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This project was carried out in support of 23 U.S.C. § 503(b)(3)(B)(viii), which directs the Department of
Transportation “to carry out research and development activities ... to study vulnerabilities of the
transportation system to ... extreme events and methods to reduce those vulnerabilities.”
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The following definitions are provided solely for the purposes of this handbook unless the
definition is accompanied by a citation.

Adaptation — Adjustment in natural or human
systems in anticipation of or response to a
changing environment in a way that effectively
uses beneficial opportunities or reduces negative

Key Term Usage

Asset management teams and
environmental practitioners may use

effects. different terms for similar concepts.
Because this handbook may benefit a

Adaptive Capacity — The asset or system’s
ability to adjust, repair, or flexibly respond to
damage caused by extreme weather events or
changing environmental conditions. For example,
alternative routes that could be used to reach the
same location would increase adaptive capacity
compared to a route that lacks redundancy.

@monly used to refer to an
Asset — All physical highway infrastructure PSet or system’s inability to cope
located within the right-of-way corridor of a with physical impacts.

highway. The term assef includes.all COMpOTNRLS Adaptation and (Risk)

necessary for the operation of a highw
including pavements, highway bridgeff tunnel
signs, ancillary structures, and other pNgsical

Mitigation: commonly used to
refer to actions that lessen
potential adverse impacts of

components of a highway. 23 physical hazards.

Asset Class — Assets wit

and function (e.g., bri

pavements, or guar subset of a group or collection of assets that serve a common
function (e.g., r safety, Intelligent Transportation (IT), signs, or lighting). 23

CFR 515.5.

Asset Life — Enco ses various terminology used by agencies to describe the lifespan of an
asset, such as useful life or service life.

Asset Management — A strategic and systematic process of operating, maintaining, and
improving physical assets, with a focus on both engineering and economic analysis based upon
quality information, to identify a structured sequence of maintenance, preservation, repair,
rehabilitation, and replacement actions that will achieve and sustain a desired state of good repair
over the life-cycle of the assets at minimum practicable cost. 23 CFR 515.5.

Asset Sub-Group — A specialized group of assets within an asset class with the same
characteristics and function (e.g., concrete pavements or asphalt pavements.) 23 CFR 515.5.

X1


https://www.ecfr.gov/cgi-bin/text-idx?SID=987c08d2bf3e92e8e6d1e261551aef03&mc=true&node=pt23.1.515&rgn=div5#se23.1.515_15
https://www.ecfr.gov/cgi-bin/text-idx?SID=987c08d2bf3e92e8e6d1e261551aef03&mc=true&node=pt23.1.515&rgn=div5#se23.1.515_15
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https://www.ecfr.gov/cgi-bin/text-idx?SID=987c08d2bf3e92e8e6d1e261551aef03&mc=true&node=pt23.1.515&rgn=div5#se23.1.515_15

RESCINDED

Current and Future Environmental Conditions — (as used in 23 CFR 515.7(c)(1)), includes
extreme weather events, climate change, seismic activity.

Exposure — Refers to an asset or system that is located in an area experiencing or is likely to
experience direct effects of current and future environmental conditions, including gradual
changes in climate and extreme weather events. For example, an exposed road could experience
more frequent tidal inundation due to its location in a low-lying area.

Extreme Events — Risks posed by gradual changes in the climate and extreme weather events.
The definition does not apply to other uses of the term nor include consideration of risks to the
transportation system from other natural hazards, accidents, or other human induced disruptions.
(FHWA Order 5520 - Transportation System Preparedness and Resilience to Climate Change
and Extreme Weather Events | Federal Highway Administration (dot.gov

Extreme Weather Events — Significant anomalies in temperature, p and winds and

can also cause or influence extreme weather events. (F ) U - Transportation System
Preparedness and Resilience to Climate Change and E
Administration (dot.gov))

Hazard (or Natural Hazard or Stressor) — A Mg With the potential to cause
substantial damage or gradual deterioration, burricanes, extreme precipitation, flash
flooding, wildfire, droughts, sea level g ¥0ss erMafrost, and high heat.

Mitigation — Reduction in risks throufgh adjustfents in natural or human systems in anticipation
of or response to a changing e me

Preparedness — Actions tgen an, grganize, equip, train, and exercise to build, apply, and
sustain the capabilities ent, protect against, ameliorate the effects of, respond to,
and recover from extre vents related damages to life, health, property, livelihoods,
ecosystems, and

Project-Level ~ Refers to singular assets such as bridges or pavement sections.

Resilience — The abili¥pto anticipate, prepare for, or adapt to conditions or withstand, respond to, or
recover rapidly from disruptions, including the ability-

(A)(1) to resist hazards or withstand impacts from weather events and natural disasters; or

(ii) to reduce the magnitude or duration of impacts of a disruptive weather event or natural
disaster on a project; and

(B) to have the absorptive capacity, adaptive capacity, and recoverability to decrease
project vulnerability to weather events or other natural disasters.

23 U.S.C. 101(a)(24); see also FHWA Order 5520 - Transportation System Preparedness and
Resilience to Climate Change and Extreme Weather Events | Federal Hichway Administration

(dot.gov))
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Risk — The positive or negative effects of uncertainty or variability upon agency objectives. 23
CFR 515.5. In the context of resilience, risks are often assessed as a product of the likelihood
that an asset will experience a particular stressor, and the consequence.

Risk Management —The processes and framework for managing potential risks, including
identifying, analyzing, evaluating, and addressing the risks to assets and system performance. 23
CFER 515.5. The process for developing a risk management plan involves assessing and
prioritizing risks according to their likelihood of occurrence and potential consequence. See 23

CFR 515.7(c).

Sensitivity — How the asset or system responds to or is affected when exposed to current or
future environmental conditions, including gradual changes in climate and extreme weather
events. For example, a tunnel could be more sensitive to flooding due to chaallenges removing
water.

Transportation Asset Management Plan (TAMP) — The term
risk-based asset management plan that is required under 23 U. . 1s intended to
carry out asset management as defined in 23 U.S.C. 101(a)(2).

assessment of the National Highway System (NHS),
at the option of the State DOT, as it relates to 1
investment strategies to address the conditi rformance gaps. The TAMP
describes how the highway network sys aged to achieve State DOT targets for
asset condition and system performangf effectiyeMyps while managing the risks, in a financially
responsible manner, at a minimum prXgticable @st over the life-cycle of its assets. 23 CFR
515.5.

Wsical assets and laying out a set of

Targets — Used in a gener;
include required Feder

s€ thi document as relevant to asset management and may
rgets under 23 U.S.C. 150(d).

Vulnerability — T
adverse effects
climate and ex events. In the transportation context, vulnerability is a function of a
transportation syst®g’s exposure to natural hazards and changing environmental conditions,
sensitivity to stressors, and adaptive capacity.
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EXECUTIVE SUMMARY

This handbook provides information to State DOTs and other agencies on how to use asset
management processes to make transportation systems more resilient to current and future
environmental risks. Extreme weather events and climate change impacts can damage
transportation infrastructure and exceed the functional capacity of a facility, leading to
unplanned and intolerable service disruptions. Additionally, gradual changes in temperature and
precipitation can change infrastructure deterioration rates and result in increased costs due to
decreased asset lifespans, emergency repairs, increased maintenance and labor costs, supply
chain disruptions and lost economic activity. The Fourth National Climate Assessment (NCA4)
noted that climate change is expected to raise the cost of building and o transportation
infrastructure in the U.S., though cost increases will vary by regionden the level of
impacts experienced (USGCRP, 2018).

Why use this handbook?

The impacts of a changing climate (such as higher te
seasonal precipitation and the intensity of rain even

ca¥vel rise, and changes in
> weather events are affecting

the lifecycle of transportation systems and are expecte fy (FHWA, 2014c). As climate
change intensifies, the frequency and severit d to extreme weather events are
expected to worsen over time and negativel ansportation infrastructure, though impacts

asset, and in some cases may be

e events (both climate change and extreme
elp reduce them; meet agency asset

the service life of highways, bridges and other
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assets. Proper planning forgxt cdgher events and climate change at the asset and system
levels provides a variet as minimizing disruptions to the transportation system,
reducing agency and u s, agd decreasing risks to public safety, as well as reducing

maintenance cost
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Integratlng Resilience into the TAMP

Note: Throughout this handbook, Federal requirements related to the asset management

practices covered in each chapter are referenced in yellow text boxes. These yellow text
boxes also indicate where a best practice might contribute to compliance with 23 U.S.C.
119(e) and relevant regulations.

This handbook was developed prior to the Bipartisan Infrastructure Law (BIL), enacted as the
Infrastructure Investment and Jobs Act (Pub. L. No. 117-58) in 2021. Accordingly, this
handbook does not directly address implementation of the BIL amendment that requires State
DOTs to consider extreme weather and resilience in Transportation Asset Management Plan
(TAMP) lifecycle cost and risk management analyses (23 U.S.C. 119 D)). However,

this handbook may still be useful to State DOTs as a general resou sing
transportation resilience to extreme weather events and climate oadly, and
FHWA expects the information provided to have continued e DOTs work to

implement the BIL amendment. The relevant regulations are:

1. Process for Establishing the Asset Management 48
e Requires State DOTs to “develop a ris

cost over the life cycle ofg
e DOTs are specifically rel
conditions, such a

2. Periodic
Emergency B CFR Part 667)

o Requires ate DOTs to determine if there are reasonable alternatives to roads,
highways, ahd bridges that have required repair and reconstruction activities on two
or more occasions due to emergency events. (See 23 CFR 667.1).

e State DOT TAMP risk management processes must take into account the Part 667
risk-based evaluations (See 23 CFR 515.7(c)(1)) and include the results of those
evaluations for NHS pavements and bridges in the TAMP (See 23 CFR 515.9((d)(3)
and (6)).



https://www.govinfo.gov/app/details/CFR-2018-title23-vol1/CFR-2018-title23-vol1-sec515-7
https://www.govinfo.gov/app/details/CFR-2018-title23-vol1/CFR-2018-title23-vol1-sec667-1

Who should use this handbook?

This handbook is designed primarily for State DOT personnel who are developing the federally
required transportation asset management plans (TAMPs) under 23 CFR part 515 or otherwise
involved in transportation asset management, and staff at other agencies focused on asset
management processes and resilience.

What does this handbook cover?

This handbook provides approaches, strategies, and examples of addressing risks related to
extreme weather and climate change in asset management. It describes opportunities to address
risks associated with current and future environmental conditions, natural hazards, sea level rise,
and extreme weather events. The handbook also provides practical options to integrate resilience
into short- and long-term asset management practices to help optimize j nt decisions. The
following sections describe the core chapters of the handbook.

ASSEMBLING THE RIGHT TEAM
Chapter 2: Engage Stakeholders and Assemble the Right,

environmental risks into agency asset management
any or all of the following steps to assemble theg

through asset management planning.

e Coordinate particularly with at risk communities -- such as disadvantaged
communities that may lack resources to address climate impacts, or those facing more
dire climate change impacts.

ASSESSING THE IMPLICATIONS OF CURRENT AND FUTURE ENVIRONMENTAL RISKS

Chapter 3: Understand Vulnerability to Extreme Weather Events and Climate Change explains
how an agency may conduct a vulnerability assessment. Assessing vulnerability to current and
future environmental conditions is a key foundational step for integrating these risks into asset
management. Vulnerability assessments can range in scope, in terms of both the transportation
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assets and key climate variables considered. The FHWA’s Vulnerability Assessment and
Adaptation Framework provides a process for conducting a vulnerability assessment and
examples of how different agencies have applied aspects of that process in practice.

To better understand a transportation system’s vulnerabilities, consider the following questions:

e What are the relevant risks? Gather information on historical performance, agency
knowledge, infrastructure design standards, and guidelines to determine which
environmental conditions have the greatest effects on the transportation network, both
now and in the future.

e How are the risks changing? Review historical information to understand the
relationship between past damages and associated conditions and determine key
thresholds for climate variables relevant to risks in the region. Coldggtand review data on
expected future environmental conditions caused by a changing Qo understand the
frequency and severity of risks to transportation, both now

approach, and/or project-level assessment.

e What changes to this approach to climate
assessment may be appropriate for asget ma
assessment approach to obtain the begt-s
process.

t? Modify the vulnerability
for the asset management planning

ADDRESSING RESILIENCE IN ASSET MANRGEMEN JPROCESSES

Chapters 4 through 10 provig rec 1ons on how to integrate resilience into the asset
management process and geiflent practices and policies. These chapters focus on
identifying specific ent essing current and future environmental conditions and
conclude with a wrap- i ign of action items from the chapter. Each chapter also contains

Key Transfyrtation Asset Management and Resilience Integration Chapters

This handbook presents opportunities to address resilience at all steps in the asset
management process in the order they are typically completed. However, some of the asset
management planning steps have a stronger link to resilience than others, including:

o Chapter 7: Establish Risk Management Process
o Chapter 8: Develop Life Cycle Plan
o Chapter 9: Establish Resilient Investment Strategies and Financial Plans


https://www.fhwa.dot.gov/environment/sustainability/resilience/adaptation_framework/climate_adaptation.pdf
https://www.fhwa.dot.gov/environment/sustainability/resilience/adaptation_framework/climate_adaptation.pdf

Asset Inventory

Chapter 4: Develop Asset Inventory explains that an asset inventory provides an opportunity to
identify assets that are vulnerable to current and future environmental conditions so their unique
considerations can be carried through the entire transportation asset management planning
process. The vulnerability assessment can inform an agency’s understanding of which assets
have been damaged by extreme weather in the past and how future environmental conditions
could affect asset conditions in the future. As part of this inventory, consider establishing hazard
categories to reflect vulnerability to current and future environmental conditions. When
determining the asset/hazard categories that can best support asset management, consider the
environmental hazards that:

e Have the potential to result in catastrophic damages to assets during extreme weather

conditions.

Oividual assets within an asset
On system.

e May reduce system performance or iqgpacRghe ability to achieve desired targets.
For example, the hazard categories co lu
Pave

e May affect a large enough number or percent®ye o

class to have potential consequences to S

a

e High sea level rise vulnerabili nts and bridges located in future inundation

areas.
High inland floodi 11§y: Bridges and approaches in locations where the bridge
evation (i.e., the backwater potential is high) and/or

are expected to increase because of increased precipitation.

environmental conditions.

If the agency’s analysis indicates that environmental conditions may contribute to difficulties
in meeting agency performance targets, consider including a description of these findings in
the performance gap write-up in the TAMP.



} Consider including in the TAMP: Hazard categories to reflect vulnerability to
current and future environmental conditions.

In developing the federally required TAMP, it may be helpful to develop categories of
vulnerable assets for inventory and asset condition reporting. Table 0-1 depicts a simplified
summary table that includes example hazard categories for the highest priority vulnerabilities.
These hazard categories can combine asset categories with the hazard(s) of most concern
(i.e., most likely to result in catastrophic damages or increases in asset deterioration).

Table 1-1: Example Inventory and Condition Summary Table With “Hazard Category”
Column (Outlined in Red)

Asset Hazard Inventory . ‘set Condition

Sub- Category Units Quantity Lane Miles * % % %
Group Squar- seters G- sd Fair Poor

High inland flood
Moveable g o
. vulnerability
Bridges -
. High sea level
Timber . .
rise vulnerability

Performance Gap Assessment
Chapter 5: Conduct Performance Gap
analysis to determine if agency identi

ex®lains how to use a performance gap
afce gaps are due to damages related to
extreme weather events. For exagaale, entifying the lowest-performing assets that are
adversely impacting the perfoyffianc stem and determining if there may be an extreme
weather event-related causg,fo ow Rerformance. To determine if there is an extreme
weather event-related c ga wledgeable staff, review previously completed
vulnerability assessme Chapter 3: Understand Vulnerability to Extreme Weather
Events and Climggf compare the findings with the vulnerability categories created
as part of the aq @ - hapter 4: Develop Asset Inventory).
Objectives, Meas and Targets

Chapter 6: Set Resilience Objectives, Measures and Targets describes a process for including
risks from extreme weather events and climate change in setting the strategic direction of the
transportation asset management process. Consider incorporating resilience to extreme weather
events and climate change by:

e Modifying existing objectives, measures and targets: If existing objectives, measures
and targets for the transportation asset management process are infeasible or
inappropriate given future environmental conditions, consider modifying these existing
objectives, measures, and targets to better reflect expected changes in environmental
conditions.



e Developing new objectives, measures and targets: Consider working with stakeholders
to develop new or additional resilience-related objectives, measures, and targets. This is
particularly important when vulnerable assets are included in asset management analyses.

Agencies can also consider aligning the objectives, measures and targets of the asset
management planning process to other planning documents, such as those outlined in the long-
range transportation plan, to ensure consistency across various planning documents.

} Consider including in the TAMP: Specific objectives, measures and targets to
address risks from extreme weather events and climate change.

Consider modifying existing objectives, measures and targets if they are likely to become
infeasible under future environmental conditions. In addition, if existig tives, measures
and targets do not adequately measure or account for climate changdgconsideNeveloping
new resilience-related targets for vulnerable assets to better meggffte p bward
increasing resilience.

Risk Management

Chapter 7: Establish Risk Management Process descri mdhagement process and how
it and the vulnerability assessment complement resi C he chapter describes flexible
strategies for conducting both the vulnerability assess Plhe broader risk management

assessment so that the agency considers themy b et management analyses. The risk

management chapter suggests agencies:

rOches: Some risks have immediate impacts
to these risks occurs quickly, though adapting
ding on the type of adaptation (improving culvert
an building or elevating a bridge or mitigating

e Develop short-term and lon
such as floods or slope failure
to the risks may take a 1
maintenance/cleani

landslides) Othe a level rise are more chronic and, in some cases, may
gradually affe ypes of risks should be monitored, their impacts considered,
and their d into short-term and long-term risk-management strategies.

e Comp rd risks to other risks: Evaluating environmental risks in a
consisteTRy with other agency risks allows for an apples-to-apples decision process

regarding wlgn, where, and how much to invest in risk mitigation strategies.
e Influence life-cycle and investment strategies: The risk assessment also can be an
important input to the life-cycle strategies and investment strategies for mitigating risks.

} Consider including in the TAMP: A list of risk mitigation strategies for the top-
priority risks.

Develop proactive and reactive risk mitigation strategies. Organize mitigation strategies in a
risk register table that includes the top risks, likelihood, impact, risk owner, and risk
mitigation strategy. Note that one risk event can cause a variety of impacts, which may
warrant a series of risk statements and mitigation strategies.



Life-cycle Plan

Chapter 8: Develop Life-cycle Plan describes how life-cycle planning can be enhanced with an
improved understanding of how weather-related events will influence assets throughout their
life-cycle. Understanding expected future temperature, rainfall, and sea level rise can inform
decisions about how assets may perform, what maintenance activities may need to be increased,
and whether assets are properly classified within the environmental categories in pavement and
bridge management systems. The life-cycle plan chapter suggests:

e C(lassify assets within management systems: Some management systems allow the
classification of assets within environmental or other categories. Over time as
temperature or rainfall events worsen, agencies may need to shift assets into the
appropriate categories or explore new approaches for integrating these risks into
management systems. This will allow management systems to urately predict
performance.

e Address future conditions when making long-term inv,
plan analyses lead to decisions about how to maintain,
replace them at the end of their useful life. Agencies can
by considering the effect of weather-related congg
and planned assets.

management
andffprove assets or
informed decisions
ervice lives of existing

} Consider including in the TAMP: 14 ing strategies that address

tegrate resilience to future environmental
23 CFR Part 667 evaluation results to identify

Describe the new actions the agenc
conditions into life cycle decisions.
assets particularly prone to age fr

by:

e Reflecting objectives, measures and targets: The investment strategies can provide the
resources to achieve the agency’s objectives, measures, and targets related to managing
extreme weather risks.

¢ Closing gaps and funding at-risk assets: Investment strategies can consider what
resources are needed to close condition gaps, and to maintain the assets within the
inventory that contribute most to resilience.

¢ Investing in strategies to reduce risks: Funding the strategies that increase resilience
and decrease threats, while capitalizing on opportunities, is another important element of
investment strategies. It is important to consider the full service life of the asset (two to


https://www.govinfo.gov/app/details/CFR-2018-title23-vol1/CFR-2018-title23-vol1-part667

seven decades) when selecting the appropriate strategies. The financial plan will then
focus on actions needed in the time period covered by the plan.

/& Consider including in the TAMP:

Possible investment strategies for vulnerable assets. Identify strategies that can be used for
categories of assets identified as at risk due to current and future environmental conditions.
Each category of assets may have a separate investment strategy.

A strategy for proactively addressing resilience. Develop a strategy for proactively
addressing the resilience of assets included in the TAMP through normal capital investment
or dedicated funding streams. Include an estimated budget for additional maintenance
required due to increases in the frequency or intensity of extreme weg gnts. Include an
estimated budget to mitigate subgroups of assets in the TAMP that %g ulnerable.

Monitoring Plan
Chapter 10: Develop a Monitoring Plan to Track Risks Relgted xtregl Weather and Climate
Change discusses the importance of monitoring plans fg x roence strategies current

steps such as:

e Updating the risk register: The ris
the strategies the agency selected to m

s the identified threats, as well as
ose threats. Making the risk register a

e Tracking changes in the asse@inventd@y: Updating the asset inventory and condition
data is another way to
expected.

Tracking vulnergility Tndicagprs: Monitoring and reassessing vulnerability indicators
i ed of risks.

other plans and programs: If resilience strategies influence

*(& Consider including in the TAMP: Process for tracking strategies to address risks
from current and future environmental conditions.

Develop a plan for monitoring the effectiveness of any risk mitigation strategies as well as
identifying changing risks from current and future environmental conditions.



1 INTRODUCTION

Asset management provides a
process to (better) manage the
transportation system to increase
performance and reduce risks and
costs. Climate change and extreme
weather threats can shorten asset life
spans, require additional emergency
repairs, and raise labor and
materials costs for transportation
agencies. More frequent impacts can
reduce economic activity and
disrupt supply chains. These threats
can also pose safety concerns for the
traveling public, raise travel times,
and delay shipments of goods.
Events such as extreme temperature
changes can reduce pavement life
and floods can damage or shorten the Fi QI sset management informs the transportation life cycle.
life of pavements, structures and other

assets. While transportation providersfiave beqg biMlding and managing roadway assets to

Transportation

Planning

Operations
and
Maintenance

Capital
Planning

withstand natural hazards since asqghe Rogan Empire, current day transportation agencies
are seeing these threats magnif€d by gli ange, and we can expect these additional threats
to transportation to worsengv confing decades. The Fourth National Climate Assessment
(NCAA4) notes that cli changeg ected to raise the cost of building and maintaining

transportation infrast
the level of impa

thgdU.S., though cost increases will vary by region depending on
SGCRP, 2018) and asset, and in some cases may be positive.

Repairs to dam cture have already been costly, and we can expect them to increase
with climate chan¥ggn coming decades. In December 2021, the Federal Highway Administration
(FHWA) allocated $ 4 billion in Emergency Relief Program funds for 42 States, American
Samoa, Puerto Rico, U.S. Virgin Islands, and tribal governments to repair roads and bridges
damaged by recent extreme events (USDOT 2021). This figure does not include all of the
applications submitted for emergency relief funds, further emphasizing that extreme weather
events are a large and costly issue that affects many DOTs now and could affect more as
environmental conditions change.

The cost implications of extreme events, defined as climate change and extreme weather events,
warrant a robust analysis of and defense against these risks (FHWA, 2014c¢). Extreme weather
events and climate change are projected to increase the costs of maintaining, repairing, and
replacing infrastructure. There are more than 60,000 miles of U.S. roads and bridges in coastal
floodplains that cost billions to repair and maintain in the face of extreme storms and hurricanes
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(Jacobs, et al., 2018). Similarly, extreme precipitation events regularly shut down parts of the
Interstate Highway System for days or weeks due to flooding and landslides, as happened in the
first five months of 2017 in California (I-80 and I-880) in January, north central California (I-5)
in February, and Idaho (I-86) in March. Similarly, flooding took place in the central United
States including Missouri (I-44 and I-55), lowa, Nebraska and Oklahoma in May 2019. Costs
from extreme heat events are also significant (Jacobs, et al., 2018). For example, the 2011 heat
wave cost the Texas Department of Transportation $26 million in pavement damage (Jacobs, et
al., 2018).

To address the requirements established by 23 U.S.C. 119, FHWA issued regulations (23 CFR
Part 515) pertaining to risk-based transportation asset management plans (TAMPs) that include
consideration of the impact of current and future environmental conditions. This handbook often
refers to asset management plans but is useful for asset management pr. in general.

1.1 WHY USE THIS HANDBOOK?

reY (Sustainability, including
GHG emission reductions, is a factor that could be essed in asset management

costs and maintain a state of good repair while erformance over the life-cycle of
assets. Transportation agencies should consi treme weather events and climate change
may increase costs. Additionally, agengCs Shoul®gonSider information on extreme weather
events and climate change that could fhpact wible-of-life costs of assets such as changes to
deterioration rates or interferen pth Qg opgglitional performance of assets.

This handbook distinguish age and increased deterioration caused by extreme

weather events and risi mperagurcgincreased precipitation, or other changing environmental
conditions. Damage c#gi e the immediate loss of intended performance of a facility, while
deterioration can ig al loss of performance. Expenditures for repairs or

may be designe® reamage, harden assets or replace assets to be more resilient to climate
change or to reducqggrvice impacts where it is not possible to redesign to withstand a greater
event economically. Solutions to adapt damaged infrastructure to extreme weather events and
climate change should be suitable for the community and surrounding infrastructure to minimize
impacts and maintain local connections. Increased maintenance efforts may be another response
to event-related damage. Damage-related expenditures may appear in investment strategies and
financial plans as responses to the expected increasing number or likelihood of damaging events.
Investment strategies to respond to actual or likely damage could take the form of programs to
increase the resilience of structures, raise low-lying roadways, or enhance drainage assets, for
example. Deterioration is more gradual and may be addressed more incrementally in the life-
cycle planning process. Over time, increased deterioration may involve increased investments to
offset it. However, because increased deterioration caused by extreme weather events and
climate change may be realized more slowly, actions to address deterioration may not be
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reflected in near term investment strategies. Increased deterioration should be captured in the
asset life-cycle and accounted for (as increased maintenance, repair, or replacement) in future
expenditures.

