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Disclaimer

This report was developed by the Arizona Department of Transportation in accordance with a grant
from the Federal Highway Adnistration (FHWA). The statements, findings, conclusions, and
recommendations are those of the authors and do not necessarily reflect the views of FHWA or the U.S.
Department of Transportation. This project was carried out in support of 23 U.S.C. §(S\B(}Yiii),
GKAOK RANBOGA 5h¢ b2z OFNNEBE 2dzi NB&ASEFNDOK |y
OGN} yaLR NIl GA2y aeaidsSy G2 X SEGNBYS SgSyida |

Notice

This document is disseminated under the sporship of the Department of Transportation in the

interest of information exchange. The United States Government assumes no liability for the use of the
information contained in this document. This document does not constitute a standard, specifigation,
regulation. The United States Government does not endorse products or manufacturers. Trademarks or
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objective of the document.

Quality Assurance Statement

The Federal Highway Administration (FHWA) provides-biglity information to serve Government,
industry, and the public in a manner that promotes public understanding. Standards and policies are
used to ensure and maximize the quality, objectivity, utilitgd integrity of its information. FHWA
periodically reviews quality issues and adjusts its programs and processes to ensure continuous quality
improvement.
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1. Eecutive Summary

Transportationinfrastructure is a complexsystemof assetsrequired to deliver multiple servicesand
functions. As fiscal constrains for the development and rehabilitation of roadways remain, and
repeatedretrofitting to address the impacts adxtreme weather andtlimate riskcontinue to be cost
prohibitive,new and novelapproachedo longterm planning,assetmanagementprojectdevelopment,
engineeringdesign,andlifecycleplanmingare paramount.

Themanagemenbf the roadwaysystemhasnow evolvedfrom a decentralized project-basedfocusto

one that encompassesenterprisewide endeavors administration, asset management,technology
adoption,planning,design construction,operations and maintenanceln addition, the expansiorof risk

analysisfor extreme weather managementand climate adaptation has complicatedthe longterm

deliveryof thesecomplextransportationsystems ADOT seeks to combine riskjencetechnology, ad
engineering to improg the understanding of natural hazard and weathexlated risks to its
transportation system, in ordertb OO 2 YLJ A & K A { ang AfiZoad Bverybne aBEveyyihe®.O
EveryDag I yYR AG& @Aaizy (2 ocoBaichyyStemikite natiena & NBE Al ot S

One such tool to advance these new realitiekiiscyclePlanning(LCP). LCP & proces$o estimate cost
of managing an asseair asset class, or asset sgboup over its whole life with consideration for
minimizing costvhile preserving or improving the conditibriThe purpose of this pilgprojectis to (1)
develop lifecycle planning methods that considke effects ofnatural hazard andgxtreme weather
conditions on transportation assets, (2ktablish analytical procdures that provide a riskbased
approach for identifying assets and locations with ahhigelihood of being impacted3) dcevelop a
flexible, scalable, riskased geographic information system (Gl&silience databasend real time
information dashboardthat links transportation asset management, natural hazard and weather,
climateimpacts,and ADOT infrastructure resilience effqresnd (4) dentify actionsto improve overall
infrastructure resilience linkages, especially for thest vulnerableassetsor classesf assets eligible
for FHWATransportationrAssetManagement Plan (TAMB)porting.

Thisprojectbuilds oneight years othe Arizona Department of TransportatioAOY) extreme weather
management.climate adaptation, and resiliencevork. Theproject follows a riskbased management
LIN2OS&da G2 ARSYGATe (KS auNBaaz2NB GKFG LRasS (KS K
projectis part of an ongoing work program through which ADOT plans to address the following stressors
throughthe lifecycleplanningof roadway assetand asset classes

1 Intense Precipitation
1 System Flooding
1 Wildfires

123 CFR 515&Definitionshttps://www.law.cornell.edu/cfr/text/23/515.5

ES1
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Wildfire-Induced Floods
DroughtRelated Dust Storms
Rockfall Incidents

