
building departments in the United States. In Canada, the National Building Code
of Canada (NBCC 2020) is the national resource, which receives technical support
from the National Research Council of Canada and is adopted by the provincial
and territorial government authorities. These documents are very similar in their
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philosophical basis, and they may be discussed together for this special project.
The Eurocodes and many other national structural design codes throughout the
world take a similar approach.

'The major climatic loads covered in these codes and standards are flood, wind
(including extratropical winds, hurricanes, and tornadoes), snow, ice, and rain
loads, summarized as follows. The climatic variables affected by climate change
are in boldface text:

 Hydrostatic flood load per unit width (Ib/ft, N/m): F = (1/2) ,, d?, in which
7, is the unit weight of water and d; is the depth of water. If hydrodynamic
effects are present, there is an additional term that is dependent on the square
of water velocity, V2.

« Wind pressure (psf, kPa): W = C,, V2, in which V is the wind speed (mph,
m/s) measured at 10 m elevation in open terrain (climate-dependent) and
C,y is the exposure and aerodynamic coeflicients (climate-independent). The
wind speed depends on averaging time; in the United States, V is the =3s
gust wind speed, whereas in Canada, V is the mean hourly wind speed. The
aerodynamic coefficients, C,y, are stipulated so that the design wind pressures
in Canada and the United States are virtually the same in most instances.
Note that the wind load is proportional to the square of V, which makes the
estimate of wind speed in a changing climate particularly important.

« Snow load per unit area (psf, kPa): $ = C S, + S, in which §, is the ground
snow load (psf, kPa) (climate-dependent) and Cg is the ground-to-roof
conversion factor, which depends on roof exposure, roof slope, and roof
insulation (climate-independent). A rain-on-snow surcharge, S, (psf, kPa),
may be added in certain areas where rain may accompany snow.

o Iceloadsand atmospheric icing: Atmospheric ice loads caused by freezing rain,
snow, and in-cloud icing should be considered, where appropriate. The ice load
is determined from the weight of glaze ice formed on all exposed surfaces,
determined from the design ice thickness, t; (climate-dependent), on those
surfaces. Ice accreted on structural components also increases the projected
area of the component exposed to wind, thereby increasing the effect of wind.

« Rain load per unit area (psf, kPa): R = 5.2 (d; + d;, + d,) in psf (or 0.0098
(d + dy, + d,) in kPa, in which d is the depth of water on undeflected roof
up to the inlet of the secondary drainage system when the primary drainage
system is blocked (static head, in. or mm), d,, is the depth of water on the
undeflected roof above the inlet of the secondary drainage system at its
design flow (hydraulic head, in. or mm), d,, is the ponding depth arising from
roof deflections caused by unfactored dead and rain load, and the constant
5.2 (or 0.0098) equals psf/in. of water (or kPa/mm of water). Rain loads,
R (distinguished from the aforementioned S,), are required for designing
drainage for flat roofs or for checking ponding instability.

The climate-related parameters, dy, Vi, V, So So tos d,, d,, etc., customarily
have been presented in maps or tables constructed for a stipulated return period (or
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annual probability of being exceeded) to achieve uniformity in hazard at different
geographic locations. Until recently, these return periods typically were 50 years
for ordinary buildings and 100 years for critical facilities; in addition, aload factor
(typically on the order of 1.4 to 1.6) was applied to the specified nominal load to
achieve a desired level of structural reliability. [Mapping the load parameters at
their return periods and applying a load factor greater than 1.0 (typically on the
order 1.4 to 1.6, depending on the level of uncertainty in load) is referred to as
a uniform hazard approach to load specification. The uniform hazard approach
has been traditionally found in ASCE 7 and in the NBCC until recently.] More
recently, the load factor on climatic loads has been set equal to 1.0 and the return
periods have been increased to the order of 500 years for ordinary buildings to
1,000 years or more for critical facilities to achieve uniform reliability at all sites.
[Recent research in probability-based codes has revealed that uniform reliability
across geographical boundaries is better achieved by mapping the design-basis
event directly and using a load factor of 1.0 (a so-called uniform risk or uniform
reliability approach to distinguish it from traditional methods).] The conversion
of climate parameters to design loads is discussed subsequently in Chapter 3.

In addition to the aforementioned major climate parameters, temperature
effects, T, may be significant for deformation-related limit states, particularly
in tall buildings and bridge decks, but they seldom impact structural safety (as
discussed in Section 3.7.1).

In contrast to life safety under extreme conditions, current guidelines and
standards also contain minimal requirements to ensure serviceability under
ordinary conditions. Serviceability is viewed primarily as an economic rather than
a public safety issue, making it difficult to codify. Serviceability is usually controlled
by providing adequate stiffness to minimize deflections, deformations, or vibrations
that adversely affect the intended use of the building or comfort of its occupants
under ordinary conditions. The loads used to check serviceability have much shorter
return periods than those used to verify that safety objectives have been met.