Planning for extreme weather events and climate change at the asset and system levels can
produce the following benefits (FHWA, 2018a):

e Minimize disruptions to the transportation system.

e Decrease the financial impacts of extreme weather events and climate change on
transportation agencies as well as the larger transportation network and economy.

e Improve an agency’s ability to achieve its mission and objectives.

e Decrease impacts to public services such as emergency services, public safety, and
quality of life.

(23 U.S.C. 119(e)(4)(D)), there are existing Federal regulatio
consider risks related to resilience in their TAMP and FH
handbook will have continued relevance as State DOTs4
FHWA asset management regulations in 23 CFR 514 7§

performance effectiveness and State DOT t
in a financially responsible manner, at
assets.” In doing so, each State DOT i
including the following:

ticable cost over the life-cycle of its
velop processes for several components

Pursuant to existMregulations, State DOT asset management processes for developing the risk
management plan mWyt identify “current and future environmental conditions, including extreme
weather events,” (23 CFR 515.7(c)(1)) and should include information on extreme weather
events and climate change in the life-cycle plan (23 CFR 515.7(b)) (see textbox).
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https://www.govinfo.gov/app/details/CFR-2018-title23-vol1/CFR-2018-title23-vol1-sec515-17

In addition to these requirements, the TAMP summary of the condition of NHS pavements and
bridges must be informed by the evaluations from 23 CFR Part 667 (23 CFR 515.9(d)(3)):
Periodic Evaluation of Facilities Repeatedly Requiring Repair and Reconstruction Due to
Emergency Events. Section 23 CFR 667.1 states that State DOTs “shall conduct statewide
evaluations to determine if there are reasonable alternatives to roads, highways, and bridges that
have required repair and reconstruction activities on two or more occasions due to emergency
events.” Emergency events is defined in 23 CFR 667.3. The term can include declared
emergencies caused by extreme weather events, such as flooding.

} Asset Management Regulatory Provisions on Current and Future Environmental

Conditions
Risk Management Plan: 23 CFR 515.7(c)(1) requires State DOTggf0 .@ sk
M

management process that identifies risks that can “affect condity 1onal

Highway System) pavements and bridges and the performance HS, including risks
associated with current and future environmental congjs
events, climate change...and risks related to recurringgg O sts as identified
through the evaluation of facilities repeatedly dama
under part 667 of this title.”

Life Cycle Plan: 23 CFR 515.7(b) requires
process for an asset class or asset sub-g th
information on current and future envfonment ditions including extreme weather
events, climate change...and other fRgors thafcould impact whole of life costs of assets.”

te WO T's t0 Cstablish a life cycle planning

[As of October 21, 2021, StatO required to consider extreme weather and resilience

as part of the lifecycle cosgan majhgement analyses within a State TAMP (23 U.S.C.
119(e)(4)(D)). As note thgeFEx e Summary, this handbook does not address
implementation of this 1onggom the BIL.]
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1.2 WHO SHOULD USE THIS HANDBOOK?

Primary users — State DOT personnel who

manage transportation assets and are e U L Ly

involved in developing asset management To develop a robust and effective
plans as well as other staff focused on asset transportation asset management program,
management processes and resilience. consider engaging a variety of individuals

and stakeholders throughout the process. To
facilitate engagement on current and future
environmental conditions, consider sharing
this handbook with them. Stakeholders
include:

Other users — Staff who provide or
exchange information with asset managers
and TAMP developers, such as planning,
project development, and maintenance and

operations.

. ) e Leadership
Other transportation agencies or asset

i . e Transporigfio anagement
owners—e.g., metropolitan planning team
organizations (MPOs), local transportation
e Pave

agencies or transit owners—that develop or
implement transportation asset management
programs may find the handbook useful for
addressing extreme weather events and
climate change. Even MPOs with no asset
ownership can find value in this handbook t

nce and operations
ent

Chapter 2: Engage Stakeholders and

help them coordinate planning and sNble the Right Team for more
programming for local agencies that offfn rmation about how to build support
assets in their region. MPOs also mayWnd across various departments and

this handbook useful for identi stakeholders.
strategies to link resilience to

processes, such as the loggPrange planggor to short-term programming priorities.
1.3 WHATRESQ, E TO DEVELOP THIS HANDBOOK?
i Q jbitcrature on integrating extreme weather considerations into asset

management plan$gghe results of a number of State TAMPS, and by FHW A-supported asset
management and resMence pilot studies, including:

e Arizona DOT (ADOT) —This pilot is part of an ongoing work program through which
ADOT plans to address the following stressors through the life-cycle planning of
roadway assets and asset classes: intense precipitation, system flooding, wildfires,
wildfire-induced floods, drought-related dust storms, and rockfall incidents (ADOT,
2019).

¢ Kentucky Transportation Cabinet (KYTC) — This pilot analyzed the potential impacts
of extreme heat and extreme precipitation on pavements and bridges using a screening
tool for identifying bridge sensitivity to flooding and a methodology for incorporating
climate projection data into pavement design and performance monitoring (Kentucky
Transportation Cabinet, 2019).
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study (TxDOT, 2019).
See the Appendix for summaries of each of these studies. @

15

Massachusetts DOT (MassDOT) — This pilot used proxy variables estimated at the state
scale to perform an initial flood resilience screen for MassDOT bridges and culverts
(MassDOT, 2019).

Maryland DOT State Highway Administration (MDOT SHA) — This pilot refined and
expanded a vulnerability assessment of state assets to climate hazards and identified and
implemented specific opportunities to integrate the vulnerability assessment results into
existing MDOT SHA asset management, planning, and other processes (MDOT SHA,
2019).

New Jersey DOT (NJDOT) — This pilot focuses on impacts to the reliability of the
roadway from precipitation events and assesses the vulnerability of culverts and drainage
systems by focusing on road closures due to flooding events (NJDOT, 2019).

Texas DOT (TxDOT) — This pilot developed and applied a frangimg
and integrating extreme weather risk into asset management ugg

for understanding
ON as a case




1.4 \WHAT DOES THIS HANDBOOK COVER?

Addressing resilience to extreme weather events and climate change can be an integral element
of each step of the asset management process. This handbook provides approaches, strategies,
and examples of integrating these risks into asset management planning. Chapter 2 focuses on
assembling the right team to build support, work together, and streamline the information-
gathering and decision-making processes.

Chapter 3 focuses on understanding the transportation system’s vulnerability to extreme
weather events and changing environmental conditions. Understanding vulnerability sets the
foundation for integrating risks into the asset management process.

Chapters 4 through 10 provide recommendations on how to address resilience in each step of
an asset management plan development process and asset management 4 s and policies.

These chapters identify specific entry points for integrating extreme
change into each step, and conclude with a summary checklist of g#tion

Pm the chapter:

e Chapter 4 — Asset Inventory
e Chapter 5 — Performance Gap Assessment

e Chapter 6 — Objectives, Measures and Targets
e Chapter 7 — Risk Management Process

e Chapter 8 — Life-cycle Plan

e Chapter 9 — Investment Strategies ang F1ygcia
e Chapter 10 — Monitoring Plan

Within Chapters 4 through 10 the yellliw textbges*with the key icon (shown at
right) summarize key recomme its to g federally required TAMP. }
These textboxes are intended tffproy cinct snapshot of key entry points

for incorporating extreme ygea venjl and climate change into the TAMP.

In addition, the appe prgffides
pilots.

mmaries of the asset management and extreme weather

Key TAMP Integration Chapters

This handbook pre®nts opportunities to address resilience at all steps in the asset
management process in the order they are typically completed. However, some of the asset
management planning steps have an important link to resilience, including:

o Chapter 7: Establish Risk Management Process
o Chapter 8: Develop Life Cycle Plan
o Chapter 9: Establish Resilient Investment Strategies and Financial Plans
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Even though agencies may take different approaches tailored to their unique needs and
circumstances, this handbook is designed to help agencies accelerate the integration of resilience
in asset management.

Integrating Resilience into Other Aspects of Transportation

In addition to this handbook, FHWA offers a number of resources on integrating resilience
into other aspects of the transportation system:

o Incorporating Risk Management into Transportation Asset Management Plans
(FHWA, 2017b)

o Climate Change Adaptation Guide for Transportation Systems Management,
Operations, and Maintenance (FHWA, 2015a)

o Synthesis of Approaches for Addressing Resilience in Projecyl
2017d)

e [ntegrating Resilience into the Transportation Planni TOGSS.
Literature Review Findings (FHWA, 2018b)

Ol

Ment (FHWA,

e Paper on

17


https://www.fhwa.dot.gov/asset/pubs/incorporating_rm.pdf
https://ops.fhwa.dot.gov/publications/fhwahop15026/index.htm
https://ops.fhwa.dot.gov/publications/fhwahop15026/index.htm
https://www.fhwa.dot.gov/environment/sustainability/resilience/ongoing_and_current_research/teacr/synthesis/index.cfm
https://www.fhwa.dot.gov/environment/sustainability/resilience/ongoing_and_current_research/planning/integrating_resilience.cfm
https://www.fhwa.dot.gov/environment/sustainability/resilience/ongoing_and_current_research/planning/integrating_resilience.cfm
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2 ENGAGE STAKEHOLDERS AND ASSEMBLE THE RIGHT TEAM

Building support across a variety of relevant departments and stakeholders can help facilitate the
integration of current and future environmental risks into asset management processes. Asset
management plans address risks ranging from finances, to adequate staffing, to making risk-
based tradeoffs between asset classes. In many agencies, the person or team with the most
expertise on current and future environmental risks does not sit within the asset management
group. These teams should work together to effectively integrate resilience into asset
management processes and plans. This chapter focuses on practices for engaging stakeholders
and building a culture of resilience by outlining steps such as the identification of a risk manager
and communication between agency departments and leadership to facilj rrent and future
environmental risk-related information sharing and coordination. Wl¢ described in
the following subsections are not required, agencies may find the

2.1 IDENTIFY A RISK MANAGER FOR ADDRESSING RESILIENCE EMENT

Transportation agencies may wish to assign an individ
environmental risks into asset management. A desi

tegrate current and future
ager is especially important if

ment and resilience-focused staff.
king on or familiar with risks associated
T asset management.

as a central resource for collaboration between
The risk manager is likely to be someone alr
with current and future environmental ion

2.2 DEFINE ROLES AND RESPO Tl

To keep efforts on track, ¢ 1nYpg clear roles and responsibilities for specific individuals
s and hold responsible parties accountable for meeting
their obligations. If m&g cpartments or teams are involved, it may be useful to present

options for defini

e Gather ke keholders to establish goals and objectives for this effort to ensure all
members are ®h the same page.

e Assign goals or objectives to specific teams based on their expertise and interest. Within
each group, assign tasks based on individual strengths and expertise. Establish deadlines
and allocate resources as necessary to ensure tasks are achieved. For example, the
environmental team may be tasked with collecting data on extreme weather events and
climate change and assessing how risks to the transportation system may change. The
asset management team may be tasked with collecting the inventory of existing asset
conditions to identify potentially vulnerable assets. Together, these two teams may then
discuss which assets are most at risk due to climate change.

e Hold regular meetings with the full team to monitor and discuss progress, identify
challenges that another group may be better suited to address, and minimize duplicative

work.
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Defining roles and responsibilities is also important to delineate how the resilience effort
complements the overall risk-based asset management processes. Chapter 7: Establish Risk
Management Process addresses how resilience is integral to an agency’s risk management
processes. A number of organizational strategies are possible to link the resilience-related risk
efforts with the larger risk management process, but they generally fall into one of two strategies.
The resilience effort can be a subset of the larger risk management effort, or the resilience risk-
management effort can be the primary risk management function that also incorporates other
risks often associated with managing assets.

2.3 PROMOTE CROSS-DEPARTMENTAL COLLABORATION

Both asset management- and resilience-focused efforts break down traditional silos and involve

asset management. However, to fully integrate extreme weath
management process, the environment department should b

awareness can help build support across diffgre
risks and sharing data and information across

ts for collectively addressing these
ents. Agency examples include:

ning agencies, provided expertise and local knowledge to
ate Change and Vulnerability Pilot Study (Caltrans, 2014;

staff to collect data and information on current and future environmental conditions and
asset conditions, such as WSDOT (WSDOT, 2011), MnDOT (MnDOT, 2014), CAMPO
(CAMPO, 2015), TDOT (TDOT, 2015), MassDOT (MassDOT, 2015), and NYSDOT
(NYSDOT, 2015).

2.4 COMMUNICATE WITH LEADERSHIP

Leadership should be aware of risks resulting from climate change and extreme weather events.
Keeping leadership informed on the potential impacts of these risks can build top-level support
to allocate resources for addressing these risks. Establish regular methods of communication to
help ensure the paths for dialogue between leadership and staff remain open.
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Possible approaches to elevating environmental condition-related risks, when warranted, include:

e Provide a briefing on top risks every quarter, creating opportunities to address these risks.

e Provide a 1-2-page memo of high-level findings on work related to these risks and their
importance to keep leadership aware of and engaged with ongoing work.

e When discussing these risks with leadership, tie the discussion back to the agency goals,
objectives, or costs so they can better understand the potential impact. Ensure leadership
is aware of the benefits of addressing identified risks in life-cycle planning and financial
plans.

2.5 COORDINATE WITH EXTERNAL STAKEHOLDERS

External stakeholders can provide knowledge, data, and
potential experience addressing extreme weather events
and climate change. Coordinating and collaborating with
external stakeholders can allow agencies to more
efficiently collect and assess information related to
environmental conditions and limit duplicative efforts. I
may also be useful to coordinate with at risk
communities -- such as disadvantaged communities
may lack resources to address climate impacts,
communities more directly exposed to clim
impacts due to their location. For climate
particular, there are likely already res
from external stakeholders that can p e Local or state

data needed. For example, Fed isti government
e Federal government
agencies (e.g., USGS)

e Universities

Axternal
ers

ders can be a
or understanding
ing current and

Wc ehvironmental

glitions, including:

e MPOs
e Locally owned NHS
e Transit owners

Understand Vulnerabilit gl Extteme
and Climate Change i
relevant resources.

For the TxDO @ )

with other agen and external stakeholders to acquire
flood risk data was Wgential to developing the agency’s
vulnerability assessments (TxDOT, 2019). In many cases, the data and models TxDOT were
looking for already existed. TxDOT held a stakeholder meeting at the beginning of the project to
identify what information stakeholders had and how it could be of use to TxDOT and the other
stakeholders in the room. By working collaboratively, TxDOT was able to build stronger
relationships with many stakeholders and use existing data to predict and mitigate flooding.

e Local or regional NGOs
e At risk communities

Many pilots set up advisory groups to engage stakeholders and vet data and approaches
throughout their projects. For example, the role of the Caltrans technical advisory group was to
review project progress, contribute to vulnerability and adaptation rankings, and contribute ideas
and knowledge to the overall process (Caltrans, 2014).
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2.6 COMMUNICATE EFFECTIVELY

Communicating effectively, whether to internal departments, leadership, stakeholders, or the
public is crucial to building support and gaining valuable input. Many of the communication
strategies described below can also apply to the development and distribution of an asset
management plan. Asset management plans are public documents and represent an opportunity
for agencies to communicate risks to both internal and external stakeholders. Components such
as risk management, life-cycle planning, and financial planning provide opportunities to clearly
demonstrate how risks percolate throughout asset management.

Possible approaches for communicating about current and future environmental risks include:

22

Keep the message positive. Focus messaging on the

positive and what can be done to plan for and address D

al Avenues for

these risks. munication
Tailor the message to the audience. Different pitch
audiences have different interests and roles in [WIing memos
addressing climate risks. For example, for leadershi esentations

a high-level overview of the risks and how to a
them is warranted. For internal departments Qr
stakeholders and potential partners, a more dCRy
explanation of the risk, the knowledge
role of each department or stakehold
the risk may be more appropriat
Tie the discussion back to a
drive decision-making across RyagencyllConveying how risks associated with extreme
weather events and cli affect an agency’s ability to meet its goals and
objectives and framjn terms of costs can be useful. For example, the costs of

Data visualization
tools

e Working sessions

less expensive e efficient than funding a project solely focused on resilience
improvemgiig , inaction may be most costly for assets that experience

due to climate change.

AcknowRyg tainty and challenges inherent in addressing environmental
conditions.Qpderstanding uncertainty in climate change data is a common challenge. In
some cases, it may be helpful to cite historical extreme weather events to demonstrate
observed and potential impacts to assets, and to explain that past rare events may become
more common in the future. Recent extreme events can be more tangible to understand.
Balance the focus on risk with engagement around solutions. Highlight multiple
benefits, especially those in the near term, and consider identifying how addressing risks
from extreme weather events and climate change may create other benefits. For example,
improving stormwater drainage infrastructure to be more resilient to changing
precipitation patterns may provide an opportunity to improve infrastructure so it is safer
for pedestrians in the near-term as curbs, gutters, drains, and sidewalks are improved.



e Develop concise talking points. Develop a short- and high-level pitch on how and why
it’s important to consider both current and future environmental risks in asset
management.

\%Q
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3 UNDERSTAND VULNERABILITY TO EXTREME WEATHER EVENTS
AND CLIMATE CHANGE

This chapter explains how to determine if components of the transportation system are
vulnerable to extreme weather events such as hurricanes, floods, extreme heat, Nor’easters, and
climate change effects such as sea level rise This chapter covers key elements of vulnerability
assessments most relevant to asset management, lists resources for conducting vulnerability
assessments, and describes approaches to determine:

e Relevant hazards (Section 3.1),

¢ Changes in relevant hazards (Section 3.2),
e Resilience of the transportation system (Section 3.3), and
e How to organize vulnerability assessment outputs for as

Why conduct a vulnerability g

process is not required but can be beneficial to jumpWgart
level, a vulnerability assessment provides insi into
environmental hazards that could damage t
extreme weather events and/or gradual

may be to the network, and su ide
loss of transportation service fu. limate change or extreme weather.

er agency may have already conducted a vulnerability

impacts on the t work. If this is the case, Section 3.4: How can vulnerability
assessment o asset management? may be of more interest than other parts of
this section.

If a vulnerability ass€ssment has not been completed, review Section 3.1 and Section 3.2 on
determining current and future environmental hazards. Next steps might include continuing
with the vulnerability assessment (Section 3.3) to develop a more robust understanding of
system vulnerability to natural hazards, or using the hazard information to jump to a risk
assessment (Chapter 7: Establish Risk Management Process).

Traditionally, agencies have designed infrastructure for a specific range of environmental
conditions and have based expectations for future environmental conditions on historical records
and assumptions of stationarity (i.e., the idea that future patterns of weather and variability will
match those of the past). It is important that agencies understand their vulnerabilities to both

current, and future environmental conditions affected by climate change, to appropriately design
25
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and manage infrastructure, prepare the system for extreme weather events and associated service
disruptions, and optimize operational planning efforts. Agencies should ultimately use their
understanding of natural hazards and vulnerability to address risks from extreme weather events
and climate change throughout the entire asset management process.

Understanding vulnerability may help an agency identify and address transportation system
vulnerabilities.

Vulnerability Assessment vs. Risk Management

The vulnerability assessment has some similarities, and important differences, from the risk
management process often included in an asset management plan. Both involve identifying
potential hazards or threats and developing strategies to address them.

Vulnerability is a function of an asset’s or system’s exposure, sens adaptive

capacity to extreme weather events and climate change (FHW Ag201

e Exposure: whether an asset or system is located in a xpegiencing direct effects
of current or future extreme weather. For examy ) oad could experience
inundation due to its location in a low-lying a

e Sensitivity: how the asset or system fares
environmental conditions. For examp o be more sensitive to flooding
due to the challenges of removing wa

e Adaptive capacity: the system’s ab¥§

ope with impacts of extreme weather or

future environmental conditighfS. T'or eQgaple, alternative routes that could be used to
reach the same location would increaf adaptive capacity compared to a route that lacks
redundancy.

Risk is the positive or nega cyof uncertainty or variability upon agency objectives (23

CFR 515.5). In the co
quantitative likelih
of that impact.

t of regilicaffe, risk is often assessed as a product of the qualitative or
n asset will experience a particular stressor, and the consequence

nt can be a useful input for assessing the likelihood and
consequences vironmental risks. Specifically, exposure data can inform the likelihood of
impact while senstWvity and adaptive capacity data can help determine the severity of
consequences. For example, an asset that is highly sensitive to flooding would experience more
severe consequences than an asset that has flood-proofing measures in place. For more
information on the risk management process, see Chapter 7: Establish Risk Management
Process.

The vulnera

Vulnerability assessments can range in scope in terms of both the transportation assets (e.g.,
single projects, entire transportation networks) and key hazards or risks (e.g., flooding, extreme
heat).
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FHWA has developed a Vulnerability Assessment and Adaptation Framework that provides a
detailed approach for agencies to consider in conducting a vulnerability assessment. Figure 3-1
depicts the framework for assessing vulnerability and adaptation strategies.

VULNERABILITY ASSESSMENT AND

ADAPTATION FRAMEWORK

SET OBJECTIVES AND DEFINE SCOPE

Articulate Define Study ci‘;'f:('lz;‘,‘:e Identify Key Climate
Objectives Sco ! Variables
5 o Relevant Assets

COMPILE DATA

Asset Data Riverine Hydrology

Temperature & Precipitation Projections  Coastal H

= ASSESS VULNERAB =
3 S
-E Indi ﬁl

fw
g sl Desk Re nformed Assessment E:L
= =
5 <
= Consider -:'L:

AL ATION OPTIONS
Multi-Cri is Economic Analysis

P ORPORATE RESULTS INTO
DECISION-MAKING

Transportation Planning
Environmental Review
Engineering Design
Transportation Systems Management and Operations
Asset Management

Figure 3-1: FHWA vulnerability assessment and adaptation framework conceptual
diagram.

The information presented in the framework is intended for State DOTs, MPOs, and other
agencies involved in planning, building, maintaining, or operating transportation infrastructure.
The key steps included in the framework are:

Set objectives and define scope: Set the scale of the vulnerability assessment, including
determining which natural hazards and assets to analyze. Section 3.1: What are the relevant
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https://www.fhwa.dot.gov/environment/sustainability/resilience/adaptation_framework/climate_adaptation.pdf

hazards? provides an introduction on how to identify relevant hazards for asset management
planning.

Compile data: Collect relevant asset data from both internal and external sources. Compile both
current and future environmental hazard data for the relevant hazards. Section 3.2: How are the
hazards changing? provides an introduction to potential data sources for understanding how
current environmental conditions may be changing in the future.

Assess vulnerability: Evaluate the exposure, sensitivity, and adaptive capacity of each asset or
the transportation system as a whole using one of three approaches: stakeholder input, indicator-
based desk review, or engineering-informed assessment. These approaches are explained more
fully in Section 3.3: How resilient is the transportation system?

Analyze adaptation options: Evaluate adaptation options using multi-
economic analyses. These methods allow practitioners to consider asy
quantified, clarify potential long-term costs and benefits, and co
and with current policies.

analyses and
Qnnot be easily

Incorporate results into decision-making: Study result
incorporating assessment results into transportation plagiing; pr@ evelopment and
environmental review; project level design and engi Y

ramework, FHWA has created a
|lity assessments, including:

In addition to the Vulnerability Assessment 4gd
number of resources and tools for suppQ

e Transportation Climate Chan
types of transporation as
increased temperature fhd ¢
rise/extreme high g

ty Matrix: A tool on the sensitivity of various

hazards. The hazards covered in the tool include

e neat, precipitation-driven inland flooding, sea level

syllice, wind, drought, dust storms, wildfires, winter storms,
nd permafrost thaw (USDOT, 2014).

ing (FHWA, 2020)

e VulnerabiMg Assessment Scoring Tool (VAST): A tool intended for agencies assessing
how compon®ts of their transportation system are vulnerable to hazards. It helps
especially with rating and ranking vulnerabilities for large numbers of assets. An asset
manager can use VAST to catalog and sum up vulnerabilities for different asset
categories and/or all assets addressed in a TAMP, and this information could be used in
the TAMP to identify and rank extreme weather-related risks.The tool guides users
through conducting a quantitative, indicator-based vulnerability screen (USDOT, 2015).

e Case Studies: The FHWA has supported the development of an extensive series of case
studies on resilience in the transportation sector, including a pilot series on vulnerability
assessments.

e Hydraulic Engineering Circulars (HEC) No. 17, 2nd Ed and No. 25, 3rd Ed.: These
documents provide guidance for analysis, planning, design, and operations of highways
in riverine (HEC 17) and coastal environments (HEC 25).
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https://www.fhwa.dot.gov/environment/sustainability/resilience/tools/sensitivity_matrix.xlsm
https://www.fhwa.dot.gov/engineering/hydraulics/software/cmip_processing_tool_version2.cfm
https://www.fhwa.dot.gov/environment/sustainability/resilience/tools/scoring_tools_guide/vast.xlsm
https://www.fhwa.dot.gov/environment/sustainability/resilience/case_studies/
https://www.fhwa.dot.gov/engineering/hydraulics/pubs/hif16018.pdf
https://www.fhwa.dot.gov/engineering/hydraulics/pubs/hif19059.pdf

e TechBrief: Climate Change Adaptation for Pavements: An overview of temperature,
precipitation, sea level rise, and pavement-specific impacts. It addresses specific
pavement adaptation strategies that can be implemented now and in the future (FHWA,

2015c¢).