Slope Failures

Increased Surface Temperatures

1.1 Methods/Technical Approhac

The pilot approachargeted extreme weather andclimate stressorsfour prioritized asset classes
(bridge, culverts, pavement, roadside vegetation/stabilizatisn3ceptible to those stressorand the
use of GlISas a tool toadvance how scientific evidee driven decision making informs transportation
systems management and integrates with asset management proceBsegilot integratedextensive
internal and externasources of data to identifand synthesizeisks and hazards on the ADOT system
Hence formalizingADOT) éxtreme weather and climatadaptationlifecycleplanning proces$or asset
management The intent is to demonstrate through the pilbdw lifecycleplanningcan be a key part of
improving resilience to extreme weatheand natural hazal events and a contributing baseline
approach to incorporate future measurable climate trends; at the same titd#@ R dzOA y 3 NA & |
ability to provide safe, reble, costeffective roadwaysThe main steps followed included:

=4 =4 =4 4 A

1. Createthe GIResiliene Database to centralize existit@grations subject toatural hazard and
weatherrelated risks

2. ! ROl yOS | BokesdQdénginée§hB process [(Climate Engineering Assessment for
Transportation Assets (CHA)] by definingoroxy indicator/oot causéprobabilistic methods
andmodelsby stressor and asset or asset class

3. [AYy]l] GKS YSGK2RA YR Y2RSfa G2 !5h¢Qa FaaSsSi

4. Use the results of the abowaetionsto infrastructure resilience continuous improvement
ExhibitES1Y ! 5 hilot(Pé&ojedt Approach

1 Identify stressors and their associatedtural hazard aneveatherrelated risk(s)
o0 Identify vulnerable assets
f LRSYdGATe AYLI OGoao G2 !'5h¢Qa aedaidsSy

1 Identify case study area(s) for developing and testing the procefturevaluating
Phase 1 | cause of thempacts
1 Compile, integrate and analyze data
o Identify proxy indicators
o Identify root causeup to and including probabilistic modeling
A Consider different stages of asset lifecycle (creation, maintenance,

L preservation, rehabilitation/reconstruction)
1 Identify mitigation strategies, including adaptation options and selection criteria
Phase 3 - 1 Incorporate assessment results in decision making

Phase 2 -

ES2
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This reportdescribes the work performed und@&hase Ishownin ExhibitES1 above The pilot project
is to continue past the repting period of this document to complete Phases 2 and 3 described above.

1.1.1WhatAreLifecycle Planning Methodsd How Will ThesBe Used?

The lifecycle planning methodse a way tolink stressors, their correspondingatural hazard and
weatherrelated risk, andthe impacts to he infrastructure. The methodsre to serve ADOT in
identifying mitigation/adaptation options throughout the different stages of an asset life cycle, including
planning, design/engineeringpnstruction,maintenance, and operains. The methodsare to integrate
information regarding currentneasures being used within AD@E well as identif innovative ideas to
mitigate risk through lifecycle planninbifecycle planning methodsre to be developed to account for
the followingstressors: intense precipitatiosystem flooding, wildfirewildfire-induced floodsdrought
related dust stormsyockfall incidents, slope failureand, increased surface temperaturegor this
report, the project team predominantly focused on advancaygtem flooding given the high number of
incidents recorded in the GIS Resilience Database.

1.2ResultsDevelopment of a LifecydianningViethod for Assets Subject to
Weather and Natural HazaRisk

TheResilience GlSdafabase, thaeal time informaton dashboardthe working paper for advancing the
CEATA probabilistic risk assessment, and documentifeg cycle planning andisset management
linkageswere the main products of this pilot project. This weampletedby integratingnatural hazard
and weather-related incident data infrastructure informationby asset or asset claskve feed from
other sources and connecting these actions to engineering design and asset managerhentfore,
allowing for the single collection point andisuaization of vulnerable locationsjdentification ofthe
baseline method to ¢ establishproxy indicators conductroot cause analysis thatoosider different
stages of asset lifecycle (creation, maintenance, preservation, rehabilitation/reconstryciuosh)where
needed conduct probabiltic engineering risk assessmeihe overall procesis based on the following
five principles:

Understandinghe relationship between stressors, risk, and impacts to the system
Availability of historicahatural hazard aneveather-related incidents

Assetand resourcedata(internal and external partners)

Linking b accepted engineering processes

Establish life cycle methodsproxy indicators, root cause analygispbabilisticrisk modeling

=A =4 =4 4 =9

A statewide outreach téADOTdistricts wasdone as part of this pilot project, requesting data regarding
natural hazard and weather relatelbcationsof concernto feed the GIS Resilience Database. The team
received an overwhelming response from thertheast, northwest, southeast, southwest, ceslt
northcentral and southcentral districtsesulting in the identification of over 500 locations of current
areas experiencingqratural hazard andweatherrelated risks, including overtopping at low water

ES3
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crossings, dust storms, flooding, rockfall, wielf wildfire-induced flooding, erosion, and slope failare
The most recurring risk mentioned in this dataset was flooding, specifically from the central and
northeast districts.

Given thehistorical focus of the ADOT Resilience Program (Establishedegd@015) and theecurring
flooding problems reported statewide by the different districthietpilot project team focused on
lifecycleplanningmethodsto address floodinglt allows for a crosswakpproachbetween the stressor,
natural hazard and weather-related risk, impact, asset classes, and lifecygianning
strategies/adaptation options. The mapssulting from the GIS Resilience Databadlew for the
identification of proxy indicators and vulnerable areas. Tifexycle planningnethods user(s) are to
preliminarily determine agency actioa and prioritize low-cost/highvvalue actions. If no performance
improvement is experienced, or if the decision maker decides to do a detailed analysis, the next step is
to move toward a root causengineeringanalysisup to a probabilisticrisk engineering effortallowing
for a deeper, more detailed decisianaking process to occur thafurther incorporates value
engineeringrisks, cost benefit analysiand LCP.

Exhibit T Exampleto Link Extreme Weather, @tate Adaptation, Asset Managementand
Infrastructure Resilience

EX W / Climate Stressor Weather-related risk (hazard) Impact
= Intense precipitation ‘i: = Flooding = Mobility
= Landslides = Safety
= Extreme heat o Increased surface temperature -  Asset
(temperature) \{u - Wildfires preservation
Y. Drought-related dust storms = Asset
* Heavy rainfall, geclogical _, . Ergsion - slope failure, rockfall performance
weathering
= Others — =+ ldentify weather-related risk

1.3Conclusion antllextSeps

The pilotproject presents a assessment of ways to integratatural hazard and extreme weather, and
climate adaptationinto asset management by focusing arifecycleplanningapproach that resufin
costeffective assessmenthitigation/adaptation strategiedy asset or asset clas$he proposed risk
based approach is to be further improvedbng withone of the main pilot project productshe GIS
Resilieme [atabase. Thidool can enhancescoping efforts by identifying impacts to neduture
construction programsnd identifying vulnerabilities early in the planning phas€&becontinued useof
the GIS Resilience Datababg ADOT practitioners can help inpe the preliminarily developed
lifecycleplanningmethodsfor the stressorand assetaiddressed in this reporADOT repoed extreme
weather and climateaspects in the required 2019 Transportation Asset Management (TAM) Rian.
results from this pilb project will only serve to mature that TAM reportingrocessand contribute to

ESA
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future system risk management, infrastructure resilience building, and asset management health
reporting.