Natural hazard mitigation and community resilience have achieved prominence
in the past decade as losses caused by natural hazard events have increased in
severity, to a total of approximately USD 80 billion in insured catastrophe losses
in 2020 worldwide (Swiss Re 2020) [see also data in Section 4] and questions of
property protection and ability to maintain function during a severe event or to
recover function following an event are increasingly debated by public decision-
makers. In ASCE 7, buildings are assigned risk categories for planning and design
purposes by importance to the community. The most important civilian facilities
are designated Risk Category IV facilities, which include hospitals and critical care
facilities, fire and police stations, telecommunication facilities, and other essential
facilities needed to perform their critical functions and manage emergency in
the postdisaster period. In NBCC, the postdisaster occupancy class has similar
performance requirements. In both the United States and Canada, such facilities
are typically designed for longer return periods than ordinary facilities on the order
of 1,000 to 3,000 years, and additional performance criteria deemed necessary for
them to achieve their postdisaster performance objectives are imposed.
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3.3.2 Issues and Challenges in Climate Data Analysis for
Structural Design

Climatic variables in codes and standards used in structural design such as those
mentioned previously are based primarily on historical data. Extratropical winds,
snow, temperature, and precipitation are purely data-based; for hurricanes, the
historical data are analyzed within a framework that models their genesis in the
North Atlantic basin, their growth along tracks into fully developed hurricanes
that impact coastal infrastructure, and their dissipation following landfall. It is
assumed in these analyses that the climatic variables can be evaluated as if they
were stationary—the past being representative of the future—and their intensities
can be stipulated by their return periods. These data have been collected for many
purposes other than building design—commercial aviation, local hydrology and
water resources management, and agriculture—and typically cover fewer than
100 years. Most of the climatic variables found in ASCE 7 and NBCC have been
determined by fitting the annual extreme parameter to a probability distribution—
the Type I distribution of the largest values and the generalized extreme value
(GEV) distribution being two of the most common types of distribution used for
this purpose—and the return period (RP) [or mean recurrence interval (MRI)] of
a load is determined as the reciprocal of the annual probability, p, that the load is
exceeded: RP = 1/p. The sampling error on the estimate of the design-basis events
in a stationary sequence for return periods greater than 100 years can be quite large,
but the estimates of the sample means are reasonably stable when the estimates are
updated at intervals of typically 10 years using additional climatic data.

The assumption of stationarity in the data cannot be justified in a changing
climate (Pandey and Lounis 2023), and the concept of an event associated with
a specified return period, strictly speaking, does not apply (Section 3.5). The
increase (or decrease) in climatic variables and the large growth in uncertainty
in climate modeling forecasts, particularly beyond 2060, will affect the manner
in which the data are analyzed and specified for structural design purposes.
Perhaps more important, it will affect the manner in which the design hazards
are communicated to the professional engineering community and its client
base (Cooke 2015), as discussed further in Section 3.3.3. The authors remember
well the confusion over the concept of a return period (or a mean recurrence
interval) when it was introduced in the late 1960s. The return period was a way
of recognizing that the load parameter is random and defining (indirectly) the
annual probability that its design intensity is exceeded without dealing with small
probabilities that were not commonly used by structural engineers at the time.
This might explain why some climate researchers have attempted to couch their
parameter estimates using a notion of a return period (Ribereau et al. 2008, Salas
and Obeysekera 2014). This issue requires careful consideration when dealing
with a changing climate where the annual probabilities are not constant over a
structure’s service life.

The projected growth in climatic variables and their uncertainties beyond
2060 suggests that methods will have to be developed for dealing with the epistemic
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uncertainty in parameter estimates that heretofore have not been considered in
estimating climatic variables for structural code development. Although the
accuracy of overall climate forecasting techniques has been improving through
continuous data collection, as explained in Chapter 2, current climate models can
predict the impact of climate change on temperature and precipitation with better
accuracy than the impact on flooding, snow, and wind, which will be problematic
at probability levels deemed appropriate for structural safety analysis.

3.3.3 Implementation of Climate Data in Structural Codes and
Standards

Structural codes and standards are developed differently by different groups. The
reality of these differences must be considered if climate change effects are to be
successfully implemented in professional practice.

First, contrary to popular belief, the choice of return periods (typically 50 to
100 years) for specifying climatic load intensities for design has absolutely nothing
to do with the service life of a building or a bridge but serves as a base period for
load evaluation. In fact, the concept of a return period was first introduced in the
United States in the late 1960s (and two decades earlier in Canada), long before
life-cycle analysis became an academic discipline in civil engineering. Parameter
samples were much smaller than they are nowadays, and the sampling errors
on the estimate of return periods longer than 50 years were very large, placing
some limits on estimates of long return period values from available datasets.




























































































































































































































