\%Q
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Using the USDOT Vulnerability Assessment Scoring Tool (VAST) in Asset Management

An indicator is a characteristic of an asset or its surroundings that can be used as a proxy measurement of
the asset’s vulnerability to a given stressor based on its exposure, sensitivity, or adaptive capacity
(USDOT, 2015; FHWA, 2017f). VAST is a tool that can be used to conduct an indicator-based
vulnerability assessment and includes a range of indicators for each component. As DOTs and MPOs
have completed indicator-based vulnerability assessments, a number of best practices and
recommendations for agencies working with indicators have emerged:

Selecting indicators:
¢ Avoid redundant metrics. Using more indicators may skew, and does not necessarily correlate
with better, results. Consider using five or fewer indicators for each component.

and hazards with high quality data.
e Engage engineers, asset-owners, and other staff familiar wilg
weights for relevant indicators to encourage acceptance g

Scoring indicators:
e Consider screening out assets that will not be a
calculating vulnerability scores for expgcd assetsY
e Score each indicator’s raw values on afgommonfcale (e.g., 1-4). When assigning indicators to a
common scale, consider the spagg te ing and desired end use of the vulnerability
assessment (e.g., score statewidl o Mstrict). Set scoring interpretation rubrics as a guide.
e Consider separating analyg® based on ggbet owner or functional class (e.g., state vs. local).

xposed to a given stressor and only

Weighting indicators:
e Allow indicators
input on assign¢@
than other indica
e Conduct sensitivity (8gs for weighting schema to determine if altering weights produce
significantly different vulnerability scores.

weights based on importance and confidence level and gather
oPexample, assign past experience with the hazard a higher weight

\

Ground-truthing:

e Incorporate some measure of past experience as an indicator (e.g., survey of maintenance staff).

e Seek out maintenance staff/asset owners to review draft results, perhaps through interactive
maps. Consider asking: Does anything surprise you? Is anything not showing up as vulnerable
that should? In addition, encourage vetting of results after an extreme weather event to determine
the best-performing indicators.

e When designing resilient replacement projects using in-depth site-specific calculations
vulnerabilities, compare results from the indicators to the actual level of vulnerability from the
site-specific study. Adjust indicators or weightings based on lessons learned from the project-
level analysis.


https://www.fhwa.dot.gov/environment/sustainability/resilience/tools/scoring_tools_guide/vast.xlsm

3.1 WHAT ARE THE RELEVANT HAZARDS?

Transportation systems can be vulnerable to a range of extreme weather events such as heat
waves, heavy precipitation and flooding, extreme high tides, storm surge, wind, drought, and
wildfires. Many of these will be exacerbated by climate change, though the exact changes will
vary by region. Table 3-1 provides a summary of what is known regarding transportation asset
sensitivities to a range of environmental conditions.

Table 3-1. Environmental Conditions That Could Affect Asset Condition, According to FHWA Sensitivity Matrix
(Adapted from (FHWA, 2017d))

Inland Sea Cha}nges

Extreme Storm in Permafrost

Asset Temperature Flo'0(.11ng./ Le.V el Surge Wind - Drought Freeze/ Thaw
Precipitation Rise

Thaw

Pavements

Bridges
Culverts

ENEENIENIEN

Slopes and
Soils
Mechanical/
Electrical v
Equipment
*Checkmarks indicate a documented relationship betgee
indicate it is very unlikely there is a relationship betw
little or no research on the topic.

<

As part of understanding current and rabilities, it may be useful to determine which
extreme weather events have t on the transportation network, both now and in
the future. Understanding relefant abilities can assist agencies in developing risk-based
goals that consider curre ure cgfironmental conditions and optimal best-cost approaches
ifetime, as well as identifying assets that may need to be
more closely monitgre i 'When collecting information on hazards of concern, consider
i w these hazards have impacted specific assets or the system in
n help to complete the steps in Section 3.3: How resilient is the

transportation sy

Historical performance and agency knowledge

Past system or asset performance during extreme weather events can indicate which hazards are
most relevant to include in the vulnerability assessment. To identify assets vulnerable to current
and future environmental conditions, consider the following sources of information.

o Consult maintenance, operations, emergency management, and engineering records.
These may contain specific information on the characteristics of disruptive extreme
weather events, such as temperature associated with pavement damage or total
precipitation that flooded a road. For example, NJDOT worked with New Jersey’s
Bureau of Pavement & Drainage Management and Technology to obtain data from an
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existing drainage management system with details on flooding incidents and maintenance
records (NJDOT, 2019).

Perform GIS hot spot analysis. Consider developing a GIS database to collect
information on damaging events (e.g., location, type of damage, cause of damage, cost of
repair) to help visualize the types and locations of hazards causing damage. One benefit
of inputting this information into GIS is that it also allows agencies to look beyond
individual assets to identify repeated damage or broader trouble areas or “hot spots. For
example, buffering damaged assets by a set distance (e.g., 500 feet) can identify hazards
that intersect.

When performing a GIS hot spot analysis, simultaneously collect information about
assets that have been impacted in the past. For example, the “Blugggot Model” used in

as well as new
ate ADAPT, 2010).

both existing vulnerabilities under current environmen
potential blue spots based on future environmenta

Solicit expert opinion from maintenanc ioMs personnel, emergency managers,
and engineers about vulnerabilities d key assets they manage. Discuss
which weather extremes are moigidigpa ervices or assets, and whether there are
thresholds at which the systemfbegins tq eperience impacts (FHWA, 2011b). For
example:

o The Texas DOJ(Tx nsportation asset management plan includes a
detailed segpon entflying risks from current environmental conditions
s high-priority risks the occurrence of unanticipated
tural disasters such as a hurricane resulting in system

soils that expand and contract with changes in soil moisture content. The plan
notes that Hurricane Harvey in 2017 produced the largest historical rainfall from a
single event in the State’s history and represents the type of predominant threat to
Texas infrastructure. TxDOT reported that about 2 percent of the agency’s bridges
were vulnerable to 100- to 500-year flood events, and those were singled out for
scour repair and other mitigation practices.

o Caltrans District 1 overlaid projected changes in precipitation and sea levels with
historical maintenance events in GIS (Caltrans, 2014). This analysis helped
evaluate the potential for future impacts, defined as the level of interruption of
service of the asset.



o Using another tactic, the MDOT SHA asset management pilot team distributed a
simple, map-based survey to district maintenance staff to capture information on
past flooding issues at bridge assets (MDOT SHA, 2019).

Review assets identified under 23 CFR Part 667. State DOTs are required to evaluate
roads, highways, and bridges that have required repair and reconstruction activities on
two or more occasions due to emergency events and to determine if there are reasonable
alternatives.! An emergency event is defined as a natural disaster or catastrophic failure
resulting in an emergency declared by the State Governor or President (23 CFR 667.3).
Review data on repeatedly damaged facilities and extract information about the hazards
causing those damages. Keep a record of which assets are vulnerable to a particular
hazard. Data sources may include reports or associated information developed to receive

more information.

Review projects submitted to FHWA for Emergeng
The Emergency Relief Program helps to repair
resulting from natural disasters or catastrop
668.101). Reviewing assets included in ER fun%§
hazards that have impacted the transpo
manage weather-related damage and tion. For example, the Post Hurricane
Sandy Transportation Resilien dy 1 JWNJ, and CT mapped the geographic extent
of projects submitted for ER Pgogram rf§ rsements for Hurricane Sandy by asset class
(see Figure 3-2) (FHW

&

to Federal-aid highways
223 U.S.C. 125; 23 CFR
ications may help to identify
and involved significant funding to

! Reasonable alternatives include options that could partially or fully achieve the following: reduce the need for
Federal funds to be expended on emergency repairs or reconstruction; better protect public safety and health, and the
human and natural environment; and meet transportation needs set out by Federal, State, local, and tribal plans and
programs (e.g., long-range statewide transportation plans, statewide transportation improvement programs,
metropolitan transportation plans, transportation improvement plans) (23 CFR 667.3).
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Figure 3-2. Projects submitted to FHWA for Emergency i etmbursement following Hurricane Sandy,
by asset class, as of October 2013 (FHWA, 2017c).

Infrastructure design standards angffeuideliges

Reviewing the design standards and gRgdelineslor different asset types is another way to
determine the events that may he service lives of particular assets. Such
standards often provide value te an asset’s resilience to certain events, such as
ample, Federal regulation specifies that Interstates
eing overtopped by the 50-year (2% annual exceedance
R part 650.115(a)(2). Other roads may have been designed
ext step is to understand how such events may change due to

comply with a design
probability) flood
to a smaller deg
climate change:

3.2 HOW ARE THE HAZARDS CHANGING?

Next, consider collecting data to understand how often relevant environmental hazards have
occurred in the past and how they could change in the future as the climate changes.

What timeframes should be considered?

It is important to consider the full life-cycle of transportation assets when developing and
implementing asset management plans, including required TAMPs. While the financial plan
development process for a TAMP must identify the annual costs to implement the investment
strategies in the TAMP over a minimum 10-year period (23 CFR 515.7(d)) (see Chapter 9:
Establish Resilient Investment Strategies and Financial Plans), the life-cycle of bridge or
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pavement assets spans decades. This makes it important to have a strategic understanding of the
asset class’s life-cycle and the appropriate timing of interventions over the full life-cycle.

Significant changes in
environmental conditions may
occur over the life-cycle of an
asset. Reports that summarize
changes in environmental
conditions and extreme
weather (e.g., the National
Climate Assessment) often
describe projected future
environmental conditions for

future periods (e.g., 2030- I:] E

Higher Emissions

Mid-century Late-century

2050, or 2070-2100) 0-4 5-9
compared to today. For Figure 3-2. Projected changes in th riod amount for daily
example, Figure 3-3 depicts precipitation, shown for typical clim iogtimeframes (e.g., mid-

. . and late-century, RCP8.5 sce caled data) (Easterling, et
projected future changes in al, 2017)

rainfall intensity across the

United States at mid-century and late-century timeft
should consider the relevant life-cycle for the
of 30 years should consider climate change

a longer design life, such as bridges, shoyld ¢
in the late century.

ng, et al., 2017).2 Agencies
example, assets with a design life
er at mid-century, while assets with
treme weather risks and climate change

Some agencies have incorporatedazoluNgary, Ig@fger-term performance targets into their asset
management plans. For exam a DOT (PennDOT) includes performance targets
for 10, 25, and 50 years in . TR 50-year time horizon corresponds to expected

ample of resources for obtaining historical and future

2. For more information on these resources and how to apply them,
A’s Synthesis of Approaches for Addressing Resilience in Project
,2017d).

Development (FHW

As noted in the text box, some State DOTs work with partners like universities, Federal agencies,
or other State agencies to obtain data specific to their needs. For example, lowa DOT partnered
with Iowa State University to obtain data on projected continuous daily rainfall and with the
University of lowa Flood Center for hydrologic modeling that supported their vulnerability
assessment (Iowa DOT, 2015). Similarly, NYSDOT partnered with the United States Geological

2 These projections illustrate potential future change at a regional level based on climate model data, but are not
appropriate for use in design; the calculation approach may vary from standard approaches used in the transportation
sector.
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Survey (USGS) to develop an enhanced StreamStats tool that incorporated future environmental
condition projections into streamflow statistics (NYSDOT, 2015).

Common Data Sources for Understanding Historical and Future Environmental

Conditions
Historical Future
e National Oceanic and Atmospheric e U.S. Global Change Research
Administration’s (NOAA) National Program’s National Climate
Center for Environmental Information Assessment
e NOAA'’s Precipitation Frequency e FHWA’s CMIP Climate Data

Data Server (Atlas 14)
e State Climatologist
e University Climate Research Centers
e State and Local Agencies

Source: (FHWA, 2017f)

ate and Local Agencies

3.3 HOW RESILIENT IS THE TRANSPORNAIION SYPTEM?

To understand the resilience offthe ortation network (i.e., the potential impact of damage,
isruption in terms of impacts on cost, network
, consider using the information gathered on relevant risks

tal conditions, along with other information, to conduct a

approach relies on institutional knowledge to identify and rate potential vulnerabilities.
The stakeholder input approach incorporates knowledge and experiences from local
communities and/or public agency staff to assess the transportation assets’ or system’s
sensitivity to environmental conditions. The stakeholder input approach is informative
for asset management because it is likely to identify vulnerable assets or types of assets
that are critical to the overall system. For example:

o Oregon DOT (ODOT) presented district maintenance crews and technical staff
with a web-based GIS map with data on existing asset conditions, locations of
known hazards and weather-related incident response, and future sea level.
ODOT also mapped maintenance record location related to flooding, high water,
landslides, and rockfalls. Using the historical and future hazard data and their
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https://www.usgs.gov/tools/national-climate-change-viewer-nccv
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local knowledge, staff identified “climate hazard sites” on the map at a workshop
(Oregon DOT, 2016).

o Washington State DOT (WSDOT) facilitated 14 workshops across the state to
capture local knowledge and assess vulnerability. Participants used an asset
inventory, maps of asset locations, and historic and projected hazard impact maps
for sea level rise, temperature, precipitation, wind, and fire from the University of
Washington for the assessment. Participants ultimately rated asset criticality and
the impact of future environmental conditions on WSDOT infrastructure on a
qualitative scale (FHWA, 2014a).

Indicator-based desktop review
approach: Primarily used for systems-level
or area analyses, this approach provides a
low-cost way to score and rank
transportation assets for vulnerability by
relying on available data. By following this
approach, agencies can use quantitative data
on assets and future environmental
condition data to serve as proxy indicators
to evaluate potential vulnerabilities. The nundation depth under future
indicator-based desktop review appra sea level rise scenarios
informative for asset management be®gse e Average annual daily traffic

offers a big-picture understandj e Rutting of asphalt surface
system-wide vulnerabilities aifll may aipw

an agency to identify su ssets ghat

warrant specific manag€me a s. For example, an agency may develop a different

or Jpads that score as highly vulnerable to future
e currently in poor condition than for highly vulnerable
ood condition.

Proxy Indicators

ized by a high level of asset-specific data and analysis. This

grs a way to evaluate how changing environmental conditions are affecting a
t. Engineering-informed assessments may be more appropriate as a
secondary assessment once an agency has conducted a stakeholder or indicator-based
desktop assessment. This approach is also useful during initiation of a planning study to
assess future environmental conditions and the effectiveness of a specific adaptation
measure. These types of assessments do not address the entire transportation system and
thus will not be as informative for asset management planning except for unique or high-
cost assets.



For example, aging, high-cost bridges may warrant an engineering-informed assessment
as part of a long-term asset management strategy. If high-cost structures or pavement
sections are deemed vulnerable, an engineering-informed approach may be appropriate
for these sub-categories of assets. This information could also inform group/sub-category
analyses. Agencies may choose to conduct an engineering-informed assessment at the
corridor or network scale (also known as subareas). For example, a Post Hurricane Sandy
Transportation Resilience Study in New York, New Jersey, and Connecticut identified
vulnerable subareas based on their relative concentration of critical infrastructure and a
qualitative assessment of vulnerability. The project team then performed engineering-
informed vulnerability assessments for several of these study areas with the aim of
developing adaptation strategies for transportation assets (see Figure 3-4) (FHWA,
2017c).

/ Norwalk- Danb: orri

’\ ~ Long Island South Shore

South Shore of

/ Raritan Bay

=

Features

eas included in Post Hurricane Sandy Transportation Resilience

Stu ineering-level assessments (FHWA, 2017c).

There are many examples available that use each of the approaches described above:

e U.S. DOT Gulf Coast Study, Phase 2 for agency examples and other tools and resources
for conducting vulnerability assessments (FHWA, 2014b).

e FHWA 2010-2011 Climate Change Resilience Pilots for examples (FHWA, 2011a).

e FHWA 2013-2015 Climate Change Resilience Pilots for examples (FHWA, 2016a).

e Synthesis of Approaches for Addressing Resilience in Project Development (FHWA,
2017d)

The FHWA-funded asset management pilots used a variety of approaches for their vulnerability
assessments (see Table 3-2).
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Table 3-2. Approaches for Vulnerability Assessments Used in the FHWA-Funded Asset Management Pilots

Proxy

Stakeholder Indicator

Engineering- Details

-input* _based informed

ADOT v ADOT used an intersection analysis
of the roadway system to identify
proxy indicators including: previous
incidents, functional classification,
and temperature change by 2050.

KYTC v KYTC used National Bridge

MassDOT v xy variables that
hated at the state
initial flood

for bridges and
MDOT SHA v A completed an indicator-

| assessment of vulnerabilities

sea level rise, storm surge, and

and flooding hazards.

NJDOT v The NJDOT approach involved
intensive data collection, analysis of
data, and GIS intersection analysis to
assess the impacts to roadways at the
selected case study areas.

TxDOT v TxDOT conducted a simulation study

to assess the performance of water

inundated flexible pavements in

TxDOT’s Houston District given

different scenarios of traffic levels,

pavement structures, and flooding
events

* While many vigerability assessments used the proxy-indicators approach, most of the

pilots incorporated’a robust stakeholder engagement component as well.

3.4 HOW CAN VULNERABILITY ASSESSMENT OUTPUTS BE USED IN ASSET MANAGEMENT?

There are several ways to use a vulnerability assessment to inform asset management. Not all
hazards, such as storm surge, are applicable to all assets within a particular asset class or
subgroup.

Vulnerability assessments are typically conducted according to the stressor being evaluated, such
as flooding due to precipitation in a specified location. Traditional groupings of assets for asset
management and life-cycle planning purposes occur at the network level (e.g., NHS, Interstates,
State routes), and for groups or sub-groups of similar assets. Examples include jointed concrete
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pavement as a subgroup of pavement assets on the Interstate system, or truss bridges as a
subgroup of bridge assets on the NHS. These groupings allow agencies to determine strategies
and costs for managing these groups or subgroups over their lifetimes, including setting targets
for asset condition and identifying deterioration models.

Existing assessments may include a range of networks or asset classes without clear distinction.
Some systems-level vulnerability assessments have focused more on counties or districts and less
on specific networks such as the NHS, and then limited the focus according to asset/corridor
criticality, which each State or MPO may define differently. For example, Minnesota DOT
performed a system-level screening to determine vulnerability to precipitation change state-wide,
and the Metropolitan Transportation Commission (California) assessed vulnerability of the
Alameda County transportation system to sea level rise. States have also examined

i bankment or
(e.g., bridges)

and/or roadway networks (e.g., NHS and non-NHS).

Risks identified in existing vulnerability assessments may onl "the network or parts
of existing groups or sub-groups of assets. However, Statcg
systems level assessments to catalog results by groups 4 QpsWtates can also draw

information from other sources, including more detagicdy oject level assessments and
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AddreRliElimate .

4 DEVELOP ASSET INVENTORY

This chapter and all following chapters pertain directly to integrating consideration of
extreme weather events and climate change into transportation asset management plans
and processes. Yellow textboxes are intended to provide a snapshot of key entry points and
opportunities for considering extreme weather events and climate change in the federally
required TAMP.

Typically, the first step in preparing an
asset management plan is.to develop an \dentify assets
asset inventory and associated asset affected by
condition information. The inventory is environmental
an opportunity to identify groups of Cond'tg;i e
assets that are vulnerable to extreme

weather events and changing
environmental conditions due to their
location, sensitivity to the hazard, and
their adaptive capacity and criticality to
the function of the network. Grouping Evalua. how

. . changes -
and acknowledging vulnerable assets in =l

e v,
the asset inventory allows their unique conw “ions could
considerations to be carried through th G,

. “ndition
entire asset management plan.

Establish hazard
categories to
reflect
vulnerability to
environmental
conditions

To integrate vulnerability data j
asset inventory and asset con

Wre 4-1. Overview of integrating resilience into the asset

ich (if any) vulnerable assets should be grouped for
r 3: Understand Vulnerability to Extreme Weather Events

The traditional gD of assets at the asset class or asset sub-group level within networks allows
agencies to determirMstrategies and costs for managing these groups over their life. Agencies
can use common characteristics of these groupings to develop and leverage deterioration models,
manage potential work types based on unit cost, and develop a strategy for managing the
grouping by minimizing life-cycle costs while achieving asset condition targets (FHWA, 2013a).

In addition, the asset condition data gathered during this step provides context for the asset
management planning process. For example, asset condition serves as the basis for the gap
analysis between existing and target condition levels (Chapter 5: Conduct Performance Gap
Assessment), informs the development of objectives and targets (Chapter 6. Set Resilience
Objectives, Measures and Targets), and can be used to track the progress and effectiveness of
life-cycle strategies through time (Chapter 8: Develop Life-cycle Plan).
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4.1 ESTABLISH HAZARD CATEGORIES TO REFLECT VULNERABILITY TO ENVIRONMENTAL CONDITIONS

Threats to infrastructure can increase long-
term life-cycle costs or influence life-cycle
strategies. Certain assets assumed to have
predictable service lives could perform
differently in the future if, for example,
temperatures are significantly warmer or
the asset experiences more frequent
flooding than expected. Weather events
could increase unit costs due to high
demand or decrease in service life. Using
the asset inventory to capture assets whose
future performance may differ from past
performance can inform life-cycle or
investment strategy decisions.

Vulnerable assets that are damaged more
frequently in the future will have increased
costs (due to higher repair needs). These
assets may be associated with more
frequent inspection, cleaning, or

maintenance to reduce vulnerability, which

are considerations in the financial plan
more information on understanding a
these types of assets in the inven

classes or subg
risks, flood risk, €

Condition data reflects historical
deterioration and damage

Asset condition data reflect past damage and
deterioration. For example:

Rain, flooding, tidal issues, overtopping, and
inadequate culverts can
e Cause deterioration: the frequency
and duration of inundation impacts
pavements
e (Cause damagd

Temperature ¢

y raveling, etc.)
age: such as blow ups with
> in extreme heat

r M Establish Risk Management Process for
g txtreme weather damage risks). By flagging
n better anticipate the need for, and magnitude

ife-cycle Plan for more information on how to
. Because almost all planning analysis begins with the

s based on particular hazards or stressors (extreme temperature
One advantage of further categorizing assets into hazard categories is the

ability to develop appYopriate asset management strategies for multiple assets (and in some cases
across asset classes) rather than individually, such as timber bridges exposed to flooding. When
determining hazard categories, consider the environmental hazards that:

e Have the potential to result in catastrophic damages to assets during extreme weather
events. For example, storm surge in combination with other factors, such as sea level rise
or other climate change effects, has the potential to damage low lying infrastructure,
including bridges, in coastal areas. Sea level rise can facilitate increased damage and/or
cause storm surge to reach further inland, potentially impacting more assets.

e Are more likely to result in slow but notable increases in asset deterioration due to
gradual changes in temperature, precipitation, sea level rise, and other environmental

conditions.
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Reduce system performance (either temporarily or permanently) or increase user costs.
Reduce the likelihood of target achievement.

Once assets are identified as highly vulnerable to a condition of concern, they can be grouped
together in the asset inventory. For example, the following hazard categories might emerge from
the vulnerability assessment or other agency efforts:

Consider the entire life-cycle of assets 4
that may not come to pass until after
process.
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High sea level rise vulnerability: Pavements and bridges located in future inundation
areas.

High drought and heavy precipitation vulnerability: Pavements constructed on expansive
soils that are sensitive to fluctuations in drought and heavy precipitation.

High inland flooding vulnerability: Bridges and approaches in areas where the bridge
hydraulic opening affects flood elevation (i.e., the backwater potggsiggis high) and/or

High wind load vulnerability: Aging overhea
subject to increased wind loads and fre
activities.

p®ts from future environmental conditions
at®of the current asset management planning



Consider including in the TAMP Asset Inventory: Hazard categories to reflect
vulnerability to environmental conditions

Break out categories of vulnerable assets into your inventory and asset condition reporting.
Table 4-2 depicts a simplified summary table that includes example hazard categories for the
highest priority vulnerabilities. These hazard categories could combine asset categories with
the hazard(s) most concerning to an agency (i.e., most likely to result in catastrophic damages
or increases in asset deterioration).

Table 4-1. Example Inventory and Condition Summary Table with “Hazard Category” Column
(outlined in red) Added to Capture New Categories of Assets at Risk from Extreme Weather or
Changing Environmental Conditions

Asset Sub- Hazard Inventory . “set Condition

Group Category Units Quantity Lane Miles % % %
Squar- Jeters  Gr ,d Fair Poor

High inland
flood
Asphalt vulnerability
High sea level
rise vulnerability
High inland
flood
Concrete | vulnerability

Pavements

Moveable
Bridges

Timber

4.2 RECAP OF INTEGRATING RESILIENCE INTO THE ASSET INVENTORY AND CONDITION REPORTING

As discussed above, the asset inventory is an opportunity to identify assets that are vulnerable to
extreme weather events and climate change so their unique considerations can be incorporated
through the various subsequent transportation asset management processes and analyses. Table
4-3 can be used to check off actions an agency has already taken to integrate resilience to
extreme weather events and climate change into their transportation asset management process
and prioritize remaining actions.
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Table 4-2. Checklist of Potential Actions on Integrating Resilience Into the Asset Inventoryfor Transportation Asset

Management

Complete? What to analyze?
Determine if any of the identified
vulnerabilities justify establishing a
unique asset category based on
historical experiences with extreme
weather events or vulnerabilities to
future environmental
conditions/climate change.

What to include?

If an agency does decide to identify new
categories of vulnerable assets, consider
integrating the hazard categories into
asset inventory and condition reporting.
Table 4-2 depicts a simplified summary
table that includes example categories
for the highest priority vulnerabilities.

Q\%
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5 CONDUCT PERFORMANCE GAP ASSESSMENT

In general, a performance gap analysis assesses whether current and future asset condition and
performance will meet the agency’s objectives. An agency can examine its current conditions
against its targets and review modeled predictions of future asset conditions to assess if these
will be acceptable.

The performance gap analysis can assist agencies in developing risk mitigation strategies for
extreme weather events (including associated investment strategies) and life-cycle strategies for
future environmental conditions (see Chapter 7: Establish Risk Management Process and
Chapter 8: Develop Life-cycle Plan, respectively). For example, if an agency finds that certain

j gap, it may

pn from a gap

planning (Chapter 9: Establish Resilient Investment Strategie. /(¥ Plans) to develop
alternative strategies to address the identified gaps.

5.1 DETERMINE IF OBSERVED PERFORMANCE GAPS Y IRONMENTAL CONDITIONS

As an agency identifies gaps in asset conditiong
due to weather-related deterioration or damages, 1f other causes for the discrepancies
in performance have been ruled out. Fo ents on expansive soils may have larger
performance gaps due to the challenggff of mangg™g the expansion and contraction of the soil
during periods of heavy rainfall follogd by drjl§weather. To determine if observed performance
gaps are due to weather-relate
identifying the lowest perfo

seml to assess whether any gaps are

hat are lowering the overall performance of the system.

While the steps are not regi WA regulations, agencies can determine if there may
be a weather-related ¢ performance by:

e FEngagin

e Levera ility assessment results (Chapter 3: Understand Vulnerability to

Extreme ther Events and Climate Change ), or
e vulnerability categories created as part of the asset inventory (Chapter

4: Develop Asset Inventory).