Planned Future Work:

T

= =4 =4 4 =

Continue aPhase 2 of this work, which involvdevelofing lifecycle planning methoder all

other stressors identified besides floodiig | Y R A y O2 N1J2 fektédAeynaging5 h ¢ Qa
mitigation practices, and staff recommended practices

Finalize requirements to comply with 23 CFR Part@B&riodc Evaluation of Facilities

Repeatedly Requiring Repair and Reconstruction Due to Emergency Events

Standardize a financidkecisioamakingformat for extreme weather and climateRinVEA

Screerthe 2022 Construction Prograras resilient

Introduce resiliene to the2022 Statewide Transportation Improvement Program (STIP)
Incorporate resilience inthong Range Plan revisions

Complete development and adoption of probabilistic engineering methodology for asset classes

ES5
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2. Introduction

In recent yars the United States has experienced an increase in the number of extreme weather events
that have damaged transportation infrastructure throughout the countBtates recognize natural
hazard andextreme weather eventhawe a disruptive impacton operatons and pose a safety and
economic risk tchighway system assets. Transportation agenei@®ss the countnare determining

how to improvethe resiliene of their roadwaysystems tgprevent, protect respond, and recover from
impacts

In 2011,the Natbnal Highway Performance Progrd28 USC 11%as signed into laywvhich requires
states to begin monitoring their transportation assets. As states continaevaluate their assstit has
become increasinglymportant to evaluate how natural hazardgextreme weather events and
measurable future climate trendsill impact their transportation network.

In response to these concerns the Federal Highway Administration (FEst&h)ished a competitively
funded pilot program through whiclstate Departments of ré@nsportation (DOTsyan work with the
FHWA to monitor and assess these realities within the conteassét management. After these pilots
are completed the FHWA will usiee reportedresultsto create a guidebookor state DOTsnd other
roadway agencie on emergindgest management practices for addressiagtreme weatherrisks into
the lifecycleplanning andnanagement of roadway assets

2.1Arizona as a Pilot State

ADOTis one of sixilot projects and isevaluating the linkage between asset managem&rCP, risk,
natural hazardextreme weatherand measurableclimatetrends.

Arizona is subjecio a variety ofevents ranging from extreme he#b three types ofintense minfall
These and othernatural hazard ancextreme weather eventgresent risksto the availability of the
roadway systemFor ADOIt presents significant business risksich asncreasing the lifecycle cost of
the assetsandincreasing the costs @nsuring operational safety for roadway users.

Extreme weather events haveeemirgly increased in frequencgnd severity(Arizona has experienced

several 1001000 year events) al ye& 2F | NAT 2y Q& { Nlely affedeedlBiyt G A 2y
natural hazardand weather relatedisk, and new strategies need to be implemented to lesseair

impact. The purpose of this report is to assist AD@@Tinalizingthe identification ofareas where
transportationassets are vulnerabl@hrough this pilot project, ADOT seeksl&welopand implementa

Lifecycle Planning (LCP) approaamture AD@ Q a -TA éndl to end engineering processid develop

GIS tooldo manage these assets when these types of events occur.

Arizona is one of the largest states in the country with a geographic area covering diverse climates and
topography¢ Seven (7) Vegetimn Management Biozones, assetsea level to 8,000 altitude feeThe
southern portion of theState experiences some of the hottest and driest aréashe United States,
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while the norttcentral and nortleastern pars of the State experiences cooler tengratures, cold
winters, and mild summers.

22! NAT 2yl Q& ¢ SYLISNJI (i dzNB &

The arerage annual temperature in the mountaiissapproximately0°F at the highest elevations, while

the southern portion of the stat®ften experiences summer temperatures between5iB and 11%F.
Phoenix has the hottest climate of all major U.S. cities. The record high temperature for the state is

128°F recorded at Lake Havasu City on June 29, 1994, while the recotdnperature was-40°F at
Hawley Lake on January 7, 1974.2014 Arizonaexperienced thehottest year on record, with a
statewide average annual temperature of 673 about2.3°F above the longerm average 060.3°F?
According to the National Weather Service, the year 2019 broke a five year run-Zii8) are alin
the top ten for annual average temperature in Phoenix, Arizona since record keeping began in 1896.