Engage knowledgeable staff. Further explore performance gap data and results with the help of
staff familiar with the asset to identify gaps related to current or future environmental conditions.
Consider presentation of the performance gap data to maintenance staff by displaying the
locations and other characteristics of the assets that are not meeting performance goals. Consider
asking such questions as:
e Have any of these assets experienced damage or disruption from extreme weather events?
e s it likely that the performance gaps are due to gradual deterioration accelerated by
changes in environmental conditions such as temperature or nuisance flooding?
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Leverage vulnerability assessment results. Agencies may also wish to compare the low
performing assets or asset categories to the vulnerability assessment findings (see Chapter 3:
Understand Vulnerability to Extreme Weather Events and Climate Change for a discussion of
vulnerability assessments). An agency may have engaged knowledgeable staff as part of the
vulnerability assessment process (e.g., to identify locations that have experienced damage or
disruption from weather-related events), so reviewing the vulnerability assessment results may
help determine if performance gaps are due to environmental conditions. Graphic representations
of the relationship between performance gaps and associated vulnerability data can help
determine if environmental conditions are a factor in performance gaps. For example, if a
significant number of the low-performing assets have high vulnerability scores, this may be an
indication that the performance gaps are due to environmental conditions.

Compare to vulnerability categories created as part of the asset invg
leverage the outcomes of the asset inventory (Chapter 4: Develop As4g

Agencies may
) as another

events.
e Are more likely to result in slow but notable
e Reduce system performance (either te
e Reduce the likelihood of target achi

anently) or increase user costs.

a

ﬁ Consider including in the TARIP Perf@rmance Gap Assessment: Determine if
observed performance gaps, e onmental conditions

by improving the ph'%§ ssetg (23 CFR 515.5). If an agency analysis indicates that
environmental N i

5.2 RECAP OF INTEGRATING RESILIENCE INTO THE PERFORMANCE GAP ASSESSMENT

The performance gap assessment is an opportunity to determine if observed performance gaps
are due to environmental conditions and identify which performance measures will be most
affected by changes in environmental conditions. Table 5-1, can be used to check off actions an
agency has already taken to integrate resilience to extreme weather events and climate change
into the transportation asset management process and prioritize remaining actions.
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Table 5-1. Checklist of Potential Actions on Integrating Resilience Into the Performance Gap Assessment for
Transportation Asset Management

Complete? What to analyze? What to include?
Determine if observed performance If an agency’s analysis of performance
gaps are due to environmental gaps indicates that environmental
conditions by: conditions may contribute to

48

Engaging knowledgeable staff  difficulties in meeting its goals,
to determine if low-performing  include a description of the findings in
assets have experienced the performance gap write-up.
disruption or damage from

extreme weather conditions in

the past.

Leveraging vulnerability

assessment results to determine

if there is a relationship

between low-performing assets

and high vulnerability scores.

Comparing low-performing

assets to the asset / hazard

categories created as pa the

asset inventory. \
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6 SET RESILIENCE OBJECTIVES, MEASURES AND TARGETS

Extreme weather events and climate change represent a risk to transportation assets that can
impact conditions impeding achievement of transportation objectives, measures, and targets,
whether they are in the long-range plan, the TAMP, or in agency business plans. For example,
more frequent extreme heat events could affect state of good repair objectives by accelerating the
deterioration of assets and increasing the need for maintenance. Transportation agencies can
more effectively achieve management objectives and targets when they take steps to manage
extreme weather events and climate change risks. Defining agency objectives to address risks to
extreme weather and future environmental conditions can be important for setting the strategic
direction of the transportation asset management plan and influencing o ponents of the
asset management process.

increase in the
number of slopes

By way of example, one resilience objective could be that the a
lane miles of roadway at risk of sea level rise. Or the agency ¢
at risk of failure because of fire and flood threat. Another Lol

Resilience measures and targets are important for m
resilience and for making informed investment,
integrate resilience considerations into existy
resilience measures and targets that track gtra
specific extreme weather risks by makgfg the sys
not required under FHWA regulationd@they ca
decisions.

t decisions. Agencies can
targets or develop stand-alone

t are intended to mitigate the impact of
more resilient. While these approaches are
acilitate measuring progress and making

6.1 MODIFY EXISTING
WEATHER EVENT

CTIVES URES AND TARGETS TO ADDRESS RESILIENCE TO EXTREME
IMAJTE CHANGE

hazards from Chapter 3: Understand Vulnerability to Extreme
hange and the results of the gap assessment in Chapter 5:
Conduct Perform®e Gap Assessment to determine an agency's ability to achieve existing
objectives, measures®nd targets. Agencies can consider the following questions modified from
FHWA’s Climate Change Adaptation Guide for Transportation Systems Management,
Operations, and Maintenance (FHWA, 2015a) when evaluating objectives, measures and targets
in the context of extreme weather events and climate change:

e Do extreme weather events and climate change have direct effects on meeting agency
objectives, measures and targets?

e Do extreme weather events and climate change affect the underlying assumptions upon
which agency objectives, measures and targets are founded?

e To what extent are environmental conditions likely to change during the time horizon of
the agency’s existing objectives, measures and targets?
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Approaches for evaluating existing objectives, measures and targets based on environmental
condition data and the results of the gap assessment include:

e Hold an internal meeting with personnel involved in asset management and
environmental planning and resilience to determine if the agency’s existing objectives,
measures and targets can be achieved with consideration of extreme weather events and
climate change.

e Hold similar meetings with external stakeholders to gather information for evaluating if
existing objectives, measures and targets are feasible or appropriate.

Modify objectives

If an agency finds that existing objectives are infeasible or inappropriate given future
environmental conditions, consider gathering input from internal and exjg takeholders to
modify existing objectives to better reflect changes in natural hazards¢® strative

examples include:

e A transportation agency may have objectives related t
performance. However, gradual changes in enviropgeg
and flooding can increase deterioration rates. Ag
current objectives to explicitly address futur

projections over the lifespan of the ass¢
e [fan agency has an objective related

objectives to account fg proj re precipitation (e.g., improve stormwater
management to me jJted precipitation levels by increasing the capacity of

Modify measu
If an agency fig measures and targets are infeasible or inappropriate given
ectives or changes in natural hazards, consider gathering input from
stakeholders to moMgy the language to better reflect expected changes in natural hazards and
agency objectives. For example, an agency could modify targets related to the percentage of
assets in good (or poor) condition to acknowledge that it may be harder to maintain assets in the
future due to the impacts of climate change. The FHWA Sensitivity Matrix (USDOT, 2014) can
be used to identify how asset condition may be affected by extreme weather events and climate
change. Table 6-1 provides examples of extreme weather conditions, and the possible effects on

assets, that might prompt an agency to reconsider its measures and targets.
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https://www.fhwa.dot.gov/environment/sustainability/resilience/tools/index.cfm

Table 6-1. lllustrative Combinations of Asset Types and Extreme Weather and Climate Change Effects that May
Pose the Greatest Risk to the Transportation System (FHWA 2017d, in part)

Extreme Weather Impact to Asset Effect on SOGR Targets
Sustained high Asphalt concrete pavement Decreased ability to meet
temperatures may soften, resulting in pavement index or asset
rutting and shoving condition target
Increased frequency of Structural damage to culvert  Decreased ability to meet
precipitation-driven inland  or conduit targets for culvert asset
flooding condition score
Sea level rise and extreme Increased erosion of roads Decreased ability to meet
high tides and bridge approaches due to  asset gilon targets

higher storm surges

6.2 DEVELOP NEW OBJECTIVES, MEASURES AND TARGETS TO A SS @PSILI TO
ENVIRONMENTAL CONDITIONS

t b®Sufficient to address new
cfevents and climate change risk

Modifications to existing objectives, measures and targ
resilience challenges. If an agency has identified ex

as a priority, establishing new resilience-related objec ures or targets can help
demonstrate their importance internally and to " so, if an agency has established
specific resilience-related objectives, measu ets, they could serve as the basis for

afasset management plan. Examples
asures and targets focused on bridges
ere both situations are addressed in an asset

include targets for bridge condition a
potentially vulnerable to future sgaale
management plan’s investmengiStrat
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New objectives
It may be beneficial to work with stakeholders to “SMART” Objectives
develop new or additional resilience-related
objectives that better meet the needs of an agency.
Consider holding a work session dedicated to
developing new objectives to increase resilience to
extreme weather events and climate change. For
example, a new objective could be identifying and
increasing the resilience of critical assets where quantitative evaluation, saying how
alternate routes are not an option. This could help many or how much should be
improve the resilience of the transportation system accomplished.

and directly influence investment and management
decisions.

Specific — The objective provides
sufficient specificity to guide
formulation of viable approaches to
achieving the objective without
dictating the approach.

Measurable — The objective facilitates

Developing “SMART” objectives is an increasingly
common best practice in performance-based planning
and programming (FHWA, 2013b). The textbox at
the right details the qualities of “SMART” objectives.

See Table 6-2 for examples of integrating resilience

of these examples are pulled from long range
transportation plans (LRTPs), they are relate

management objectives. In addition,
be advantageous for facilitating
objectives. In addition to thos
risks to disadvantaged comgnu Ny
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Table 6-2. Examples of Integrating Resilience into Transportation Objectives

Goal

Vermont Agency of
Transportation: Develop
factual, risk-based, and data
driven asset management
processes to manage assets
through their whole life
(VTrans, 2014)

Arkansas DOT: Provide a Safe
and Efficient Intermodal
Transportation System
(Arkansas DOT, 2018)

Minnesota DOT: System
stewardship (MnDOT, 2017)

Northeast Ohio Ar
Coordinating Agg
sustainable m
transportation'y
2017a; NOACA
NOACA, 2015).

Palm Beach MPO (FL):
Provide an efficient and reliable

vehicular transportation system
(Palm Beach MPO, 2014).
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Plan
TAMP

Objective

Develop a risk integration plan that formally considers
and identifies risk and performance criteria in
investment decisions (VTrans, 2014).

VTrans’ strategies for achieving this objective specify
that risks include those “associated with providing
continuity of the service in relation to physical assets
and system resilience such as hazard risks, extreme
events, and physical failures.”

Identify roadways and bridges that are vulnerable to
extreme weather events and other ngiaggl phenomena
(Arkansas DOT, 2018).

TAMP

, and operate all LRTP

transportation ass¢@ e resilience of the

transportation

resilience as “reducing
ensuring redundancy and reliability

[ndrable to many types of threats and risks,
re weather. ... Advanced preparation,
and adaptation to threats and risks helps to
en3re people and goods are able to continue to travel
ng emergencies.”’

onsider strategic abandonment or alternative
provision of service for infrastructure elements that are
underutilized or whose maintenance or reconstruction
costs may exceed their benefit (NOACA, 2017a;
NOACA, 2017b; NOACA, 2015).

NOACA includes this objective in the LRTP, Strategic
Plan, and Water Quality Strategic Plan, highlighting
the importance of consistency across planning
documents.

Increase the percentage of facilities that can
accommodate a two-foot sea level rise.

LRTP,
Strategic
Plan,
Water
Quality
Strategic
Plan

LRTP



Objective

Regional Planning Increase the capability of the transportation system to LRTP
Commission (LA): The continue functioning in the face of both periodic and
transportation system we create  chronic shocks and stressors

today should positively impact

the cultural fabric of our

communities, and should be both

financially and environmentally

sustainable for future

generations (Regional Planning

Commission, 2019)

New measures and targets
For particularly vulnerable asset types, transportation agencies may wig

change.

Although resilience is generally considered on a long-tey
of short-term intermediate measures and targets to helf ger-term resilience objectives.
Potential examples include:

e Increase lifespan of assets by X percent ting resilience strategies (e.g.,
making modifications to existing ass r acing assets with more resilient
alternatives).

e Increase percentage of usable
resilience of bridges to s

er X storm conditions (i.e., increasing the

e Decrease the hours of @ad iles closed due to flooding or other weather
conditions by X p

ined by an indicator-based vulnerability assessment.

e Increase ency of culvert cleaning at flood-prone locations.

Agency examples of resilience-related measures or targets are shown in Table 6-3. Although
these examples are pulled from LRTPs, they are related to asset management and may articulate
asset management measures and targets.
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Table 6-3. Examples of Resilience-Related Objectives, Measures, and Targets

DOT or MPO Goal or Objective Measures or Targets Plan
District DOT Sustainability and health: Mileage of new facilities in flood ~ LRTP
(District DOT, Prepare the zones (transit investments, bicycle

2014) transportation system for facilities, streets, and bridges).

changing environmental
and climatological

conditions.
Miami-Dade TPO Reduce the vulnerability =~ Number of highway lane and LRTP
(FL) (Miami- and increase the centerline miles within the 100-
Dade TPO, 2014) resilience of critical year floodplain.

infrastructure to the
impacts of climate trends
and events.
Palm Beach MPO Provide an efficient and
(FL) (Palm Beach reliable vehicular
MPO, 2014) transportation system.

LRTP

/& Consider including Objectives and
measures and targets to address ri

Consider modifying existing objectfes, meajres and targets if they are likely to become
infeasible under future envir ta 40ns. In addition, if existing objectives, measures
and targets do not adequatelffm or account for climate change, consider developing
new resilience-related ets 10r vulgPrable assets to better measure progress toward
increasing your resilg

6.3 RECAPO ESILIENCE INTO OBJECTIVES, MEASURES AND TARGETS

Establishing new Qg modifying existing -- objectives, measures and targets provides an
opportunity for mana8ing risk from current and future environmental conditions and addressing
resilience. Agencies can consider the effect of maintaining “as-is” or implementing resilience
approaches. Making this comparison could support requests for increased resilience funding by
showing the positive impacts of resiliency investments on future conditions. Table 6-4 can be
used to check off actions an agency has already taken to integrate resilience to extreme weather
events and climate change into the transportation asset management process, and to prioritize
remaining actions. Chapter 8 addresses this further, where the impacts of mitigation strategies
are evaluated over the life-cycle of assets.
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Table 6-4. Checklist of Potential Actions on Integrating Resilience Into the Objectives, Measures and Targets for
Transportation Asset Management

Complete? What to analyze? What to include?
Determine whether extreme weather =~ Modify existing objectives or develop
events and climate change will affect  new objectives that address climate

the agency’s ability to meet resilience challenges.

objectives.

Determine whether existing measures Modify existing measures and targets or
and targets are adequate given develop new measures and targets that
extreme weather events and climate address increasing the resilience of
change or changes to agency specific vulnerable assets.

objectives.

Q\%
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7 ESTABLISH RISK MANAGEMENT PROCESS

As agencies establish a risk management process as part of

transportation asset management, they can analyze the risk of Identify Risks
potential damages from extreme weather events and climate L

change to develop associated approaches to manage risk and '

to invest in the system. Extreme weather events, which may Assess Likelihood and

be exacerbated by climate change, have the potential to create L L P
significant cost implications both for transportation agencies ! \
and transportation system users. e, Prioritize

There are five steps common to most internationally
recognized risk management frameworks (see Figure 7-1).
The process starts with identifying risks that could affect asset
condition, which could result from many factors. In the
resilience context, risks may include extreme weather g
climate change and seismic activity. Assessing the ligell
and impact/consequence of the occurrence of that riskQguld
rely on previously conducted (or new) vulnera
assessments to prioritize the locations and i

De Mitigation
¥

Monitor Top Risks

Figure 7-1. Steps in the FHWA risk
management process, edited.
(FHWA, 2012)

cluded in the vulnerability assessment
eMe Weather Events and Climate Change ) or
ication. Mitigation plans can be developed to
olves developing a process to monitor each risk

(see Chapter 3: Understand Vulnera
using data such as criticality or ti
address the top priority risks. e fi

or site as identified.

The risk management
management, such

useful if it influences other elements of transportation asset
t strategies and financial plan (see Chapter 9: Establish

Resilient Invest, nd Financial Plans). The following sections describe how
extreme weath limate change could be incorporated into risk management
processes.

} Risk Management Process and the TAMP

As part of developing the risk-based TAMP, State DOTs are required to establish a
process to develop a risk management plan that: identifies risks that can “affect condition
of NHS (National Highway System) pavement and bridges and the performance of the NHS,
including risks associated with current and future environmental conditions, such as extreme
weather events, climate change...and risks related to recurring damage and costs as identified
through the evaluation of facilities repeatedly damaged by emergency events carried out under
part 667 of this title” (23 CFR 515.7(c)(1)).

[As of October 21, 2021, State DOTs are required to consider extreme weather and resilience
as part of the lifecycle cost and risk management analyses within a State TAMP (23 U.S.C.
119(e)(4)(D)). As noted in the Executive Summary, this handbook does not address
implementation of this provision from the BIL.]


https://www.govinfo.gov/app/details/CFR-2018-title23-vol1/CFR-2018-title23-vol1-sec515-7

7.1 COORDINATE THE VULNERABILITY ASSESSMENT WITH THE RISK MANAGEMENT PROCESS

The vulnerability assessment has some similarities, and important differences, from the risk
management process in transportation asset management. Both involve identifying potential
hazards or threats and developing strategies to address them.

In the context of resilience, risks are often assessed as a product of the likelihood that an asset
will experience a particular hazard or stressor, and the consequence of that impact. The
vulnerability assessment examines exposure, sensitivity, and adaptive capacity to environmental
hazards, such as flooding, storm surge, sea level rise, higher temperatures, and wildfire, and can
be a useful input for assessing the likelihood and consequences of environmental risks.
Specifically, exposure data can inform the likelihood of impact, and sensitivity and adaptive
capacity data can help determine the severity of consequences. For exaiyg g asset that is

sea level rise in the near term has a higher likelihood of experigfCi Wrd, compared to
one that may not be exposed until the end of the century.

The risk assessment can include natural hazard risks b
financial risks, risks caused by staff turnover, politi

under the direction of a singleffgency decpon maker to ensure coordination of efforts.
¢ Including team members fro ability assessments on the larger risk assessment
team.

59



7.2 DEVELOP RISK STATEMENTS FOR EXTREME WEATHER EVENTS AND CLIMATE CHANGE

The risk team (inclusive of asset
management and environmental/resilience
staff) can develop a set of risk statements Risk statements provide several benefits,
related to extreme weather events and including:

climate change based on the results from
the agency’s vulnerability assessment
(Chapter 3: Understand Vulnerability to
Extreme Weather Events and Climate
Change) and any subsequent work
completed as part of the asset management
planning process. The vulnerability
assessment can serve as a screening
exercise to narrow the combination of
hazards and assets that risk statements
address. For example, if a large number of
bridges were identified as vulnerable to storm surge, thg
statement.

Benefits of Risk Statements

o FEnumerate the risks that your agency
faces.

e Spur discussion among stakeholders

who may not initially assume their

work unit or priorities may be affected

by a risk.

Risk statements are often written in the form o
increase as projected, then low-lying coasta

high tide events, and the extent of inundgy
increase, leading to travel disruptions

ents. For example, “If sea levels
undated more frequently during
ich tide events and coastal storms will

It can be helpful when writing ri fully articulate the risk with a subject, verb, and
object. The many implication

e Sealevel rise
e Sealevel i

¥cut off agency facilities during emergencies.

ould endanger the public as well as operations and maintenance staff.

e Sea level rise could cause bridges or bridge approaches to overtop at an unacceptable
frequency.

When each of these is expressed as a separate risk statement, they can be used later to help
prioritize the responses. If one impact is much greater than others, it can allow focusing limited
resources on the most critical mitigation responses. Also, the “risk owner” may vary depending
upon the hazard’s effect.

It is appropriate to distinguish “systemic” risks from risks to individual assets, facilities, or
classes of assets (see the vulnerability categories discussion in Chapter 4: Develop Asset
Inventory). Systemic risks are more likely to be caused by gradual changes in temperature and
precipitation patterns rather than individual extreme events like storm surge or geographically
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constrained risks like sea level rise. A systemic or network-wide risk could be increased
temperature and its effect upon flexible pavement rutting or concrete pavement “blow ups.” This
general risk may be mitigated through pavement designs such as “stiffer, drier” asphalt designs,
more use of high-temperature binders, or, in rigid pavements, shorter joint spacing or enhanced

load transfer (FHWA, 2015c). As the term “systemic” implies, these risks may be addressed

through agency-wide or multi-agency policies, strategies, or standards.

It is also appropriate to develop risk statements for specific critical assets, or classes of asset

identified as vulnerable (see Chapter 3: Understand Vulnerability to Extreme Weather Events
and Climate Change). These assets generally are uniquely sensitive because of their age,
material, or location. An example could be a tunnel in a low-lying coastal area that will be

exposed to sea level rise, increased storm events, or storm surge. Another

expansive soils.

The specificity in a risk statement can enhance subsequent ris
specific asset may generate a specific risk mitigation response.
pavement frequently inundated, it generates a specific regf
a key evacuation route that lacks a redundant or paralléRg

or could lead to developing a redundant evacuation

7.3 RISK MANAGEMENT: EVALUATE LIKELIH

a risk matrix such as from the
AASHTO Guide for Enterprise
Risk Management (see Figure
7-2), a voluntary guide that is
not required under Federal
regulations. Use of a risk matrix
can support analytical
consistency across risk
categories.
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guld be specific

f likelihood and consequence to measure and compare

route may warrant hardening

CONSEQUENCES IN THE CONTEXT OF CURRENT

od and consequence associated with risks and
r risk mitigation. Some risks are of high
-year storm events or a high-magnitude earthquake.
high likelihood but relatively low consequences, such

inor rockfalls from unstable slopes. As discussed below,

Liklihood Values Risk Scores
Almost certain 5 5 ‘ 50 200 350
Probable 4 4 40 160 280
Possible 3 3 30 120 210
Rare 2 2 20 80 140
Exceptionally rare 1 1 10 40 70

Value/Consequenc
10

40

e Relationship

Low

Moderate

High

Figure 7-2. Risk matrix from the AASHTO Guide for Enterprise Risk
Management (AASHTO, 2016).




Figure 7-3 highlights

Severe
another example of a risk —g—::"d
matrix from CAMPO (TX) v Low
(CAMPO, 2015) This é e Moderate
summary risk matrix plots =~ {E: High
the relative risk of flooding, §  wcderite
o Stressor
drought, extreme heat, z i
. - ding
wildfire, and extreme cold £ Drought
(=] e
for a segment of State e e Bxtreme Heat {HA
Highway 71 east. Each - Wilafire
stressor is plotted based on \ Brtreme Cold §
the likelihood of exposure oA Neylow o Molewme 1
an d Consequence Likelihood of Exposure
Figure 7-3. CAMPO risk matrix for Staiglligh at State Highway

There are several ways to
identify likelihood and
consequences, similar to the
approaches outlined for

conducting vulnerability . .
assessments in Section 3.3 Another tool for ad : Pical threats to assets is the

ent for Critical Asset Protection
. 1t is a framework for quantifying
acts of physical events such as floods,

21 (CAMPO, 2015).

ework

How resilient is the
transportation system?.
Conducting workshops with
informed stakeholders is the
most common way, although
online tools or other virtual lys
means to solicit and
consolidate responses f]
stakeholders also are

imate when risk mitigation treatments can be

ically justified based upon the potential for future
agsetdilures. See the Adaptive Mitigation Case Study
textoox in Section 7.4 for additional details.

attributed to cha® envitonmental conditions, the components of the vulnerability assessment
ud Vulnerability to Extreme Weather Events and Climate Change ) can
inform an agency’s understanding of likelihood and consequence. The information in those
assessments can help stakeholders understand the potential frequency, or likelihood, of some
risks as well as their consequences.
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The preceding section discussed the benefit of developing multiple, and specific risk statements
to help clarify and focus risk responses. The vulnerability assessment can also help clarify and
focus the assessment of likelihood and consequence to different risk statements. For example, it
is common for likelihood and consequence to vary across a State for the same class of assets.
The vulnerability assessment can help identify what types of assets in each geographic area are
most at risk.

Climate change can also exacerbate other risks

When considering likelihood and consequence, agencies also may consider risk statements
that are not directly related to natural hazards, but may be compounded by climate change.
For example, financial risks to programs may increase in parallel to the increase in

environmental risks. Increasing environmental risks can require more eNCy response

funding, which can divert resources from investment in regular ass Increased
storm events can tax finite resources of maintenance crews wh e to perform
routine preventive maintenance. Or, increased events may a Feterioration,
which increases costs over time. In summary, changing envir nditions can create

secondary impacts that exacerbate other types of risks

Likelihood

Likelihood is typically defined on a common s
considerations for current and future environ onditions. The likelihood is the (annual)
probability of an event to which an ass uln®gb1Pbut that probability may be increasing in a

region where an agency is located. Thiire are sqgerd relevant considerations when determining
likelihood, as described below.

ysks; however, there are some unique

Timeframe: Transportation aggncg take a long-term approach to manage assets over their
entire life-cycle. Agenciggf€an choose gl analysis period that is similar to a life-cycle cost

analysis period, whic service life. For bridges, that would typically be about 75
years. Although thegd ig@fually reduced to an annual probability (e.g., the 1% annual
probability sto ulative probability over the timeframe in question is also

Mlrcr a longer timeframe, assets are more likely to experience extreme
weather events. FORgxample, the likelihood of a 1% annual probability storm occurring is greater
over a 30-year planniMg horizon than a 10-year horizon. When considering the effects of climate
change, it is particularly important to consider a longer timeframe. Risks from environmental
conditions that may not have been historically relevant or concerning for the transportation

system in the short term may become more frequent or severe over the service life of system
assets. (USGCRP, 2018).

Changing likelihood: In many locations, extreme weather events (including precipitation events
and heatwaves) are projected to become more frequent and intense in the future (USGCRP,
2018). For example, today’s 10-year precipitation event may become a 2-year event in the future;
similarly, a 10-year event in the future may have greater precipitation associated with it than
today’s 10-year event (local conditions may vary). When considering likelihood, it is necessary
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to consider not only how frequently extreme weather events have occurred in the past, but also
how likely they are to occur in the future.

Gradual changes: Gradual changes in environmental conditions, such as temperature increases
and sea level rise, will affect transportation agencies (FHWA 2020; USDOT 2008). Consider
integrating thresholds in the risk statements for these types of hazards to better allow the
qualitative assignment of likelihood. For example, an average summer maximum temperature of
five degrees higher than historical averages may have a low likelihood in the near term and under
a low emissions scenario, but a higher likelihood over a longer timeframe under a higher
greenhouse gas emissions scenario. It is their consequences that will vary over time from
relatively minor to more severe (USGCRP, 2018).

Future scenarios: There are a range of climate change scenarios; those sed by DOTs and

USGCRP, 2018). No one RCP is considered more likely than an bugh lower
scenarios seem less and less likely as greenhouse gas concentr, o rise), making it
difficult to assign probabilities. Instead, for the purposes of a ri t, agencies may
select a higher scenario (e.g., RCP 8.5) and/or a lower s for determining
likelihood and consequences of extreme weather event e change. While a high
scenario is appropriate for screening risks, the risk nig Psures should be tested for their

’s. Information on future climate
; projections for different areas can
also be accessed from several websites: te Explorer (NOAA 2020) and FHWA's

impacts and cost effectiveness across a range o,

Cost Comparison

Different risk mitigation strategies
can be compared based upon the

risks is determined. T
the analysis considers

reduced through Nt potential cost of damage (direct
between the u and indirect) to an asset over its
consequences, coM@ined with the difference in the expected service life compared to
construction/operati®pcosts, provides the metrics for the cost of improvements to
selecting which mitigation strategies to adopt. (One mitigate or avoid the potential
reason why it is important to consider potential damage.

consequences is that consequences can affect a State's
ability to meet its targets for relevant performance measures, as discussed in chapter 6.)

Adaptive capacity information from the vulnerability assessment can provide agencies with a
sense of the qualitative consequences associated with a given extreme weather event. For
example, assets that have high traffic levels, serve as detours or evacuation routes, serve as
lifelines to essential services, or have a high replacement cost, represent greater consequences to
the ability of the DOT to achieve its mission.
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https://crt-climate-explorer.nemac.org/
https://www.fhwa.dot.gov/engineering/hydraulics/software/cmip_processing_tool_version2.cfm

Consequences can also be quantitatively calculated. The quantitative impact or consequence is
the expected user and agency cost of damage and disruption for each event. For example, if a
bridge is hydraulically deficient for the 1% annual probability storm and has 50 years of service
life remaining before replacement, and the agency and user cost associated with each 1% event is
$100,000, then the annualized cost is $1,000 (1% of $100,000) and the cumulative cost is
$39,500.% That assumes the replacement structure is designed to accommodate the 1% annual
chance storm and there is no remediation cost after replacement. In the future, remediation costs
may be higher as extreme weather event intensity increases and therefore damages may increase.
These costs can be translated to present values to account for the time value of money. This type
of information is valuable to compare bridges for tradeoff analysis, and also to consider in
combination with other work to determine the most cost-beneficial timing of a project.

Ideally, all relevant consequences should be evaluated and included 1
cost to restore an asset, the consequence of the loss of an asset duri
long-term service disruption caused by damaged assets.

e An example of a high-cost consequence would be frequ

ange les@vulnerable could be quite
Qb iggferms of financial cost to the
work, and thereby raising user

n be considered an important part of
involve years of advanced planning to

expensive, raising the consequence of the im
agency and service interruption to the t
costs. Low-lying interchanges or freegga
freeway facilities whose long-te
design, finance, and harden.
e Some asset failures may trigg
Drainage assets such a
sustain damage during

cause an agency to incur costs associated with

citations. In this sequences are not only in terms of cost but also in terms
of regulatory i ironmental impacts, and agency reputation.

e Another typg ce is loss of key routes during emergency events. Key
evacuatj routes that could serve as key detours if major routes or
structurd ed may be worthy of identification and treatment to ensure their

resilience. Mgen temporary loss of service of these facilities can exacerbate the
consequences of storm events and other disasters.

e Loss of service also can occur during non-emergency events. For example, if the 10-
year precipitation event in a particular area is now producing more flooded areas and
temporary closures, locations that are susceptible should be considered as they may affect
long-term plans and management of those facilities. For example, when a project is

3 The probability of at least one storm over any given time period is 1-(1-1/T)*n where T is the return interval (e.g.,
100-years for a 1% annual chance storm), and n is the number of years in the time period (e.g., 50 years in the
example scenario). In the example scenario, the probability of a 1% annual chance storm occurring over a 50-year
time period is 39.5%, so the cumulative cost is $39,500. Note that this calculation does not account for the
increasing likelihood of extreme weather events due to climate change. (USGCRP 2018)
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considered to rehabilitate a bridge that is known to commonly overtop, the project
analysis should compare the benefit and cost of rehabilitation versus replacing with a
functionally improved bridge that does not overtop as frequently. If replacement proves
to be cost effective, the agency may decide to replace now or temporarily shelve that
project allowing the bridge to deteriorate further until replacement is needed.

e Loss of service to operational support infrastructure represents another type of
consequence. Key operational units such as transportation management centers (TMCs)
could be vulnerable to power outages, inundation, or wind damage during hurricanes and
other events, and thus could be considered critical assets to the performance of the NHS
and worthy of hardening or redundancy.

e The consequences can vary depending on the location of the impacted infrastructure.
For example, disruptions to public transportation may cut off th peans for
disadvantaged communities to get access to essential services communities
with greater resources may not be impacted as much.

In summary, when considering the impacts of current and futu onmgental conditions on
assets, the consequences can be broad and could include g t, critical service and
safety functionality impacts. Agencies can document ry t c®ss/subgroup and the
extreme weather risks and expected change in those4y§ td with each grouping in their
risk register. Also, agencies can use their risk register gnt locations that are at higher
risk of climate change.

7.4 DEVELOP RISK MITIGATION STRATHPIES

Resilience-focused risk mitigation
strategies build from the risk
statements (Section 7.2) and 11

Cogfider Using Asset-Level Analyses to Build
Decision Trees

etailed risk assessments typically are performed at
the asset-level; however, as more and more projects
There is no single go through extreme weather risk analyses, patterns or
format for a ri “rules of thumb” for understanding and addressing
generally includ%gk risks may emerge. Over time, consider establishing
the risk owner, the Wtigati decision risk management trees to quickly determine

often included in a ris

strategy and its timeframe, and the best risk management strategy for particular
possibly the status of the risk assets. Decision trees used for risk management
mitigation strategy. usually compare the expected value of different risk

mitigation options based upon their costs and their

Risk mitigation strategies are e
& & probabilities of success.

generally brief statements intended
to catalyze actions an agency will
pursue to reduce risks. Risk mitigation strategies could focus on specific assets, asset classes, or
the network as a whole, and may be proactive, reactive, or oriented toward ongoing monitoring.
Whether risk mitigation should be proactive or reactive depends on the predictability of events.
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It may also be useful to consider developing risk mitigation strategies focused on the needs of

disadvantage communities.

Proactive risk mitigation strategies are
preferable when the likelihood of risk
occurrence is high, and the
consequences of the risk are moderate
to high. In these situations, impacts can
be anticipated with some confidence.
These strategies may also be
appropriate for particularly high-cost,
high-traffic, or high-profile assets such
as major bridges, transit hubs, system
interchanges, or high-volume freeway
sections.

Table 7-1 shows an example risk
register with proactive risk mitigation
strategies and implementation details
for a storm surge event.
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Opportunistic Risk Management

Agencies can establish a process to flag potential
opportunities to address extreme weather events and
climate change during the project development
process. For example, MDOT SHA developed a
project screening tool using the results of its
vulnerability assessment to take advantage of
existing repair or replacemenigagoijects as they enter

additional informa'
how changinggs



Table 7-1. Example Risk Register

Risk Statement L* CT' Rating Owner(s) Mitigation Timeframe Status

Higher storm 5 40 200  Pavement Track changes in By Dec. 31,  Analysis of

surges will modelers pavement 2022 deterioration

increase the conditions to rates under

frequency and determine if development.

duration of increased

pavement deterioration

inundation in .

our coastal accompanies

areas, leading to ¥ncrease?d

increased inundation.

pavement Design staff ~ Develop design uly 1, Roadway

deterioration. plans for sections under
mitigation analysis for
including prioritization.
enhance Design
drainage, d manual update

under way.

Higher storm 5 40 200  Maintenance By Dec. 31  Each affected

surges will engineer 2020 garage

increase the developing its

frequency and draft response

duration of plan by June

pavement 1, 2020.

inundation in closures, and

our coastal post-event

areas, leading to cleanup

increased road protocols.

closures and

service

interruptions.

* Likelihood
TConsequence

For hazards that ar

ss predictable or consequential, a reactive approach may be warranted. For

example, future locations of fires in dry, forested states are difficult to predict because they can
be caused by random events such as lightning strikes or human error. But even reactive
approaches can be planned for in advance. For unpredictable events or low likelihood events, a
reactive strategy may be advisable. Examples include:

e Contingency funds set aside for emergencies as part of the financial plan.
e All hazard protocols that allow quick response regardless of incident type.
e Periodic tabletop exercises to strategize how to respond to an unpredictable event.
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Colorado Adaptive Mitigation Case Study

The FHWA worked with Colorado DOT to conduct a case study on how to mitigate the risk
of failure to a culvert on a key section of U.S. 34. The FHWA conducted an alternatives and
tradeoff analysis to evaluate options for making the culvert resilient to increased rainfall and
the potential of increased runoff, sedimentation and debris flow caused by potential forest
fires on adjacent slopes (FHWA, 2017¢). The analysis examined a low, medium, and high
precipitation scenario.

The analysis concluded that it would be too costly to retrofit multiple culverts to
accommodate both the highest precipitation scenario combined with sedimentation and debris
flow resulting from a potential fire. The recommended alternative was tasize the culvert for

The proposed solution includes both a proactive alternative a
enhanced capacity if needed in the future.

Finally, in cases where the risk is beyond an a
monitor the risk and prepare contingencygpla
Monitoring risk is also a useful strategy for lo

rOWrne mitigation strategy may be to
nding to the risk should it occur.
ity risks that may warrant a response in

the future. See Chapter 10: Develop agflonitorin®Rlan to Track Risks Related to Extreme

} Consider including in the TAMP Risk Management Plan: A list of risk mitigation
strategies for the top-priority risks. Develop proactive and reactive risk mitigation
strategies. Organize mitigation strategies in a risk register table that includes the top risks,
likelihood, impact, risk owner, and risk mitigation strategy. Note that one risk event can cause
a variety of impacts, which may warrant a series of risk statements and mitigation strategies.
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https://www.fhwa.dot.gov/environment/sustainability/resilience/ongoing_and_current_research/teacr/synthesis/fhwahep17082.pdf
https://www.fhwa.dot.gov/environment/sustainability/resilience/adaptation_framework/climate_adaptation.pdf

7.5 RECAP OF INTEGRATING RESILIENCE INTO THE RISK MANAGEMENT PROCESS

The risk management process provides a logical framework for assessing and monitoring
extreme weather risks and climate change, and for tracking how they are being managed. These
risks can “nest” neatly within the overall risk management process and can complement the risk-
based asset management process. The risk-management process provides a consistent way to
assess the likelihood and consequence of dissimilar risks to allow objective decisions on which
of the many risks merit the most attention and investment. It also provides a logical complement
to larger performance-management processes. As agencies focus upon delivering its performance
objectives, they can report on how they are managing the risks that could impede the
performance. Table 7-2 can be used to check off the actions that agencies have already taken to
integrate resilience to extreme weather events and climate change into tragaportation asset
management and prioritize remaining actions.

Q\%
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Table 7-2. Checklist of Potential Actions on Integrating Resilience into the Risk Management Process for
Transportation Asset Management

Complete? What to analyze?

71

The risk management process °
includes the following steps that help
to prioritize adaptive strategies to
reduce the threat of environmental
hazard impacts o
e Use a multi-disciplinary team
to identify risks and develop
detailed risk statements. o
e Identify hazard/environmental
risks that are often observed
during project development
and scoping such as flooding.
Generally, these types of risks
impact a good portion of an
asset class, therefore, risks
such as flood risk should be
elevated to the network

analysis.

e Assess each risk cNby
its likelihood a
consequences.

e Prioritizgf1sKs be ome
can Qe i ced@py the
may be
ontrol and only
onitoring, not

op risk mitigation

strategies.

e Develop a risk register to track
and report on risks.

e Use the risk register as a
component of a monitoring
plan to stay abreast of how
risks, and risk responses,
evolve over time.

What to include?

Include current and expected
future extreme weather events
and climate change risks in the
risk register.

Develop a list of risk mitigation
strategies for the top-priority
risks

Factor exacerbation from

risk mitigation strategies
address specific risks that
¢ often identified during
project development scoping but
calls for a network wide action
such as treatment of eroded
embankments.



DEVELOP LIFE-CYCLE PLAN

Life-cycle planning lies at the heart of asset management. To develop effective life-cycle
strategies, agencies need to understand how future weather events will influence asset condition
and performance including functional

adequacy. Deterioration curves based on {Q
historical performance may not accurately Life-cycle cost and life-cycle planning in
capture how assets will perform under the TAMP

future temperature, precipitation and sea
level conditions; sound life-cycle

planning involves consideration of . .
changing environmental conditions g;rf{l ;T;li_l e
affected by climate change over the life of CER SIS
assets. Life-cycle plan Yocess to estimate
the cost of agia

Life-cycle cost means the cost of managing an
asset class or asset sub-grggmggr its whole life,

The analysis of climate- and weather-
related risks outlined in prior chapters can
strengthen the life-cycle planning process,
which is foundational to transportation
asset management’s focus on sustaining a an: 23 CFR 515.7(b) requires
desired state of good repair over the life- Ts to establish a life cycle planning
cycle of assets. Climate change can b progss for an asset class or asset sub-group that
important influence on how an asset ould “include future changes in demand;
performs, the cost to maintain 1 formation on current and future environmental
’ conditions including extreme weather events,
climate change..., and other factors that could
impact whole of life costs of assets.”

, with consideration for
ile preserving or improving
. (23 CFR 515.5)

The TAMP must describe how the NHS will be
managed to achieve system performance
effectiveness and State DOT targets for asset
condition in a fiscally responsible manner, at
minimum practicable costs over the life cycle of
its assets. (See 23 CFR 515.7)

environmental condi®ns is best
addressed in the life-cycle plan. (One
caveat: roads and bridges face both

extreme weather events and climate [As of October 21, 2021, State DOTs are
change, as well as sudden damage and required to consider extreme weather and
gradual deterioration; separation of resilience as part of the lifecycle cost and risk
damage and deterioration is somewhat management analyses within a State TAMP (23
artificial as the two may well interact U.S.C. 119(e)(4)(D)). As noted in the Executive
together on the same asset or asset class.) Summary, this handbook does not address

For example, key decision tools such as implementation of this provision from the BIL.]

bridge deterioration curves can be
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strengthened by applying an environmental modification
factor or changing an asset’s environmental factor if the
environment changes. For pavements, because
environmental factors are not typically included in
deterioration models, a first step would be to assess
environmental stressors (such as sea level rise) and begin
tracking and accounting for deterioration rate changes within
those stressed locations.

Asset classes to consider
in life cycle planning:

e Pavements

e Bridges

e Tunnels

e Hydraulic structures

e Embankments

As discussed in Section 3.2: How are the hazards e Maintenance facilities
changing?, although a financial plan may cover a shorter e Safety barriers and
period of investments, it is really a subset of a longer i
program of investments over the full life-cycle of asset

classes or subgroups. Consider potential investments 20 to

40 years (minimum) into the future to better reflect the range of|
cycle of the different asset classes and subgroups. When the a
accurate picture of life-cycle costs will be evident, and thegs
captured. Similarly, a longer analysis period for major
bridges could indicate a return on resilience invest

change can be better
S pavements and
ot be apparent over a shorter

timeframe. An example could be raising the elevation approach and expanding its
waterway opening. When potential flooding o life of a bridge is considered, the
investment may provide substantial returns 1 f reduced agency/budget and user costs

planning process should be extended as
sets within each asset class to capture the

te change. This goes beyond the direct impact of natural hazards
er chapters, and includes considering broader changes in
communities and ro¥gons resulting from climate change that ultimately affect demand for
transportation services. For example, increasing impacts such as flooding in low-lying areas can
slowly begin to reduce traffic. Agency choices include: increasing investment in maintenance
activities, investing in protective measures, adding redundant roads, abandoning and relocating
transportation assets, and in some cases relocating whole communities (sometimes referred to as
managed retreat). (FHWA, 2020b). Before making investments, an agency may want to consider
the level of investment necessary to keep assets operating for their full service lives, or in some
cases, if assets will even be needed in future decades. Such considerations could significantly
influence life-cycle planning decisions, and help to avoid stranding investments in areas that may
have to be abandoned or relocated.
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Agencies should carefully consider the risk of stranded assets. Investing in infrastructure may not
be fiscally responsible if the land uses surrounding the asset change or traffic generators are
abandoned due to extreme weather events and climate change. A decision to abandon assets
should consider the potential adverse impact on a surrounding community, particularly in cases
where limited alternatives exist. While this change will not happen overnight, it is feasible over
the life of transportation assets. For example, some agencies are considering the strategic
abandonment of selected portions of their NHS when the traffic levels are low, redundancy is
high, and the risk of extreme weather damage is also high.

The Rhode Island DOT (RIDOT) asset management plan strongly emphasizes the agency’s
incorporation of climatic threats and sea level rise into its life-cycle planning. A statewide
planning study forecasts that by 2100, Rhode Island could experience up tg10 feet of sea level

life-cycle by 2050—but by then sea levels could rise by three feet.
that planning for such impacts should occur when treatments to
of RIDOT’s sea level rise study will be used to consider the re
route construction of potentially affected facilities when tig
facilities are considered. (RIDOT, 2018).

The Rhode Island example illustrates the need for D
agencies to understand their anticipated future
assets. Planning can involve not only State
governments that control land uses. As
levels will follow new assets through
zones, sea level rise has become a sig
and land uses.

Wolly vulnerable transportation
ronmental agencies, but also local
tes in Figure 8-1, the increasing rise in sea

icant p@nning factor along with future traffic projections

Standard Road Design Life

5 ge zn Life I I l

Sea Level Rise 1FT IFT SFT TET

Figure 8-1. Life of bridges and road design compared to sea level rise projections in Rhode Island (RIDOT, 2018).
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INTEGRATE EXTREME WEATHER EVENTS AND CLIMATE CHANGE INTO MANAGEMENT SYSTEMS
AND OTHER ANALYTICAL TOOLS

Management systems — including those for bridges, pavements and culverts — can assist
transportation agencies in selecting and performing work that is the most cost-effective for
individual assets and the inventory as a whole. Their optimization procedures assist in
identifying strategies and programs of projects that will maximize benefits subject to budget
constraints, minimize costs subject to performance constraints, and by varying the constraints
they provide for comparison of multiple strategies to identify the tradeoffs between budget and
performance level.

Management systems can help agencies achieve their performance objectives and goals and
maximize returns on investment. Climate change can alter how State transportation agencies
approach the development and use management systems and other anal pols. While some
management systems can consider historic environmental conditions, ant to note that
forecasts developed based on historic weather alone may not be icie ¥
climate conditions; projected climate conditions based on fut rengfPcan WOre accurately
predict impacts to asset conditions over their service lives.

Bridge management systems
In some bridge management systems, structures can
conditions change over time, agencies may wa
the correct zone. While climatic zone does 1
humidity and freeze/thaw rates, differences in
normally only discernable when viewi

D climatic zones. As climatic
ether structures are grouped in
eterioration rates, largely related to
and the effect on deterioration are

raphic region.

CT

etermine deterioration rates, that data will be
mpass each agency’s jurisdiction. One effect of
ift the climatic zone. In addition, site-specific factors
ge and its immediate location. Example factors include

As agencies analyze historical co
representative of the climatic
climate change is that it m

When collecting con®tion data and developing deterioration models within bridge management
systems, agencies can develop and incorporate environmental severity factors. Bridge
management system analyses generally incorporate the AASHTO element condition data
inspection standard that recommends assignment of an environmental severity within one of four
categories — benign, low, moderate, or severe (AASHTO, 2019). When analyzing condition data,
bridge owners should determine if there are differences in deterioration rates across regions
within their jurisdiction and should assess the site-specific factors that affect deterioration. After
assigning environmental severity factors and including them within deterioration models,
agencies should periodically determine if the assigned factors need updating to reflect future
environmental conditions the assets are expected to experience. As deterioration modeling
practice advances, some agencies may also find the need to increase the number of
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environmental severities beyond the usual four that are currently used in bridge management
system analyses to provide more granularity. An acceptable approach to doing this within the
existing standard for element-level condition data collection is to break each of the four
severities into subcategories.

Culvert management strategies
For culverts, important management strategies include the following:

Project vs. Network Level Planning

While risks and costs of inaction for bridges are typically assessed at the project/asset level,
project level findings are also a critical input to network level planning
example, the most cost-effective life-cycle strategy for a bridge wil
site dependent factors and the relative condition and remaining s

the network level to inform decision-making. Individual ana useful for
identifying common issues across individual assets tha
network level. System redundancy, or lack thereof, importance of

individual bridges; user cost analysis can influen expected benefits of
keeping individual bridges in service.

e Determine most needed data to info cigns and standardize methodology prior to
data collection.

e Locate and inspect culverts anfi keep thfiinformation stored in a GIS database.

e As needed, decide on in, 10Ot s and establish consistent methods to rate the
culverts.

e (Coordinate possib,
projects to avo}

s on gilverts (e.g., replace, line) with pavement rehabilitation
¢ trenches in good pavements.
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If possible, plot hydraulic performance curves of culverts to see how much resilience they
have built in before they violate allowable headwater conditions, or worse, overtop the
road or flood properties. If worried about future precipitation increases, this analysis
(Hershfield, 1961)Connecticut DOT (2014) conducted a pilot study to test the hydraulic
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Figure 8-2: Examp performance curve (Connecticut DOT, 2014).
perform culverts using updated precipitation data for the State and
considerindQgtential increases in precipitation in the future (see example analysis in
Figure 8.2). This case study demonstrates the value of (1) regularly updating historical
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weather and discharge data, (2) investigating changes in environmental trends and
projections and (3) analyzing how changes in environmental trends could affect the
performance of assets. The State found that 18 of the 52 structures tested (35 percent)
would not satisfy current hydraulic design criteria using updated precipitation estimates
and were therefore hydraulically inadequate compared to recent design practices. Four of
these structures would have been considered hydraulically adequate using earlier
precipitation data from NOAA’s 1961 Technical Paper 40 (Hershfield, 1961); many of
the structures were designed before this data was available.



Pavement management systems

For pavements, States generally do not estimate or consider deterioration caused by
environmental conditions such as extreme weather events. Currently, pavement deterioration
models are typically developed based on historical condition as observed by measuring attributes
such as ride quality, rutting, cracking, raveling, and other distresses. Separate deterioration
models are often developed to predict vehicle load related condition impacts and non-load or
“environmental” related impacts. The approaches used to develop deterioration models often
vary from State to State where different factors are considered such as soil types, layer
thicknesses, material types, traffic type and amount, and environmental climate zones.

Typically, States vary deterioration
models based on factors such as road
classification and traffic levels; some
States may use management systems that
include environmental factors that vary at
a regional level to reflect different
climates (i.e., hot versus cold areas).
Many States have a family of
deterioration curves that they use to
predict pavement deterioration. These
deterioration models are assigned to
specific subsets of the network. How
these sub-networks are selected varies
from State to State. For example, the
deterioration model for minor artggial
one State may be different fro
deterioration models couldgo
generally localized and

FigWe 8-3. Example of pavement deterioration (NJDOT, 2019).

Bon model for major arterials. Each of these
s of miles of roads. Extreme weather events are
or several sub-networks.
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Kentucky: integrating extreme heat into the pavement management system

Kentucky Transportation Cabinet (KYTC) demonstrated the viability of using future
temperature projections as an input for pavement design and performance modeling.
Specifically, KYTC used AASHTOWare® Pavement ME Design, a performance
prediction tool that predicts the performance of a pavement structure over time, given
specific design characteristics, traffic loadings, and environmental conditions.

KYTC used Pavement ME to predict pavement performance for both a 20-year and 40-year
anticipated pavement life under historical temperatures and projected future increases in
temperatures. The model predicted an increase in pavement rutting and fatigue cracking as
a result of the warmer future environmental condition scenario. However, these increases
were within the acceptable range of pavement performance and were ich enough to
warrant altering the pavement design to withstand the hotter conditj

See the Appendix or page 29 of the KYTC Asset Management gPxtre er, and
Proxy Indicators pilot for more information (Kentucky Tranggortag¥n Ca¥het, 2019).

Texas: integrating flooding into the p nagement system

Texas DOT (TxDOT) assessed flood risk to
event occurring and an estimate of damagc simulated the impact of flooding on the
structural capacity of selected pave trucges using TxME pavement design software.
The team simulated different scenafos of trfficlevels, pavement structures, and flooding
events (regular flood events t © ithigl delineated floodways, as well as the 100-year
and 500-year flood events) ## ass ects of flooding on the service life of flexible
pavements.

sed on the probability of a flood

Wing flood response, immediate pavement damage can be expected
ire immediate reconstruction.

that will likely

See the Appendix or page 46 of TxDOT Asset Management, Extreme Weather, and Proxy
Indicators pilot for more information (TxDOT, 2019).

For example, one flood event may impact 10 to 15 miles of roads within a sub-network that is
500 miles long, or extreme heat may be a threat to only a specific region of a State with a
network that consists of thousands of miles of roads. As a result, making changes to a
deterioration model that covers an entire network or sub-network is not practical because only a
fraction of the system is exposed to an extreme event. In these cases, it may be more practical to
create a smaller network covering the roads that are exposed to the recurring natural hazard and
then investigate the best possible methodology to forecast how pavements may deteriorate, as
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discussed in Section 4.1: Establish hazard categories to reflect vulnerability to environmental
conditions. Consider any new studies and keep in mind that some environmental conditions may
have little impact on deterioration. Some natural hazards may only cause damage and should be
addressed during design stages and through the risk management plan (see Chapter 7: Establish
Risk Management Process). In some cases, the best option may be to increase the frequency of
maintenance and to monitor the impact of recurring events before a decision is made to adjust the
life-cycle plan.

Additional approaches to improving the forecasting of environmental condition impacts on
pavement degradation include:

e (ollect data on asset condition and climate-related performance by environmental zones.

Agencies could use the Mechanistic-Empirical Pavement Desi (historic) climate
data as a starting point.

e Apply environmental zones to deterioration models similggllo br agement
systems.

Maryland: integrating pavement flooding intg en nagement system

State life cycle plans will evolve overtime as asse : practices mature. Mature
practices tie to more advanced tools capable 1 k-based analyses. Today,
some management systems allow classifi¢gtio ithin several environmental
categories. However, the ability to incorpo yonmental hazards, such as increases in
temperature or more frequent intensgffainfall, management system analyses is not yet
well established for many agencies! nced efforts are under way. For example,
MDOT SHA is improving it gement given the threat it faces from sea
level rise and extreme weatl§er.

o percentage of time different roadway sections are

in the future and is capturing inundation to inform its

life cycle Mgnning.
e [t also is updating the model to reflect current and expected inundation frequency.