Average émperatures in Arizona have risen aboutF2since the beginning of the ®0century.
Projections to year 2100 shoavcontinuous rise imkemperaures under both lower emissions scenarios
and higher emissions scenarios (hottest years being approximat&iyvi&mer than the hottest year in
the historical record.
Exhibit2Y | NAT 2yl Q&4 hoaSNWSR FyR tNRrRa2SOGSR

18
16 —
14 _|| — Observations
Modeled Historical
B Higher Emissions
10 ~{ | mmmm Lower Emissions
8 |
6 -
4
2=
0 Wy
-2
-4 T T T T T T T
1900 1925 1950 1975 2000 2025 2050 2075 2100
The Year

12 S

Higher
Emissions

Temperature Change (°F)
Lower
Emissions

Source: North &rolina Institute for Climate Studies (CINS) and NOAA National Centers for Environmental
Information (NCEI)

2 NOAA State Centers for Environmental Informatiohrizona State Climate Summary
https://statesummaries.ncics.org/az

® https://www.weather.gov/psr/Year_in_Review_ 2019

* CICSNC and NOAA NCEI
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Arizonahas experience@bove averag@umber ofextremely warm nights (annual number of days with
minimum temperature above 8F) for the past 2 years. The increase is graphically shown in Ex®ibit
below, along with a graphical representation of the observed number of extremely hot days (maximum

temperature above 100F).Arizona has not experienced a simileend in the number of extremely hot
days, as shown in thexhibit below.
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The number of extremely hot dagsmd the observed number of extremely warm nights (annual number of days
with minimum temperatureabove 80°F) for 1932014, averaged over-$ear periods; these values are averages
from 27 longterm reporting stations. The dark horizontal line represents the ltargn average. Source: North

Carolina Institute for Climate Studies (CNES and NOAA Natial Centers for Environmental Information (NCEI)

The number of extremely hot days highly variable in Arizona, with the most recent decade (2005
2014) experiencing a near average number of such days. The state has, however, seen an upward trend

in both average daily maximum and minimum summer temperatures, with the highest values for each
occurring since the year 2000.

23! NAT 2y Q& t NBOALRAGL GA2Y

Extreme rainfall events in Arizona pose unique aedinent threats to ADOT infrastructure. Extreme

rainfal can trigger large floods or even debris flows that threaten infrastructure. Well understood flood
hydrology in Arizona identifies three unique storm types:

1) In winter, synoptic frontal systems (cold fronts and associated atmospheric rivers) can
produce widespread heavy precipitation and large floods in larger catchments (e.g., the large
floods of January 1993Jhe precipitation originatingfom cold fronts and lowressure systems
that move south from the Pacific Northwest and sweep across Nevadaushern California
and into Arizona bring cold air and rain or sn@mow typically falls orhe northern half of the
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state and the higher elevations, and northern Arizona receives just over half their precipitation
in the winter. The winter stormsarely extend into southern Arizonayhich results in most of
the precipitation occurring during the summer months for southern Arizona.

2) Strong summer thunderstorms associated with the North American Monsoon produce
intense, localized rainfall and associatash floods in smaller catchments (e.g., the Bronco
Creek flood of 1971; the July 31, 2006, outbreak of floods and debris flow in southeastern
Arizona) Monsoon season in Arizona is the northern extent of the North American Monsoon,
which usually begins iearly June in central and southern Mexico. During this season, dry
westerly winds persist through fall, winter, and spring, shifting to moist southerly winds bringing
thunderstorms into Arizona. Approximately half the annual precipitation in central Aaii®

due to monsoon activity, and twthirds to threequarters of the annual precipitation in
southern Arizona. Flash flooding in steep terrain, and urban flooding throughyiow roads

can be the result of these intense thunderstorms.

3) Finally, hylid Arizona flooding events in the autumn combine latensoonseason tropical
moisture with frontal systems that can produce widespread floods (e.g., the October 1983 event
associated with tropical storm Octav®hoenix experienced the largest single stand second
wettest October on record in 2014.

Precipitation has varied widely in Arizona, wattnual precipitatiorbeing below average amount for the
last two decades. However, the number of extreme precipitation evésiual number of days with
precpitation greater than 1 inchpasincreased in the 2032014 year period.Exhibit4 below shows a

graphical representation of these changes.