Not only should that improve modeling, it also is expected to influence investments
in maintenance.

8.3  UTILIZE EVALUATIONS OF REPEATEDLY DAMAGED ASSETS IN LIFE-CYCLE PLANNING

Each State DOT must conduct statewide evaluations to determine if there are reasonable
alternatives to roads, highways, and bridges that have required repair and reconstruction
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activities on two or more occasions due to emergency events (23 CFR 667.1).* The required
evaluation includes all impacted assets extending back to January 1, 1997 (23 CFR 667.5(a)).
The results provide useful information to agencies as they consider life-cycle plans regarding
future asset treatments. This consideration can increase the ability of an asset to be more
resilient than it would have been otherwise based on previous asset performance.

8.4 DEVELOP MITIGATION STRATEGIES FOR LIFE-CYCLE PLANNING

Life-cycle planning strategies are well suited
for addressing gradual ongoing risks from sea
level rise, changing precipitation patterns, or Strategies related to the initial construction
increasing average temperatures. To and design of assets 248
successfully incorporate these issues into life-
cycle planning, consider collecting data to
discern the effects of environmental change
and extremes on asset condition. As agency
knowledge increases, consider updating
policies and the way design standards are
applied (i.e., if the design standard is a 25-year
flow for a particular facility, assess how the 25-
year flow is expected to change for the facili
in question and also use these updated flows
for future designs). Additional update
include specifications for materials a
treatment techniques. Agencies

Importance of Asset Design Strategies

ks design standards to account for
ture Conditions (e.g., using projected
surge and flood conditions to
etermine the appropriate height of a
bridge to withstand future conditions).

Refer to FHWA'’s Synthesis of
Approaches for Addressing Resilience in
Project Development for information on
the steps and approaches to integrating
resilience into design.

their life-cycle inWgves coordination and
collaboration acrossWpany work units to ensure that the full impact of severe weather is
addressed. Establishing protocols — for maintenance, preservation, rehabilitation and

4 Reasonable alternative is defined in 23 CFR Part 667.3 as:

Reasonable alternatives include options that could partially or fully achieve the following:

(1) Reduce the need for Federal funds to be expended on emergency repair and reconstruction activities;

(2) Better protect public safety and health and the human and natural environment; and

(3) Meet transportation needs as described in the relevant and applicable Federal, State, local, and tribal plans and
programs. Relevant and applicable plans and programs include the Long-Range Statewide Transportation Plan,
Statewide Transportation Improvement Plan (STIP), Metropolitan Transportation Plan(s), and Transportation
Improvement Program(s) (TIP) that are developed under part 450 of this title.

81


https://www.fhwa.dot.gov/environment/sustainability/resilience/ongoing_and_current_research/teacr/synthesis/
https://www.fhwa.dot.gov/environment/sustainability/resilience/ongoing_and_current_research/teacr/synthesis/
https://www.fhwa.dot.gov/environment/sustainability/resilience/ongoing_and_current_research/teacr/synthesis/

replacement, and generally for evaluating resilience investment needs — can help with this
coordination.

Be flexible in deciding how to repair damaged assets to enable them to function as intended now
and in the future. Before making investments, it is useful to assess the potential long-term
climate change impacts. Annualize the potential agency (and user) costs of these risks, the
reduction in annualized cost if mitigation is performed, and the costs of mitigation to make asset
classes and sub-groups more resilient. Agencies can then use this information to conduct
economic analyses that cover the full life-cycle to inform investment decisions.

To develop life-cycle planning strategies that address gradually changing environmental

conditions and their impacts on asset deterioration, transportation agencies will benefit from a
strong monitoring plan to search for trends in deterioration that develop, gnger periods of
time and to reveal slow shifts in these weather-related deterioration X Chapter 10:

Develop a Monitoring Plan to Track Risks Related to Extreme W, ate Change)
When appropriate, and based on monitoring efforts, agencies ategic change in
materials and design. However, this by itself will likely be insu ddressing extreme

associated with climate change. Examples of enance strategies include:

e Conduct regular drainage maint
of assets (see text box below f@ more igfoWation).

e (Conduct regular maintenance signs and high-mast towers to tighten base
bolts and inspect for crgKs Yo in eir resilience to high wind.
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e Regularly remove debris and make repairs as necessary to bridge piers, abutments, scour
and erosion-protection systems, and wingwalls to decrease the potential for damage and
increase resilience to flooding.

Importance of Drainage Maintenance

Drainage maintenance is very important to extending the service life of vulnerable assets.
Vegetation, soil, debris, and erosion can cause drainage assets to perform poorly and fail to
convey water away from roadways after events (FHWA, 2015a). Over time the lack of
effective drainage can degrade water quality, degrade pavement performance, and increase the
frequency or duration of flooding.

The importance of systematic programs to maintain drainage may incrg
increases and as coastal sea levels rise. Maintenance activities couldgg

storm severity

e Clearing debris from inlets and pipes to prevent failure

e Reporting tidally influenced drainage that is
maintenance for discussion of engine

Lastly, operational changes can limit th
environmental conditions on asset det:
spring weight restrictions to protect r
ground thaws.

example, DOTs in cold regions can institute
m accelerated deterioration as the frozen winter

Good pavement and brid a ancgrecords are essential to developing accurate
deterioration curves an ts 4ggPcommon in bridge and pavement inventories for

gnprove but there is no record of why. Often, some unrecorded
maintenance actigty oes not appear in the inventory. Without a methodology for
capturing mai @ ivities, the process of documenting how maintenance influences asset
condition involvenanually reviewing work orders. This lack of integrated data prevents
calculating the actuerformance of assets, the cost of poor performing assets, and hinders

understanding how the asset actually performs.
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8.5 RECAP OF INTEGRATING RESILIENCE INTO LIFE-CYCLE PLANNING

Life-cycle planning lies at the heart of asset management. Key to the long-term, economic
performance of assets is a structured sequence of initial construction, maintenance, preservation,
rehabilitation, and reconstruction applied at the appropriate points in an asset’s life-cycle. How
assets perform over their life-cycle is directly affected by environmental conditions that will be
subjecting them to increasingly severe changes in temperature and precipitation. To keep life-
cycle processes ahead of changing environmental conditions, agencies need to understand how
changes in precipitation and temperature affect long-term asset performance. Agencies should
identify asset classes and sub-groups of classes that are most vulnerable to extremes, or to
changes in frequency of hazards, deterioration, and/or service disruption (such as frequency of
overtopping, number of freeze/thaw events, wet days, and other factors thataffect how their life-

e cycle planning strategies that
address ongoing changes in current and, fu mental conditions

to integrate resilience to future
. and can utilize the 23 CFR Part 667
prone to damage from extreme events.

environmental conditions into life
evaluation results to identify assets
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Table 8-1. Checklist of Potential Actions on Integrating Resilience into Life-cycle Planning for Transportation Asset

Management

Complete? What to analyze?
To integrate future environmental
conditions and weather-related risks
into the life-cycle planning process:

e Assess how future weather
patterns could affect asset
deterioration and treatment
effectiveness, and influence
decisions to invest in assets or
abandon/relocate them.

e Integrate extreme weather
events and climate change into
bridges, culvert, and pavement
management systems and other
analytical tools.

e Utilize evaluations of
repeatedly damaged assets to
identify those particular
to damage from extre
weather events.

zing and deciding
royect work types (initial

construction, maintenance,

reservation, rehabilitation,
reconstruction), consider the
effects of extreme events and
climate change on the long-
term sustainability and use of
the asset, and the cost
effectiveness of the proposed
work type or needed adaptation
options.
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What to include?

Specify how gradual changes in
environmental conditions may affect
asset deterioration and associated
maintenance/treatment needs.
Include mitigation strategies to
integrate resilience to gradual
changes in future environmental
conditions into life-cycle decisions.

tices as a means to
and improve asset

1 of maintenance required
al operation and for
treme events



9 ESTABLISH RESILIENT INVESTMENT STRATEGIES AND FINANCIAL

PLANS

Financial plan and investment strategy development are closely linked, concurrent and iterative
activities. Financial plans are the means by which an agency can allocate resources to the
investment strategies that have been fine-tuned to achieve asset management objectives.
Investment strategies can then translate the analysis conducted throughout the asset management
process into decisions on what to invest in and at what level.

Decisions of how much to invest are often influenced by the agency’s g
analysis, risk analysis, and its life-cycle planning. As Figure 9-1 indiCRg

, the gap

acro level the
imited to
transportation) are likely to rise. As transportation agencies d set m¥agement financial
plans, these plans will likely need to accommodate more f]

United States Billion-Dollar Weatfer %
25

15

p Disasters

10

Number of Disasters

6198819901992 1994 1996 1998 2000 2002 2004 2006 2008 20102012 2014 2016 2018 2020

Figure 9-1. Billion-dollar weather and climate disasters in the US have increased from 1980 to
2017 (NCEI, 2019).

A financial plan forecasts the agency’s revenues and expenditures and explains how the revenues
will be allocated to achieve the investment strategies. The financial plan includes the estimated
funding levels that are reasonably expected to be available, by fiscal year, to address the costs of
future projects. Decisions on what types of projects should receive funding for different types of
asset management resilience efforts are made as part of the investment strategy development. As
alternative asset management and resilience strategies are evaluated, an agency may evaluate
different ways to allocate resources among assets, strategies, and work types.
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A useful format for investment strategies is to identify a set of funding programs tied to the
achievement of specific objectives or targets and work types which include initial construction,
maintenance, preservation, rehabilitation, and reconstruction. Note that any action taken to
address resilience could still fit under one of the categories included in asset management plan
work types. This is why including resilience in asset management objectives, measures and
targets is so important (see Chapter 6. Set Resilience Objectives, Measures and Targets). Multi-
objective analysis can support decision making when making tradeoffs between funding levels,
asset conditions, asset performance, and risk. Then, 10 years of projected funding levels can be
shown for the programs. In their entirety, investment strategies may include both narrative
explanation of the funding program and its intent, and a 10-year table of funding allocations for
the program.

1stingQEogfams to do so. For
example, an agency could include separate line items for prog stabli?e denuded hillsides,
mitigate bridge flooding risk, enhance at-risk drainage, or st
them from sea level rise and storm surge. Or, if separafg ot funded for those

activities, an agency could indicate how it has inco  thosgitrategies into existing

A “financial plan” in the context of
longer, presenting a State DOl
predicted expenditures in m
targets for asset conditio
expected to be alloca
noted in 23 CFR 515.

eans a long-term plan spanning 10 years or
ojected available financial resources and

(d) A State D
identifies ann a minimum period of 10 years. The financial plan process shall,
at a minimum, p ce:

(1) The estimated cost of expected future work to implement investment strategies contained
in the asset management plan, by State fiscal year and work type;

(2) The estimated funding levels that are expected to be reasonably available, by fiscal year,
to address the costs of future work types. State DOTs may estimate the amount of available
future funding using historical values where the future funding amount is uncertain;

(3) Identification of anticipated funding sources; and

(4) An estimate of the value of the agency’s NHS pavement and bridge assets and the needed
investment on an annual basis to maintain the value of these assets. 23 CFR 515.7(d)
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9.1 CONSIDER NO-RISK, INCREMENTAL INVESTMENT DECISIONS

The uncertainty surrounding long-term impacts of future environmental conditions and the
effects of more intense but less-predictable weather events further compounds the complexity of
developing long-term investment strategies. This uncertainty increases the value in investing in
“no regrets” or low to no-risk strategies in the short-term, while developing adaptive or
incremental plans for longer term investment decisions. “Adaptive management” strategies can
include designing assets to facilitate retrofits later when the timing and intensity of future
conditions and responses of assets to those conditions become clearer.

Uncertainty in the timing of extreme weather events
Forecasting basic investment strategy inputs such as material costs and future inflation rates
already present major challenges. Predicting the rate of change in matcig RS creates

Figure 9-2, illustrates the complexity.
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Figure 9-2. Errati ajor cost estimating factor, diesel fuel prices 1994-2019. (Energy Information

Administration, 201

Similarly, the timing of extreme weather events is very difficult to forecast. While we can
estimate the return period - or, the likelihood of experiencing a particular level of event over a
period of time - of various extreme weather events such as heavy rainfall events, we cannot
determine in which year they will occur. For example, Figure 9-3 demonstrates the increases in
extreme one-day precipitation events as reported by the U.S. Environmental Protection Agency.
Although we cannot predict the precise timing of extreme weather events at a specific location,
the overall trend of increasing events is well documented. (See USGCRP 2018, Chapter 2)
Because these trends are increasing, they become an important consideration in the long
timeframes of managing assets over their entire service life.
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Extreme One-Day Precipitation Events in the Contiguous 48 States, 1910-2015
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As discussed in Chapter 8: Develop
changing?, although an asset m

agencies manage assets over ngich e periods; investment plans over the 10-year period

should be made while conggde ongdl term strategies in line with the life span of bridges and
pavement systems. Ass structures may have life-cycles of 75 or 100 years,
while many Interstate ay retain their base and base courses for 40 or 50 years. Over
these longer timeg #lihood of an asset experiencing an extreme weather event
significantly 1 ercyore, it is important to consider potential investments 20 to 40 years

(minimum) into gtuture to better reflect the range of needed investments over the life-cycle of
the different asset cIpes and subgroups. See Section 3.2: How are the hazards changing? for
more information on how to define asset management timeframes as they relate to environmental
conditions and risks and where to obtain projections of changing environmental conditions.

Uncertainty in projections of future environmental conditions

Added to the existing forecasting complexity is the potential influence of climate change. For
example, hurricanes of a greater intensity, higher temperatures, sea-level rise, changes in
seasonal precipitation and higher intensity heavy rain events are expected, but forecasters
generally lack the ability to indicate when and where they will occur (USGCRP, 2018).
Uncertainty around climate change includes:
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e Scientific or model uncertainty: Models of climate do not perfectly capture all natural
processes because of the limits of scientists” understanding of natural processes and
because models are not able to numerically capture all global climate processes.

e Scenario or human uncertainty: Around the globe, people and governments are acting
to reduce greenhouse gas emissions, but how much they will succeed is uncertain.

e Natural variability: As discussed above, climate and weather have natural variations
year to year, and any single year may not be representative of overall trends.

These uncertainties mean that future environmental conditions are expressed as a range of
possible futures, such as the range in future sea levels included in Figure 9-4. The three types of
uncertainty and approaches to addressing them are covered in more detail in Chapter 4 of
FHWA’s Synthesis of Approaches for Addressing Resilience in Project ment.

Past and Projected Changes in Global Sea I
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Figure 9-4: Uncertainty in sea level rise projections increases over time (Walsh, 2014; Parris, 2012).
To address the long-term uncertainty, agencies may elect to:

e Plan for frequent updates to strategies, perhaps on an annual or biennial basis.

¢ Increase the monitoring of environmental conditions such as average mean temperature,
rainfall variability, fire frequency, or sea level rise and storm intensity.

e Adopt adaptive management plans or incremental strategies such as the staged culvert-
expansion strategy employed by the Colorado DOT, which identified culverts that may
be at greater risk if adjacent slopes are denuded by fire (see Section 7.4: Develop risk
mitigation strategies).
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e Adopt “no regrets” strategies such as providing inventory data for at-risk assets and
updating forecasts of long-term weather trends to reflect climate projections.

9.2 |DENTIFY POSSIBLE INVESTMENT STRATEGIES FOR SUBSETS OF ASSETS VULNERABLE TO WEATHER-
RELATED RISKS

Transportation agencies may want to specify investment strategies and program amounts to
address impacts from current and future environmental conditions. Agencies can also monitor
risks over time (see Chapter 10: Develop a Monitoring Plan to Track Risks Related to Extreme
Weather and Climate Change) until the level of risk triggers the need for investment strategies
and programs. Programs to mitigate risks from gradually occurring hazards such as erosion or
sea level rise are the types of long-term investments suitable for invest ategies. For
example, these programs could use a combination of engineered and g X solutions to
both stabilize the coastal area and dissipate wave impacts.

It is also important to reflect variability in investment strategi
impacts could influence material selection, application of Zesg

1ety,oF weather-related
, and the amounts
need to be increased or

funding, as may drainage programs to cope wi

Agencies can use investment strategies t
been enhanced to minimize, or at leas
Establish Risk Management Process.
several examples of specific pr
9-1).

isks to them, as identified in Chapter 7:
transportation asset management plans included

Resilient
Investment f; < ulnerability Example
Strategy i Addressed

Increase Minnesota DOT (MnDOT)’s initial asset management
roadside tunn®ts; plan identified deep stormwater tunnels as well as its
infrastructure culverts; culverts and other hydraulic assets as high risks. The
budgets other culverts comprise the majority of the $700 million
hydraulic devoted to its Roadside Infrastructure program through
assets 2027 (MnDOT, 2018).
Increase Drainage Flooding The MnDOT TAMP indicates that operations and
operations assets maintenance will spend about $10 million annually for
and drainage maintenance, with $4.5 million needed for deep
stormwater tunnels (MnDOT, 2018).
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Resilient
Investment
Strategy

Risk/

Vulnerability

Addressed

Example

budgets

mitigation in
rehabilitation

maintenance  Drainage Sea level rise  The Rhode Island DOT initial TAMP includes specific
budgets system and storm strategies and line items for stormwater maintenance and
surge improvement. Although the program was started because
of an environmental consent decree and not as a weather-
risk mitigation, the program will consider sea level rise
and storm surge improvements when addressing
highway network drainage. The investment strategies
allocate $72 million over 10 years for drainage capital
improvements and $60.6 million for maintenance.
Maintenance includes cleaning hing, removing
sediment, and other routing gce to keep the
system functional (RIDY
Develop Bridges n/a Although not related -driven analogous
standalone funding program ¢ hingWhn State DOT’s bridge
risk DOg#tdentifies seismic risks
mitigation 1on needs (WSDOT,
investment vested nearly $150 million since
strategy Jifcline bridges. Approximately
er completed or nearly so. If
ot appropriate for retrofit, they are
ed for Teplacement (WSDOT, 2015).
Include risk Bridges n/a OT amended its bridge rehabilitation program

rQilience. It conducted a study of its seismic
v@nerabilities and noted that a majority of its bridges

ere built between 1950 and 1980 before many seismic
standards were in place (Nako, Shike, Six, Johnson, &
Dusicka, 2009). Of the 2,550 structures examined, 1,670
were found to have insufficient capacity to resist
earthquake loadings. The high cost of retrofitting so
many structures was beyond the agency’s budget, so it
pursued less costly options. The agency applied a portion
of the existing bridge budget to retrofit some of the
longer sections of highway to ensure mobility for greater
areas if an earthquake did occur. The agency also
established a design policy to include at least a Phase I
seismic retrofit to vulnerable bridges that are scheduled
for rehabilitation, which involves preventing the
superstructure from separating from the substructure.
Including the Phase I elements with bridge rehabilitation
projects has been cost effective by reducing design and
mobilization costs.
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Resilient Asset Risk/
Investment T Vulnerability Example

Strategy ype Addressed
Dedicate Roads Erosion The WSDOT Unstable Slope Management Program
funding for began in 1995 with an initial assessment of 2,500 sites,
slope since growing to 3,400 sites. Sites are rated with the
remediation lowest possible score of 33 and highest possible at 891
program (WSDOT, 2018b). WSDOT prioritizes remediation for

sites with scores above 300 or greater along Interstate
Highways or other facilities with an excess of 1,000
vehicles per day, if the remediation has a benefit/cost
ratio of at least 1. Currently, the program is funded at
$51 million over eight years, ggiigan estimate that $30
million would be needed ag (Qnitigate all
identified unstable slopgs.

Consider Roads Coastal Maine DOT examing -based solutions to

nature-based erosion stabilize a section ) le respecting its

solutions environmental sens1¥ydl¥. [t cgtmated that for an
annualized ) ber year it could protect the
road with ) us® a “grey” alternative such as

riprap apilinglor 64 years (FHWA, Maine DOT,
New Ha i1 , 2018). If similar strategies are

nt of maintenance programs. The ongoing

ce of these nature-based solutions could

mitMate the impacts of extreme weather or changing

cYnate and become as common as roadway vegetation
nagement programs are today.
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Storm Surge and Sea Level Rise Investment Considerations

There are more than 70,000 bridges crossing coastal, tidally-influenced waters in the United
States (FHWA, 2016b). In recent years, billions of dollars have been spent rebuilding bridges
damaged by storm surge along the Gulf Coast alone (FHWA 2016). In the future, sea level
rise will further increase storm surge elevations and increase the vulnerability of many
existing bridges to waves on storm surge (FHWA, 2016b).

An FHWA-sponsored study of one representative bridge indicated that it was built to
withstand both dead and live loads but not the upward or lateral loads caused by a major
hurricane storm surge. The study concluded that retrofit and bridge-elevating strategies were
needed to make this structure resilient. The study recommended that a management
plan be developed for the at-risk structure, which could provide estigates of (% long-term

programs to make coastal structures “high and dry or low an
investment strategy that would complement risk-based asset

Although programs to systematically elevate or reloc
sea level rise and storm surge are complex, expensd

cycle cost of a facility is considered, elevatin
effective solution. Because of the high cost}
relocate assets lend themselves to the of investment strategy included in an
asset management or long-range plaff. The Cigma® Adaptation Knowledge Exchange has
several examples and case studjga reRging toghe managed retreat of built infrastructure for
more information.

e TAMP Investment Strategy: Identify possible investment

Identify the strategi® to be used for categories of assets at risk to weather-related risks. Each
category of assets may have a separate investment strategy.

9.3 INTEGRATE RESILIENCE INTO FINANCIAL PLANS

The financial plan is where agencies assign capital and operating resources to achieve objectives
and mitigate risks and vulnerabilities. Therefore, this component plays a critical role in the
implementation of an agency’s risk mitigation strategies. Potential opportunities to integrate
resilience are detailed below.
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Track expenditures caused by extreme weather over time

A useful first step in financial planning is to conduct an analysis of outlays for past emergencies,
even if the emergencies are not large enough to trigger a disaster declaration. Nearly all
budgeting is incremental and based upon historical trends. Typically, past revenue and
expenditure trends are examined and used as the basis for a modified forecast of future revenue
expectations and planned expenditures. An examination of past emergency trends can indicate
the extent to which the number and magnitude of emergencies have changed and how frequently
they occurred in the past. If an individual State’s historical trends are increasing, the agency may
expect that its future revenues and expenditures also will be increasingly affected by emergency
events.

Develop contingency funds for addressing extreme weather events ated by climate
change

Financial planners can develop contingencies
and scenarios for extreme weather events that
can be deployed should emergencies become gl N2 gPcommon in most
increasingly common. “Rainy day” accounts to se organizations. It
help pay for emergencies are not typically gpossible in planning for
possible for two reasons: agencies often lack the that could impact asset
resources to develop such accounts and ment financial plans. Financial-
appropriation processes do not usually allow esponse scenarios that could be

them. Legislatures usually reallocate u t 1®ntified and planned for include:
amounts. However, there are alternatife ways

e Determining how to quickly re-

develop scenarios that are functi ilar S X )

. prioritize projects and programs if
to rainy day funds. ) :

unexpected inflation caused by

For example, an agency bond emergency events impacts
appropriation that can{f i i re is a funding levels
major emergency. 34 d capacity e Deciding whether an additional
can be a no-reg tegy because bond issuance is possible to cover
the bonds are n¥ Mecss they are needed, higher program costs
and the agency do&gpot otherwise incur e Preparing for emergency
underwriting or interdSt costs. Another way to legislative appropriations to cover
plan for a virtual rainy-day fund is to identify additional expenses

major reconstruction projects that can be

delayed or rescoped to lesser scopes and their

funding re-allocated for the emergencies. Agencies often have major bridge or pavement
replacements under development when life-cycle analysis justifies full replacement. However, in
an emergency, they can be postponed and treated with lesser scopes to buy the agency several
years of additional life. Although this is not the optimum life-cycle strategy for the major asset,
the greater overall network need may warrant the re-prioritization of an individual asset.
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Develop cost-inflation factors to apply to large-scale recovery

Consider developing cost-inflation factors to apply to large-scale recovery programs to enhance
financial planning. Unit cost estimates are based on past bids, which usually are offered under
normal market conditions. During emergencies there may be a spike in the number of projects
along with a scarcity of materials, equipment, contractors, and skilled labor, all of which drive up
unit costs. The cost estimation for emergencies could be enhanced by factoring these influences
into the estimating process and by having such estimating factors at hand in advance of
emergencies.

Prepare for lingering failures after extreme weather events

Lingering failures following extreme weather events can be costly. Therefage. it is important that

apparent for years afterwards (FHWA, 2017c). Rail signals in
months after Sandy with outages attributed to saltwater corros
mechanical systems. A year after Sandy, an escalator failgg
Repairs indicated that the station was damaged by salt
2020, the MTA New York City Transit L Train still
caused by the inundation.

subway in New Jersey.
surge inundation. As of
sive repairs to address damage

Fund resilience improvements for importggt

The financial plan can incorporate spegg foPresilience programs, including capital
programs as well as enhanced mainteigince proframis. These can become among the “off the top”
programs that strongly influence, I The amount of revenue available to distribute to
bridges and pavements is usuajly i y how much revenue is devoted to costs such as
debt service, operating ex ired pass-throughs such as to local governments. As

resilience becomes mo ms that support it may become specific line items that
influence the investme egiegand financial plans. Examples could include programs for
slope stabilizatio ydraulic structures, or elevating coastal assets. Agency

harden 106 at-Tisk bridges against extreme weather, including flooding and, potentially,
scour. By December 2016, NYSDOT had received funding approvals from FEMA for all
of the bridges in the program, totaling $518 million (NYSDOT, 2019).

e NYSDOT also developed a Weather Hardening Program to mitigate destructive impacts
of extreme weather to the state’s infrastructure. The state provided $500 million in 2016
to make safe and passable roadways across the state that are susceptible to flooding and
other extreme weather-related events, including ice jams (NYSDOT, 2019).

¢ Rhode Island DOT increased its drainage maintenance program. RIDOT forecasted
costs for equipment, labor, materials, and project-development expenses for not only the
startup of the program but for its increasing maintenance as retention and detention ponds
were added across the state (RIDOT, 2018). There may be ongoing costs for equipment
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to shape and contour ditches and swales but also specialty equipment such as vacuum
trucks and sweepers to clean catch basins and drainage structures.

e Colorado DOT (CDOT) conducted a corridor risk and resilience pilot, which resulted in
a number of recommendations to influence future investment strategies. One such
recommendation to help fund resilience efforts was to allocate between 1% and 2.5% of
the CDOT annual budget to risk and resilience efforts (AEM, 2017).

Transportation agencies may also want to consider budgeting for vulnerable assets that have not
been included in the full asset management analysis such as culverts and geological assets that

are highly vulnerable to extreme weather.

Identify costs and solutions for repeatedly damaged assets

Another investment strategy is to fund the strengthening of sites identjd
evaluations of roads and highways due to emergency events, inclugg
can develop long-term mitigation strategies for locations identi
evaluation process and estimate the costs for those treatments.

into the long-term financial planning forecasts. Although )
evaluations may not be affected by projects in the currg
make the Part 667 locations resilient can provide addgti

plan development process.
Enhance emergency-recovery plans with

To prepare for future environmental

conditions, consider enhancing emerg@incy
recovery plans. Although indivi
may be unpredictable, most e
reliable communication p

Recovery plans can ifficlude designing and
contracting contingencies to respond and
rebuild more quickly after an event occurs.
These can include budgeting for
contingency or emergency funds, having
on-call design contracts, mutual-aid
agreements, having detours pre-determined,
and basic supplies stockpiled. Ensuring
backup and redundant communication
systems also can be important.
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owing what the costs are to
ation to inform the financial

Conduct a Post-Disaster Analysis

Vermont Agency for Transportation
(VTrans) conducted a post-disaster analysis
following Hurricane Irene in 2011 (VTrans,
2012). It found that its contracting staffers
were hindered by their lack of familiarity
with FEMA and FHWA emergency
documentation requirements. VTrans also
found that it needed better lines of
communication and the ability to process
Detailed Damage Incident Reports more
quickly. During such large events, additional
staff often are called upon to handle the
overwhelming short-term workload. VTrans
identified training and communication steps
it could take that could expedite accessing
funds and authorizing contractors for future
emergencies.



The recovery plan can include strategies for how to quickly replace assets so that they can
withstand future events. Without a recovery plan, agencies are unlikely to consider resilience
during the recovery process given the magnitude and urgency of needs at that time. By shifting
the planning from after the disaster event to before (Figure 9-5), there is an opportunity when
infrastructure is damaged to incorporate resilience measures into the repair or reconstruction of
that asset. Agencies can likely decrease recovery time by providing as much detail as possible on
the potential design of the resilience improvements. As such, disaster response plans could
include relevant guidance and findings from studies such as vulnerability assessments and hazard
mitigation plans. They also could include identified, but not funded, projects to increase asset
resilience.

T Recovery (short
and intermediate) Long-Term
Response Recovery
/ /S P
PREPAREDNESS IMPLEMENTATION Q ONGOING RESILIENCE
— ] oy

Figure 9-5. Disaster preparedness and response proSQs. ce: ICF

Additional Resoules on RgsasVer Preparedness Planning

f as recently updated to allow for infrastructure

ents to be repaired to a more resilient standard.

e FHWA’s Emergency
damaged in extreme e

Goal outlines the capabilities and preliminary targets

resources to assist in the pre- and post-event recovery efforts.

ﬁ Consider including in the TAMP Financial Plan: A strategy for proactively
addressing resilience.

Describe the strategy for proactively addressing resilience for the assets in the TAMP through
normal capital investment or dedicated funding streams. Include an estimated budget for
additional maintenance required due to increases in the frequency or intensity of extreme
weather events. Include an estimated budget to mitigate subgroups of assets in the TAMP that
are highly vulnerable.
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9.4 RECAP OF INTEGRATING RESILIENCE INTO FINANCIAL PLANS AND INVESTMENT STRATEGIES

One of the hallmarks of a resilient agency is that it anticipates possible events and develops
flexible strategies to deal with unexpected emergencies. Planning for resilience can extend to the
asset management financial plan and investment strategy processes as well. Financial planners
can examine the increasing rate and magnitude of emergencies and develop scenarios for how
they may deal with emergencies in the future. They can develop contingency strategies for how
they would re-prioritize outlays and anticipate how costs may be inflated by the construction
peaks caused by response to widespread emergencies. They also can identify what new programs
are essential and which will involve ongoing investments. Also, the financial team can anticipate
and plan for the increased programming and need for rapid eligibility determinations that can
accompany a major event. Just as maintenance and construction crews cg scenarios of how
to respond to future environmental impacts, so can the financial planng

ment Suatagfcs can turn
resilience planning into actionable programs. The long horizo gre-cycl® focus of asset
management plans should naturally encourage investmentgig

ency and user life-cycle

costs by improving the resilience of assets, they ma Btive investment strategies.

e Identifying the specific assets and as s that may benefit from resilience

e Allocating funds to programs #hd to asqt class subsets that are most at risk.

e Making immediate inve assets or preparing to reactively upgrade those
assets if events occur.

¢ Funding and havi uickiitesponse plans to recover from a variety of events, even

im le to predict.

duct analyses on how to make damaged assets more resilient

e Having plans in

to withst ure . Instead of only replacing in kind, agencies can have protocols
in plac lyze how to harden assets to withstand possible future events.
Table 9-2, can be to check off actions an agency has already taken to integrate resilience to

current and future environmental conditions and prioritize remaining actions.
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Table 9-2. Checklist of Potential Actions on Integrating Resilience into Investment Strategies and the Financial Plan
for Transportation Asset Management

Complete? What to analyze? What to include?
What are the assets, asset classes, and Include investment strategies
strategies that should be funded to make the that respond to the long-term
transportation system more resilient? threats and which support
e Identify at-risk assets mitigation activities to keep
e Develop strategies to fund their assets in a state of good repair
upgrade in the near term or be and resilient to events.

prepared to respond quickly to
enhance them if damaged.

e Fund ‘all hazard’ response plans

e Develop design standards and
strategies to address long-term threats.

Develop strategies for incorporating resilience udg a ition that
into the asset management financial process 1al plafis may need to be
by: iblegfl address future

e Reviewing recent emergency ev. cPncy events. Also,

SE€ orporate into the asset

anagement financial planning
process assets that support
resilience

trends and anticipating how t
trends could influence financia
planning
e Anticipating the funds
new resilience pr.
sustain them
Prepare for emergencid@g by con@licting

scenarios of ho {fofl construction
prices or createf@he or rapid-response
financial tegpns ocegll emergency
authorizZgffons
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10 DEVELOP A MONITORING PLAN TO TRACK RISKS RELATED TO

EXTREME WEATHER AND CLIMATE CHANGE

If a transportation agency has integrated resilience considerations throughout the asset
management process, it may be beneficial to track the effectiveness of those actions, and to
monitor changes in environmental conditions to determine how risks are changing and if
additional action should be taken. Risk mitigation efforts should be ongoing and continuous, as a
part of the decision making process. Several avenues exist for monitoring and updating extreme
weather mitigation strategies (FHWA, 2017f).

l& Monitoring Risks in the TAME

1s the monitoring
Wit 515 requires
addressing their top
3 CFR 515.7(c)).

Closely related to 1ncorporat1ng mitigation strategies into assé@magbeme
States to establish a process to 1dent1fy and pr1or1tlze
priority risks, and an approach for monitoring top

Pld monitoring efforts, what is
e agency’s asset management

Regardless of how the agency organizes its 1
most important is that the strategies becomgi
processes.

10.1 TRACK RISK MITIGATION

As with most performance-badgd , feedback on strategy implementation and
effectiveness is essential jgber anggfmanagement. Methods to track and monitor risks where
mitigation strategies ex d are identified below.

Use the risk regj progress
ed 9s a companion to a performance dashboard to monitor and apprise
Xtatus of the agency’s risks and risk mitigation efforts. A dashboard illustrates
performance objecti®s and status while a risk register illustrates the risks surrounding the
performance and how they are managed. For example, Hampton Roads developed an online
dashboard (Figure 10-1) to track and report the status of projects to increase resilience to sea
level rise and coastal flooding in the area (Hampton Roads Planning District Commission, 2019).
Risk registers can be updated on a regular cycle, such as quarterly or annually depending upon

the timeline of the risk and its mitigation.
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Hampton Roads Resilience Projects Last updated August 16, 2019. Locality Al Project Type Al

1.5B
15 1.3B Projects Status

1B 1

Completed (126)
58.2

500M | 283.4 @ Programmed (31)
112M
(U - . ‘ @ Proposed (70)
Programmed Under
Completed Propodeanstructiodnder ® Under (50)

Construction

Design

v
) NMpprtNets
Project Status @ Under Design (109) piy x :
< Henpth

Last update: s few seconds s Lsst update: 8 nds ago
d
r o

820.5M ' 747 om Project Categories

3%90.3M Acquisition 33
@ Beach 4
126 4M o 4 R
u 4 :
(0] AL M & QMZ I g Drainage 168

Improvements

AcquisitioDrainage Green Road  Stream Wetland .
ImprovemeStiarmwateprovemeRistoratioRestoration @ Elevations/Flood 18
[T —— proofing/Buyouts

Project Category Green 37

oads Planning District

Commission)

Use the asset inventory to monitor mitigation stra
The asset inventory can be used to collect and
weather events and climate change and miti
geographic information system (GIS) o

inventory data related to extreme
. Asset vulnerability data stored in

more sensitive due to condition. InverRgry addillons such as new asset classes, subsets of assets,
or asset characteristics can aid j

may steadily decr®ge as certain assets are hardened or replaced with more resilient ones.
Alternatively, the risM®profile can increase as hazard exposure areas increase (e.g., due to sea
level rise) or the rate and magnitude of change in exposure rises, such as if the fire threat
increases during a particularly hot, dry season, or the frequency of storm events rises.

10.3 MONITOR COST OF EXTREME WEATHER EVENTS

Another way to monitor the effectiveness of risk mitigation strategies is to track the damage and
costs of responding to them. The tracking could be both system wide and specific to sites that
have been mitigated. Tracking of the costs could include contracting costs and the cost of labor,
equipment, and materials used to respond to emergency events. It is useful to track the location,
time, and cost/extent of damage.
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Transportation agencies can organize weather-related impact information into a master database
to make collected information accessible and useful. Agencies can use databases and associated
GIS maps to collect, view, and analyze impacts from extreme weather events and adjust risk
mitigation plans accordingly. They can use event codes to tracks costs and impacts. For example,
Caltrans has developed a GIS database on historical emergency maintenance events (see Section
3.1: What are the relevant hazards?). With this information, agencies can assess the location,
frequency, and cost of responding to emergency events over time. Such information also may
complement bridge and pavement management systems by providing information on the number
and type of damages bridges or pavements received.

10.4 INTEGRATE RISK MITIGATION STRATEGY INTO OTHER PLANS

a relevant

| and climate
gt management
Wd the progress
ment plan risk

The extreme weather risk mitigation strategy can easily complement

plan. The status of weather-related and changing environment
made on their mitigation provide valuable information for the as
analysis.

egies are influencing the
ration of the TAMP’s risk
integrated into decision making.
e LRTP, the STIP, and the annual work
ay also influence project development

The STIP can also include a discussion of how the
planning process which leads to a program of pgoj
mitigation plan into the planning process cagen
The risk management plan lends itself to infl0ge
plans for agency divisions. Risk mitiggfOon StratcRes
and scoping.

—

} Consider including in ge Monitoring Plan: Process for tracking risk
mitigation strategies xtreme wegther and future environmental conditions

mogytoring the effectiveness of risk mitigation strategies as well
weather events and climate change.

Detail the agency’s p
as changing ris

10.5 RECAP OF INGGGRATING RESILIENCE INTO THE MONITORING PLAN

A monitoring plan alldws an agency to track the implementation and effectiveness of mitigation
strategies and monitor changes in environmental conditions to determine if it should take
additional action. Table 10-1, can be used to check off actions an agency has already taken to
monitor risks and resilience efforts and prioritize remaining actions.
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Table 10-1. Checklist of Potential Actions for Monitoring Risk and Resilience Efforts for Transportation Asset

Management

Complete? What to analyze?
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Monitor the implementation and
effectiveness of mitigation strategies
through processes such as the risk
register or asset inventory.

Monitor changes in vulnerability over
time and adjust resilience efforts as
needed.

Monitor damage from extreme
weather events and climate change.

Monitor the cost of extreme weather
events over time and adjust resilience
efforts as needed.

What to include?

Utilize components of the risk
management process to monitor risks
and mitigation efforts over time.

Use the risk management process to
monitor changes in likelihood and
consequences over time for certain
risks. Update vulnerability proxy
indicators as needed.

Use tools such
track damage
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APPENDIX — ASSET MANAGEMENT, EXTREME WEATHER, AND

PROXY INDICATORS PILOT SUMMARY

OVERVIEW OF THE PILOT PROGRAM

The Moving Ahead for Progress in the 21st Century Act (MAP-21) (Pub. L. No. 112-141)
amended 23 U.S.C. 119 to require State Departments of Transportation (DOTs) to develop risk-
based Transportation Asset Management Plans (TAMPs). As State DOTs build their asset
management programs and develop their TAMPs, it is important that they address risks posed by
extreme weather events and future environmental conditions and considg i cffects on life-
cycle planning over the service life of bridges, pavements, and other &

From 2017 to 2019, the Federal Highway Administration (FHW, Departments of
Transportation (DOTs) (see Figure 10-2) — Arizona, Kentuck ssachusetts, New
Jersey, and Texas —piloted approaches to incorporate infg lence into asset
management programs and TAMPs, and developed adg icators to use to assess
vulnerabilities. The pilot program was jointly sponsgged WA Office of Environment,

Planning, and Realty, and the Office of Infrastructure?

Massachusetts

New Jersey

Maryland

Kentucky

Texas

Figure 10-2. Asset management, extreme weather, and proxy indicators pilot participants.

Over the course of the pilot program, the pilot participants engaged with FHWA and each other
in a series of webinars and peer exchanges. Through these events, the State DOTs shared
information and lessons learned on key issues, such as assessing extreme weather and future
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environmental condition related risks, life-cycle planning, financial planning, and enhancing
communications.

The following case studies highlight the scope, methodologies, and results for each of the pilot
projects. The full final reports are available at https://www.thwa.dot.gov/asset/pilot/.

\%Q
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ARIZONA DEPARTMENT OF TRANSPORTATION

Scope

OveI; the past decade, the Arizona Department of Transportation (ADOT) has undertaken a
variety of projects that combine risk, science, technology, and engineering to improve the
understanding of weather-related risks to its transportation system, in order to accomplish the
agency’s mission of “Connecting Arizona. Everyone. Every Day. Everywhere.”

Building upon this work, the purpose of ADOT’s pilot project was to advance a life-cycle
planning approach that addresses the effects of extreme weather conditions on ADOT’s
transportation assets. The pilot sought to advance an approach that builds resilience and reduces
risk across all elements of the asset life-cycle, from advance planning, t design and
construction, and into operations and maintenance.

Approach
ADOT’s pilot project involved two primary activities:

Create a Geographic Information System (GIS) Resilience D,

The team developed an integrated GIS database to
sections that are at highest risk from the impactg of cli
team collected georeferenced data on both stges
(culverts, bridges, road pavement, and roadsi®gve
external sources. Data sources include

Btaff to identify locations and

Bsors. To create the database, the
g, wildfire, and drought) and assets

tion) from a variety of internal and

e United States Geological Survq (USG§ data, including stream flood gauge locations
and measurements, andgfstorica vegetation) coverage.
mergency Management Agency (FEMA), the National

The team integrated the weather-related incident data, infrastructure information, and live feeds
into one geodatabase - the Resilience GIS Database. Staff can use this database to visualize and
identify broad locations — i.e., corridors, sections, and structures — most at risk from climate
stressors. Users can select layers, as needed, to conduct different analyses, such as synthesizing
risks by stressor or by asset or asset class affected.

Develop a Life-cycle Planning Template for Assets that are Subject to Natural Hazard Impacts

The team developed a risk-based life-cycle planning template that staff can use to carry out an
eight-step process to link stressors, their corresponding weather-related risks, and impacts to the
infrastructure (Figure 10-2). Practitioners can use the template to prioritize risks, and to identify
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mitigation and adaptation options throughout the different stages of an asset life-cycle, including
planning, design/engineering, maintenance, and operations.

#1 Identify #2 Identify Weather-
Stressors Related Risk
(Precipitation, (Flooding, slope failure,
temperature, wind) wildfire, dust storms)

bridges, culverts,
others)

#6 Agency Action  #7 Identify Life Cycle #8 Post-Resilience

(Prevent, protect, Planning Strategies Building Monitoring
respond, recover) for planning, design/ (Future incidents,
engineering, ROI)

maintenance and

operations M

Result: Building resilience through a risk-based, cost-effective
life cycle planning mitigation process

Figure 10-3. Life cycle planning template process. (AZDOT)
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As part of the pilot, the team developed a template to address system flooding. Practitioners can
use the template to rank risks from system flooding using indicators for asset
deteriorations/failure, mobility, and driver safety/accidents. For system flooding, the impact
indicators include:

e Asset Deterioration/Failure: pavement rutting, cracking, potholes, heaving, washouts,
erosion, slope failures, and others.

e Mobility: closures and disruptions to the system, including temporary closures,
permanent closures, detours/evacuation routes.

e Safety: low visibility and accidents due to weather conditions.

Practitioners can use the template to rank risks by multiplying a likelihood scale by a potential

future exposure (e.g., pavement rutting, scour critical location, overtof
consequence rating refers to how critical the impact has been or 1d b

Practitioners can then use the template to identify appropriate a actigns to address the risk.

e Prevention: Vulnerability and risk assessmegts;
detection and monitoring; asset management
e Response: Training; emergency respon "

strategies

e Recovery: Alternative routing;
plans

e Investigation (root-caus studies; probabilistic analysis; service planning
reviews

e Learning: After agyo

Key findings and ne
ADOT’s pilot projg
into asset manas
mitigation and 3
improve the propo

ing on a life-cycle planning approach to identify cost-effective
ategies by asset or asset class. ADOT plans to further refine and
\ risk-based approach and the GIS Resilience Database.

@il10

Phase 2 of the project will involve developing additional life-cycle planning templates that
consider risks associated with drought-related dust storms, increased surface temperatures,
intense precipitation, rockfall incidents, slope failures, wildfire, and wildfire-induced floods. The
agency also plans to incorporate additional field-tested, emerging mitigation practices, and staff
recommended practices into the templates.

Challenges and lessons learned
¢ Involving practitioners within ADOT, especially at the District level, was vital to
developing and enhancing the templates and overall process. District staff provided
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information and observations about historical and current conditions that contributed
greatly to the project.

The pilot project team received a large amount of data in various formats that it needed to
integrate into the GIS Resilience Database. The team was also tasked with creating maps
to include in the life-cycle planning template development. Linking the GIS part of the
pilot with the asset management tasks was challenging, but the team was able to
overcome this through continuous communication with all stakeholders involved. The
various working groups held several brainstorming sessions to develop a process that
seamlessly integrated both parts of the project into a concise approach.

For more information

View the final report at https://azdot.gov/business/environmental-plannj rams/sustainable-
transportation/resilience-program.

117

Q\%


https://azdot.gov/business/environmental-planning/programs/sustainable-transportation/resilience-program
https://azdot.gov/business/environmental-planning/programs/sustainable-transportation/resilience-program

KENTUCKY TRANSPORTATION CABINET

Scope

The goal of the Kentucky Transportation Cabinet’s (KYTC’s) pilot project was to establish a
framework for identifying asset risks associated with extreme weather and to incorporate risk-
based information into the management of the transportation system. The pilot considered the
potential impacts of two primary climate threats — extreme heat and extreme precipitation — on
two major asset classes — pavements and bridges.

Approach and key findings
The project involved two major initiatives designed to enhance KYTC’s ability to effectively
perform asset management planning within the context of extreme wea, first was a

data into pavement design and performance monitoring. Follo
identified a number of process improvement opportunities
practices.

Develop and refine flood sensitivity indicators for bri
As part of the pilot project, KYTC developed agu screening methodology to
hierarchically analyze bridges and culverts tgde 1 sensitivity to flooding, scour, and
other geomorphic instabilities. The meth i igned to enable engineers, maintenance
workers, and other stakeholders to quigKly and cORgeftectively discern risk to structures at the
inventory level. KYTC’s methodologfadoes nofrequire the collection of additional field data;
rather, it primarily leverages N 1 Py entory (NBI) data.

rts

The flood sensitivity screegin od(@ogy calculates a Bridge and Culvert Sensitivity Index
(BCSI) score for each bgffige asset. The BCSI is a holistic representation of how
forcings based on three components: an asset’s structural
condition, geomg \ivl and criticality.

dition score offers insights into bridges and culverts that are
high-magnitude flooding and geomorphic instabilities. It can be used to

the overall structural integrity of a bridge based on NBI data. For bridges,
the methodology uses three indicators to calculate the structural condition score: the
condition of a structure’s deck, superstructure, and substructure (NBI Items 58-60). For
culverts, NBI Item 62 (culverts) alone is used to calculate the structural conditional score.

e The Geomorphic Sensitivity score indicates the sensitivity of a bridge based on its
environment, such as bank composition, vegetation cover, erosion control features, and
channel sinuosity. It leverages data on channel condition, scour potential, and observed
scour. The Geomorphic Sensitivity score is calculated using fix indicators, three items
from the NBI and two KYTC-specific factors: 1) NBI Item 61: Channel and Channel
Protection; 2) NBI Item 71: Waterway Adequacy, 3) NBI Item 113: Scour Critical
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Bridges, 4) KYTC Factor 1: Scour Observed, and 5) KYTC Factor 2: Scour Risk
Calculation.

e The Criticality score measures how integral an asset is to the transportation network.
The criticality score is calculated using five NBI elements: 1) NBI Item 19: Bypass
Detour Length, 2) NBI Item 29: Average Daily Traffic (ADT), 3) NBI Item 49: Structure
Length, 4) NBI Item 104: Highway System of the Inventory Route, and 5) NBI Item 109:
Average Daily Truck Traffic.

Key findings from flood sensitivity screen
The KYTC project team used the methodology it developed to conduct a hierarchical screening
(see Figure 10-4) of the over 7,300 bridges and culverts that the agency owns and maintains.

Ina. ‘dual Sti icture

Synoptic Analysis Hot Spot Analysis

e|dentify variability in *Pinpoint and explain
performance between clusters of high or low
agency regions/districts. scores (may transcen etermine what factors

regional or district fect senstivity.
boundaries). *|dentify structures that
eReflect on wh warrant additional field
deficient p r ce investigation.
*Brainstorm corrective
actions which can
address the root causes
of structural sensitivity.

eExplore potential drivers
of sensitivity (agency
policies, maintenance
regimes, design and
construction practices,
traffic volumes,
biophysical variables)

es) which produce
ighted senstivities in
particluar locations.

. Hierarchical framework for analyzing bridge and culvert inventories. (KYTC)

The team first conduced a synoptic analysis, which focused on the condition and performance of
structures at the statewide level, to determine where variability exists between regions or districts
and identify potential explanations for those differences. Next, the team conducted a more
focused “hot spot” analysis that focused on particular areas in which there are clusters of
sensitive bridges and culverts. KYTC’s hotspot analysis found several areas of high BCSI scores,
including in the north-central portion of Kentucky (District 5), primarily around the city of
Louisville and extending northeastward, and in the southeastern part of the state (District 11).
The most intense clustering in District 5 is found located along a band that parallels the
Kentucky River from the northern portion of Franklin County downstream toward its junction
with the Ohio River. Some of this clustering may be due to the highly erodible shale in the
region. High Geomorphic Sensitivity Index scores in Districts 9 and 11 are likely due to the
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considerable topographic relief (i.e., the amount of topographic change) present in these areas.
The terrain is more mountainous, with the headwaters of the Middle Fork Kentucky River and
South Fork Kentucky River both located in the area. Streams located in the upper and upper-
middle portions of watersheds generally have higher potential stream power because of steeper
gradients, which increases their capacity to move sediment (e.g., instigate bridge scour).

Lessons learned and next steps

KYTC views the methodology it developed to evaluate the sensitivity of its bridges and culverts
to flooding as a springboard to inform its structure management program. While the
methodology accurately represents the performance and sensitivity of an entire inventory,
decisions about where to direct future investments should not be made based on these results
alone. KYTC suggests that after locating clusters of structures or the regigiagain which structural
sensitivity is high, ideally agencies will look more closely at individug to better
understand why they are sensitive and how that sensitivity can be ggiti with this

project prioritization.

Modeling pavement performance to extreme heat in fuj

prediction tool that predicts the performance o structure over time, given specific
design characteristics, traffic loadings, and CXggat

The KYTC project team used the US ’s Cou odel Intercomparison Project (CMIP)
Climate Data Processing Tool to iderf@fy and (@tain statistically downscaled climate projection
data for Kentucky for two futu c eriods (2020-2039 and 2040-2059). Because the
effort was designed to be a prd@f ept to analyze the impacts of extreme weather, KYTC
used the Representative centlation Jathway (RCP) scenario, which represents the highest
emissions scenario.

extreme weather oc®grences, and then interpolating the climate projection data to the hourly
level and matching it with historical data from the Pavement ME software climate file.
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Key findings from pavement performance modeling
The project team used the
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The Pavement ME model predicts an increase in paveMgnt g and fatigue cracking as a

result of the warmer climate scenario (see Figu
acceptable range in terms of pavement perfoifaan
the pavement design to withstand such co

ever, these increases are within an
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Lessons learned and next steps
KYTC’s proof of concept de

te ility of using climate projection data as an input
for pavement design and perf nitoring software. However, further research is needed
to better understand the data from climate models as an input to pavement
design software. For a thorough sensitivity analysis may be helpful to investigate at
what levels tempeg

KYTC process i
Over the course o pilot project, KYTC identified opportunities to improve existing processes
to better account for ®treme weather and promote system resilience. When the team recognized
that the agency lacked a system to track and locate areas that have had Emergency Relief (ER)
repairs, they sought to develop a centralized Geographic Information System (GIS) database to
track the locations and details for ER projects going back to 2009. This database will assist
KYTC in fulfilling its 23 CFR Part 667 requirements. KYTC also updated the internal processes
used to assign activities to ER projects to better account for activities outside the immediate
scope of ER activities, such as National Environmental Policy Act (NEPA) analyses triggered by
an ER event. As a result, the agency has completed and processed environmental documents for
ER projects in a more expedited manner, and as a result, has expedited the process by which
KYTC is reimbursed.
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The KYTC project team identified additional process improvements that it will continue to
pursue following its pilot effort. These include:

1.

Continue to integrate KYTC systems that track and monitor all costs associated with ER
events.

Develop KYTC maintenance activities that can proactively prepare for extreme
precipitation in advance of the event.

Establishment of a Resilience Working Group to foster communication, collaboration,
and promote best practices to improve resilience throughout the agency.

Continue to incorporate of extreme weather risk into asset management and KYTC’s
Transportation Asset Management Plan (TAMP).

For more information

View the final report at https://www.fhwa.dot.gov/asset/pilot/ky.p
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MARYLAND DEPARTMENT OF TRANSPORTATION STATE HIGHWAY ADMINISTRATION

Scope

As 0f 2019, the Maryland Department of Transportation State Highway Administration (MDOT
SHA) manages over 73,000 lane miles of road and over 5,300 bridges. Several of these assets
experience flooding, whether from extreme rain events (such as the devastating floods in Ellicott
City in 2016 and 2018) or from extreme high tides or storm surge in Maryland’s low-lying
coastal areas. As these events persist and potentially worsen into the future, MDOT SHA is
seeking to ensure the resilience of the state’s transportation system through, among other means,
an asset management program that minimizes risk and optimizes state resources.

built upon this work to:

e Refine the vulnerability assessment approach and 4
structures statewide, and

e Identify and implement specific opportuniti
results—and other information about cli
management, planning, and other proge

Approach
The MDOT SHA conducted an indicafbr-basedgvuMerability assessment using the FHWA
Vulnerability Assessment Scoring TodqVASTN to identify bridge assets vulnerable to three
climate hazards: sea level cha , and precipitation change. The agency used data
on asset location and otherke to serve as indicators of each of the components of
vulnerability: exposure
for each of the three ¢ azards (see Table 12-1).

The team assig
the three climd ch indicator received a different weight toward the overall
vulnerability scor

Table 10-2. Vulnerability Indicators for Sea Level Change, Storm Surge, and Precipitation Change Hazards

Component Sea Level Change Storm Surge Precipitation Change
(SLC)
Exposure Modeled SLC Modeled Surge Inundation  Location relative to
Inundation Depth (2050 Depth (0.2% annual chance Federal Emergency
Mean Higher High storm in 2050) Management Agency
Water) (FEMA) Flood Zones
Proximity to Coastline  Proximity to Coastline Percent change in 24-
hour, 50-year
precipitation
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Component Sea Level Change Storm Surge Precipitation Change
(SLC)

Sensitivity  Past Experience with Past Experience with Storm Past Experience with
Tides/SLC Surge Precipitation
Underclearance Underclearance Underclearance
Scour Rating Scour Rating Scour Rating
Bridge Age as 0f 2018  Bridge Age as of 2018 Bridge Age as of 2018
(from most recent (from most recent (from most recent
reconstruction) reconstruction) reconstruction)
Condition of Bridge Condition of Bridge
Substructure Substructure
Condition of Bridge Condition of Bridge
Superstructure Superstructure
Condition of Bridge Condition of Bridge Deck
Deck

Adaptive Functional FuNtional

Capacity Classification assification
Evacuation Route ‘v vacuation Route

Detour Length (overall
increase in path length
due to a detour around
a flooded structure)

Detour Length (overall
increase in path length
due to a detour around
a flooded structure)

Average Daily Traffic Average Daily Traffic
(ADT) (ADT)

Key findings

The assessment identified that 4T the 8 ctures evaluated, 33 are highly vulnerable to sea

level change, 172 are highly v cyp storm surge, and 102 are highly vulnerable to

precipitation change.

a level change are concentrated in MDOT SHA Districts 1, 2,
vulnerability to storm surge, with the addition of District 4.

pty to precipitation change are spread across all Districts, with the

in MDOT SHA Districts 4 and 7.

Assets with high vulpe
and 5. Those sa
Assets with hi
highest concentra

Integrating results into MDOT SHA practice

The project team conducted a series of working sessions with MDOT SHA staff to discuss
opportunities and strategies for integrating the results of the vulnerability assessment into
existing asset management systems and processes, including pavement asset management, bridge
asset management, planning, and operations. The sessions involved staff from the following
departments:

e Office of Materials Technology

e Office of Structures

e Office of Planning and Preliminary Engineering

e The Coordinated Highways Action Response Team
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During each working session, the project team facilitated a review of the available vulnerability
assessment results, discussion of the climate risks in the Transportation Asset Management Plan
(TAMP) risk register, and discussion of ways to apply the climate risk information.

Through the working sessions, the team identified several opportunities to use the climate risk
information in asset management and other processes. The actions included specific strategies
for using the risk information in decision-making, as well as smaller, incremental steps necessary
to enable those processes. Highlights of the strategies MDOT SHA is taking as the result of this
pilot project include:

e Update pavement performance models to reflect current and expected inundation
frequency. This will ensure inundation is captured in expected deterioration rates and
automatically factored into existing processes for prioritizing a ing maintenance
and other investment priorities.

e Create and implement a process to screen projects inv,
climate risk. This will help the agency take advantage
projects to address climate risks as appropriate.

e Incorporate climate risk into the project Purg

e Create a climate risk vulnerability viewer an(Rg
throughout the agency and its partners to €
its applications to decision making. W
processes to ensure staff consult the @gmna

structures for
irs or replacement

gr

ate climate risk data

* aware of the information and
tite agency will seek to create formal
isk dafa view at relevant junctures.

All of these strategies—and the suppoghg actio
SHA reduce life-cycle costs of their ifffrastructf@e.

ecessary to achieve them—will help MDOT

Next steps

MDOT SHA has taken an. U to take steps to integrate findings from this pilot

Continue to disseminate climate risk information through coordination meetings, lunch
and learn meetings, and other venues.

e Complete implementation of all short-term action items and begin longer-term integration
strategies.

Lessons learned

Overall, MDOT SHA’s pilot project demonstrated several practical actions that the agency can
take to incorporate climate risk into their asset management and other systems. Furthermore,
through this pilot project MDOT SHA identified several key lessons about the process of
integrating climate risk into asset management. These include:
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For more information

View the final report at https://w
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Working sessions are effective in focusing attention and generating ideas for climate risk
integration into planning, asset management, and other decision-making processes.

It is important to tailor communication with staff to account for their existing concerns,
understanding of climate risk, time available to devote to the topic, and data used for
decision making.

Different offices and individuals will have different data needs. It is therefore important
to be flexible and able to develop customized datasets for different users.

It is not always possible to know what the most useful data will be at the beginning of the
vulnerability assessment.

It is important for potential users of the climate vulnerability results to understand and
accept the assessment methodology.

understanding future potential vulnerability. Capturin
simple spatial (map-based) format.

Historical flooding events have typically not beg
format that is accessible, leaving a data gap.
Climate change prompts difficult decisions, sO
guidance or other adaptation actions th
decisions.

h may require high-level
individual asset management

v/asset/pilot/md.pdf
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MASSACHUSETTS DEPARTMENT OF TRANSPORTATION

Scope

The purpose of the Massachusetts Department of Transportation's (MassDOT’s) pilot project
was to perform an initial statewide flood resilience screen of culverts and bridges. The pilot
project examined over 1,100 culverts owned by MassDOT and over 2,700 bridges owned by
MassDOT or a municipality. The project builds upon the Deerfield River Watershed Pilot
Study’, which screened culverts for flood resilience in the Massachusetts portion of the
watershed. The Deerfield River Watershed study identified percent bankfull width and specific
stream power as strong indicators of past culvert failure.

Approach

Estimate structure vulnerability

The MassDOT pilot project team assessed a structure’s vulner
compatibility (i.e., how well a structure matches the channel in
potential channel erosion vulnerability. The team used t

each element:

se ts geomorphic
igocated in) and its
y indicators to estimate

(S

dth (i.e., structure width divided
s each structure’s geomorphic
es the channel in which it is located in).

e Geomorphic compatibility: Percent bankfull
by bankfull channel width) was used to
compatibility (i.e., how well a struct

The team estimated bankfull ¢ w1 fo®all stream segments using the current US
Geological Survey (USGS) regonal hygrauYic geometry regression equation for
Massachusetts:

.0418 x Drainage area®4%%

e Channel bed ej y odology used specific stream power (SSP) and predicted
indicators to estimate channel bed erosion. Stream power

? resistance of the channel bed and banks and influences channel
patterndghangieleo i, sediment transport, channel stability, and response to floods.
SSP, whid@lefines the rate that potential energy is supplied to a unit area of the channel
bed, is calcuMyed using the weight of the water, flow, channel slope, and the bankfull
channel width. The project team calculated the bankfull discharge for each stream
segment in the NHDPIlus HR dataset by estimating the 2-year flood using the current
USGS Massachusetts regression equations®. The team obtained channel slope and
drainage area for each stream segment directly from the NHDPIlus HR dataset. The team

> MMYI, 2017. Stream Power Assessment Report Including Culvert and Bridge Vulnerability Analysis, Deerfield
River Basin, Massachusetts and Vermont, Huc 01080203. Prepared by Milone & MacBroom for, and in
collaboration with, the University of Massachusetts and Massachusetts Department of Transportation, Cheshire, CT.
¢ Zarriello, P. J., 2017. Magnitude of Flood Flows at Selected Annual Exceedance Probabilities for Streams in
Massachusetts (Https://D0i.Org/10.3133/Sir20165156). U.S. Geological Survey Scientific Investigations Report
2016-5156.
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predicted riverbed resistance for each NHDPlus HR stream segment using Massachusetts
surficial geology geographic information system (GIS) data. The predicted bed resistance
was combined with the estimated specific stream power to estimate the potential channel
erosion vulnerability for all of the NHDPlus HR stream segments in Massachusetts.

The project team combined the scores for estimated structure geomorphic compatibility and
potential channel erosion vulnerability to develop an estimated structure vulnerability score
(Figure 10-6) for each for each of the MassDOT bridges and culverts included in the study.

Estimated Structure Geomorphic Compatibility
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Figure 10-6. Estimated structure vulnerability scoring.

Considering climate change
As part of the pilot project, the team affalyzed e impacts of climate change may affect
flood resilience in the future. Mean arfgual predibitation in Massachusetts is expected to increase
5-10% in the next 50 years’. I an initial prediction of increased flows due to
climate change, the project te the projected increase in mean annual precipitation to
estimates of bankfull dis
potential channel erosi and estimated structure vulnerability due to increases in
bankfull flow to 1dggt

Key findings
The analysis foun®ghat most of the MassDOT culverts examined in the study have moderate to
high estimated vulncWbility (Figure 10-8), while most bridges have low to moderate estimated
vulnerability (Figure 10-7). Culverts in particular pose a difficult management challenge because
many are undersized and do not fit the channels in which they are located. The widespread
undersized nature of culverts is a function of traditional design approaches that sized structures
with a focus on clear-flow hydraulics (i.e., without consideration of sediment, large wood, and
ice).

7 Northeast Climate Adaptation Science Center, 2018. http://resilientma.org.
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Figure 10-8. Summary of estimated culvert Figure 10-7. Summary of estimated bridge
vulnerability. (MassDOT) vulnerability. (MassDOT)

The increased size and frequency of future floods predicted to ta
will increase potential channel erosion and structure vulnerabil . Us and increased
stream power translate to more channel erosion, and crossing st
water, sediment, and large wood. The analysis found thajg
may increase at 108 culverts and 53 bridges due to cli

Next steps

This study, combined with the ongoing cons assDOT Culvert Database,
constitutes part of the first step of the life-cy ing process. The wide distribution of
culverts predicted to have high vulner acrm th¥ Massachusetts transportation system, and
the potential for widespread increasesfin vulnefbilTty due to increased flows with changing
climate, illustrate the importanc € ingflife-cycle planning for culverts. This work
begins the process of bringingffulvegsal e MassDOT Transportation Asset Management
Plan (TAMP).

The data from this an
culvert life-cycle plg

resilience studies will inform the development of a
. Based upon the results of this study, MassDOT will identify
tegration of culverts into its asset management efforts, including:

ass

e Further vAation of screening results against past damages;

e Conduct fielMnspections at the high-vulnerability culverts and bridges;

e Begin a culvert inspection program,;

e Import the results into Massachusetts GeoDOT - the MassDOT Geographical Information
System (GIS) portal for viewing, creating, and sharing GIS data - to create online GIS
maps to view the screen results and update the screens as additional culvert information is
obtained;

e Add the results to the Massachusetts Project Intake Tool (MaPIT) to accompany other
resilience information and improve project development and design.

e Complete the development of the MassDOT Culvert Database;

e Advance the life-cycle planning process for culverts;
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e (Coordinate with FHWA on the potential for a culvert replacement and improvement
program;

e Add culverts to the TAMP; and

e Refine the analysis used in this study at culverts added to the MassDOT Culvert Database
in the future.

Lessons learned

The primary use of the screening methodology used in the pilot project was to initially screen
river and stream crossing structures for red flags where vulnerability could be high to moderate
and data are limited. This work is more relevant to culverts because bridge data are readily
available through periodic inspections. While the resilience screen results are useful for
observing possible vulnerabilities, they are not yet suitable for alternativggmmgglysis or design.
The resilience screen is intended to guide planners and designers to vig@
Massachusetts to confirm results and initiate projects to ultimatel
transportation network. This work does not replace structure ¢ i ficnts or hydraulic
evaluations that are essential for understanding the remaining It idpe or culvert.

Furthermore, onsite stream geomorphic assessment is ne v nkfull width and
potential erosion estimates.
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NEW JERSEY DEPARTMENT OF TRANSPORTATION

Scope
MorIZ: frequent extreme weather events and notably flooding from more intense rains are
presenting a growing challenge to New Jersey’s economy, environment, and everyday way of
life. This flooding not only disrupts mobility, but it also has the potential to damage roadway
assets such as drainage structures including culverts, inlets,

pavement, and others.

The purpose of the New Jersey Department of T W m ot
Transportation’s (NJDOT’s) pilot project was to develop a a0 -\ study
method (risk-based analytical procedure) that provides the : N
capacity to link asset management, extreme weather, and
climate resilience to reduce risks to New Jersey’s highway
system. The study team selected two case study areas in
Passaic County (Figure 10-9) where the roadways are
experiencing frequent flooding:

e Interstate 80 (I80) between milepost 56.43 a
e Route 23 between milepost 4.00 and 7.00

Between 2012 and 2017, the two sites expe
recorded flooding incidents. The projec

these flooding incidents to identify th ets
within these locations. The team then Figure 10-9. NJDOT case study area.
cause analysis to determine thcgICtOrs ting to

flooding at these locations

Approach

The work effort for
information sys ction analysis to fully assess the impacts to the roadway at the
selected case s ta was gathered for the various stages of the vulnerable assets’ life-
cycle (initial consMgggtion — existing design/engineering, to maintenance and operations) to
determine contributi® factors to poor drainage and flooding at each of the life-cycle stages,
from initial design/engineering through maintenance and operation. Based on the root cause
analysis, the team developed short-and long-term adaptation/mitigation solutions to address
flooding at each location.

Key findings
The study team identified the following as contributing factors to the poor drainage and flooding
at the two study sites:

Initial Construction (Original Design/Engineering — Current Condition)

e Pavement in poor condition (current condition)
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e Flat cross slopes — water does not quickly and easily leave the roadway causing safety
impacts

e Inadequate inlet spacing resulting in flooding that results in lane closures

¢ Insufficient superelevation on all curves

e Insufficient widths of right and left shoulders

e Culverts are not contributors to flooding at this location

e Others not applicable to this study

Maintenance/Operations

e Limited resources for the increased sweeping
of the roadway needed to maintain segments
free of debris that contribute to the clogging of
inlets and drainage structures.

e Need for higher quality control during
pavement resurfacing projects to avoid
ponding of water by creating local low points.

e Limited funding to address drainage issues a
part of pavement resurfacing projects.

L N

pure 10-10: Accumulated debris on culvert rack (I-

e Limited resources to carry out cleani
Ty 80 Milepost 57.3 Structure #1610177). (NJDOT)

activities of drainage assets to avgl

The team obtained downscale rology projections as part of the data analysis to
identify future climate and grcWygg#iongFhanges that may further affect the case study areas. The
climate projections indi ly heavy 24-hour precipitation amounts are expected to
increase by 9%. This [ ingrease will continue to affect the case study areas and other at
risk-locations.

Recommende
The team identific®ghe following cost-effective mitigation strategies to build resilience against
increased precipitatiol events for the individual transportation facilities studied. Some of the
recommendations could be applicable to other locations where similar conditions exist.

Planning

e Strengthen data collection methods to record lane closures and monitor other extreme
weather impacts.

e Increase communication within NJDOT units regarding known vulnerabilities and ways
to address these by different organizational units and functions.

e Add planned projects in GIS tool to identify projects in vulnerable areas and integrate
resilience and vulnerability information into NJDOT’s project delivery process.
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Document and communicate the root-cause method piloted in this study as a general
approach to increase resilience by identifying the most cost-effective actions to mitigate
and reduce climate change risks.

Establish a Resilience Work Group to track resilience progress

Strengthen partnerships with other agencies (U.S. Geological Survey (USGS), the New
Jersey Department of Environmental Protection, Federal Emergency Management
Agency and other state and local agencies) to improve interagency coordination.

Design/Engineering (Case Study Areas - Site Specific Recommendations)

Maintenance/Operations

Address substandard superelevation (cross-slopes).

Upgrade horizontal and vertical design of roadway.

Enhance drainage to minimize disruptions and asset deterioratig yder placing
additional inlets as needed in areas identified as frequently flo% Wns.

Increase sweeping of roads at frequently flooded logati dengled as top mitigation
measure).
Increase inspection/cleaning of culverts and

Continue to monitor pavement conditi
Track/record weather-related closure

closed, length of closure, durati cl

closure.

Monitor USGS real-time gireaifyoages fr potential temporary closures of vulnerable
routes or other measurgffan se of enhanced technology (web cameras) to
better monitor storig i an@flood stages.

Increase availabgly ofro assistance vehicles and deploy emergency maintenance
Lower spgg® i P rain events (if necessary).

pdate as necessary emergency detours/evacuation routes.
Enhance 8 nmunication channels to inform travelers (enhanced Intelligent
Transportati®pSystem infrastructure) about road/lane closures, detours, accidents, and
road condition.

Expand and improve methods and procedures for pre- and post-flood inspections of
roadways, bridges and streams.

Lessons learned
Through the pilot project, NJDOT learned the following:
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Understanding the root cause is key to developing cost-effective life-cycle
management mitigation strategies. In the selected case study areas, increased
preventive and reactive maintenance activities would help to decrease flooding incidents.
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Current locations at risk may not correlate to locations at risk in future inundation
projections. The study team found that current locations experiencing flooding are not
included in inundation projections based on future climate change data due to different
causes of flooding. It is important to plan for the future while also addressing current
problems that help build resilience for future events

Isolating asset classes may not provide an accurate representation of problems. The
study team evaluated impacts to the road and saw the need to study drainage systems as a
whole and not isolate culverts, since the evaluation of these and their respective
inspection reports did not indicate them to be direct contributors to flooding at the case
study areas.

Incorporating the experience of day-to-day asset managers (Operations and Maintenance)
in assessing the impacts of extreme weather is important. The s Q! overcame
challenges in data collection efforts and integration of extremdg
management by involving internal and external stakeholdgg® to DY
conversation, sharing of ideas, and project developme
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TEXAS DEPARTMENT OF TRANSPORTATION

Scope

The purpose of the Texas Department of Transportation’s (TXDOT’s) pilot project was to
characterize the risk of extreme weather events to road infrastructure in Houston, Texas in order
to provide better inputs for pavement engineers to estimate the damage caused by these events.

At the start of the pilot project, the study team hosted a one-day workshop with stakeholders in
Houston to share the goals of the pilot project; discuss extreme weather resilience in the context
of transportation infrastructure; and obtain early input and commitment from stakeholders on the
study approach and potential data sources. Workshop participants also provided input on the

event. As a result, the pilot effort focused on developing a me
vulnerability or risk of Houston’s road infrastructure to inland
incidence of flooded areas with road infrastructure, and t1
attributable to flooding.

Approach

In the pilot project, the study team defined agd based on the likelihood of a flood
event occurring and an estimate of the damag®at a Qgod event occurs. In order to calculate the

tedm mapped the spatial and temporal pattern
of floods and the height of local floo two sources of spatial data: Federal Emergency
Management Agency (FEMA) r nd digital elevation models (DEM) of Harris
County. In addition, the team #so ata on the location of rivers and water bodies, United
States Geological Survey g¥S atcjhed maps, and stream gage measurements. The team
then used aerial Light ] nging (LiIDAR) data to estimate the elevation of road
surfaces and surroundir¥ ture within Harris County.

ooding event, researchers overlaid the flood depth and road
aintained network to obtain the depth of road inundation. Overlaying
these two layers algallowed the study team to estimate: a) the likelihood of roads becoming
impassable during floods; and b) sections most at risk to flooding because of pavement structure
and the depth of floodwater (where floodwater depth is assumed to be a proxy measurement for
duration and frequency of inundation).

Researchers simulated the impact of flooding on the structural capacity of selected pavement
structures (i.e., rutting) using the TXME pavement design software. The team simulated different
scenarios of traffic levels, pavement structures, and flooding events (regular flood events that
occur within delineated floodways, as well as the 100-year and 500-year flood events) to assess
the effects of flooding on the service life of flexible pavements.

The analysis looked at three pavement structures: Pavement Type 5, 6, and 10 (see Figure
10-12).
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Notes:

Figure 10-11. Pavement structures. (TXDOT)

Key findings
The pavement analysis found that thinner pavementqru Fticularly those without treated
subgrades and less than two inches of asphalt are partiQglarygfinerable to flooding. If thinner
pavement sections are heavily trafficked durin se, immediate pavement damage can
be expected that will likely involve immediaMyggec®ygtruction (see Figure 10-13).

The simulation results showed:

e Pavement Type 5: The typical ice 1k of Pavement type 5 is 24 years under heavy

traffic loading when thgf® is'n ent. The simulation of a flood event immediately
after pavement congjru oy ed no impact on the service life of the pavement.
However, as the ns in service for 10 or more years and is flooded, the
service life be orten. The service life is essentially shortened by one year per
event for g than 10 years. The simulation also showed that when floods
occur ig ve years, the service life of Pavement type 5 is reduced from 24

years to

e Pavement 10: The typical service life of Pavement type 10 is 24 years under low
traffic volume, however, the simulation results showed that when the roadway is flooded
and traffic increases significantly in the year immediately after flooding, failure occurs
almost immediately. Therefore, if there is a large recovery effort on roadways with a
similar structure to Pavement Type 10, the managing agency should plan for immediate
rehabilitation projects.

e Pavement Type 6: The simulation of flooding events on roadways with Pavement Type 6
show that under consistent low traffic volume (i.e., a recovery effort that does not include
a major increase in traffic), the service life of the pavement remains unchanged regardless
of the flood events. This type of structure can be a resilient structure for roadways that
are trafficked predominantly by vehicular traffic (e.g., a neighborhood street). However,
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similar to Pavement Type 10, Pavement Type 6 will fail quickly under heavy traffic

loading.
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The pavement impact analysis showed that Pav 6 and 10 are prone to flood damage
(specifically rutting) and may need to be recORgLruMgd to the specifications of Pavement Type 5
st reyto withstand future flooding events. There
es vf Pavement Type 6 and 10 in the TxDOT
ne-miles (i.e., 53 lane miles) are at minimal risk
csent a relatively small percentage of the Houston
scenario, hardening all the Pavement Type 6 and 10

are approximately 110 state-maintain
Houston District. However, alm
of flooding. Since these Pave
state-maintained network,

Next steps
The data and 1 tlined in this section of the report provide the agency with a

e impacts of flooding on its state-maintained network. Although the
pilot study focused@imarily on the Houston District, the agency could use the same methods to
assess the impacts of flooding events on the entire state’s road network. The results could also be
used to inform changes to TxDOT’s pavement management system (Pavement Analyst), such as
deterioration models and decision trees to select investment strategies in preparation for and in

the aftermath of future flooding events.

Lessons learned

The pilot project reaffirmed that direct engagement of individuals with a wide range of expertise
is essential for developing vulnerability assessments. Many of the data, models, and expertise for
refining and mitigating flood risk already exist. As such, one of the challenges for transportation
professionals is to incentivize experts in other fields to share data, models, and knowledge. The
stakeholder meeting conducted at the beginning of this project sought to bring together a diverse
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set of stakeholders to identify key reciprocal interactions that could benefit all agencies involved
in predicting and mitigating floods. For example, hydrologists charged with predicting flood
events highlighted the importance of engaging with transportation engineers to better understand
the influence of transportation infrastructure on flood risk. Other stakeholders noted the need for
effective collaboration among transportation stakeholders and entities such as school districts or
major industries to address travel restrictions caused by flooding events.

The TxDOT pilot project team also identified a number of challenges with the analysis, as well
as opportunities to refine the methodology piloted in the project:

More robust tools are needed to simulate other impacts from flooding. This pilot
study evaluated the impact of flooding on pavement structures in terms of rutting.
Besides rutting, water inundation can also lead to stripping of Ag , creating the
potholing affect often seen after heavy rain events. This phendgenon is\ot modeled in

Pulverts, improved
drainage and hydrological solutions, adding shoulders, r etation/stabilization)

The LiDAR data and analyses could be m.
profile of selected road infrastructure. The
topography layer to explore the impacts graphic features on flood risk. The
exploration and further improvement nalyses presented in this study may be
useful for transportation enging formulat®hypotheses about the relationships
between topography, roads an@floodin

could further analyze the road

The road topography sing LiDAR could be useful for extending the
flood risk assessment gy. Combined with routing information and traffic
volumes, road to uld be used to explore interactions among traffic

ing flooding and pavement damage. For example, it is
possible th ecause of complete floodwater inundation are subject to less

unaffected by®hundation, but which contain sections of roads that flood rapidly. Such
routes may present a safety concern or at least an inconvenience for travelers using those
roads.

For more information

View the final report at https://www.thwa.dot.gov/asset/pilot/tx.pdf
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