Exhibit4: Observed Annual Precipitation (Left) and Observed Number of Extreme
Precipitation Events (Right)
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Saurce: North Carolina Institute for Climate Studies (NCpand NOAA National Centers for
Environmental Information (NCEI)

2.4Impacts oExtreme Weather an@limateTrends

Thereis currently a multitudeof natural hazard andveather related stressors pesent in Arizona, but

they can largely be separated into two categories: extreme heat and extreme precipitBtiemegative
impacts of extreme heat could include: pavement deformation, shorter pavement construction
windows, heatrelated worker safety isges, and public safety issues during lengthy delays. Extreme heat
can also lead to an increased amount of dust storms, due to a decrease in vegetation coverage on soll
as well as contributingo an increasd number of wildfires. Areas affected by wildfiranay see
increases of runoff to levels that the current drainage system cannot hadethe otherhand,
extreme heat haghe benefit of redudng the amount of freezeéhaw impacts to pavements and a
reducedamount of snow removal

Precipitation levels @ expected to remain consistent for the near future. However, if precipitation
levels rise the existing drainage and pump stations in the state may become overwhelmed. Another
impactof oversaturated soils includes the increased likelihood of rock fallssidenceand landslides.
Lower number of precipitation events but a higher intensity is a concern. This scenario can heavily
impact rural and urban areas ledi forsafety and economic development.

Exhibit5: Aggregation of Impacts on Road Infrastruce
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Source: Transportation Resilience: Adaptation to Climate Change and Extreme Weather Events, U.S.
Department of Transportation, Transportation Research Bbard

ADOT has been proactively addressing the risks fnatural hazard andveather since 2012 adh

expanced effortsthrough this pilot and future efforts. The integration of risk, science, technology, and
engineering has been the main approach to imprdvéd h ¢ Qa dzy RSNRE Gl yRAYy3I 2F ¥
weather riskat the program, project, and asset clasgdl. The combination of these fields allows the
identification, prioritization, and development of strategies and actions that ADOT carata@ss the
infrastructure lifecycleto increase resilience

2.5Rurpose

The purpose of thigilot projectis to:

91 Devebp lifecycle planning methods that considae effects of extreme weather conditions on
transportation assets

i Establish a methodology and analytical procedure that provides abasked approach for
identifying assets and locations with a high liketid of being impacted as a resultseftreme
weather andclimate stressors

1 Developflexible, transferable, riskased too$ that linkasset management, extreme weather,
and climate resiénceefforts into themanagement of different assets

1 Identify spedic lifecycleplanningactions to integrateacross the lifecyclef assets to improve
resilience

2.6Goals

The main goals of the pilgrrojectare to:

1 Identify, analyze, evaluate, prioritize, and develop plans for addressing the risks associated with
extreme weather and climategendson transportation assets

1 Consider entry points into the asset management process to incorporate and monitor these
potential risks

1 Demonstrate how risk mitigation activities may influerifecycle planning of assets

1 Developlifecycle plans for assets impacted with the objective of minimizing the whole life cost
while preserving or improving the condition of the assahd performance of the systemnd

1 Document any processes developed to helfhuiiansferring lessons learde

6 Bollinger, L. A., C. W. J. Bogmans, E. J. L. Chappin, G.

P. J. Dijkema, J. N. Huibregtise Maas, T. Schenk, M.

Snelder, P. van Thienen, S. de Wit, B. Wols, and L. A.
Tavasszy. Climate Adaptation of Interconnected Infrastructures:
A Framework for Supporting Governance.

Regional Environmental Change, Vol. 14, No. 3, 2014



Arizona Department of TransportatidrAsset Management Infrastructure Resilience

Asset Management, Extremeéather and Proxy Indicators

2.7Scope

This project builds on ongoingADOTinfrastructure resiliencevork. The project follows a riskbased
management process to identiy KS a G NBaa2NAR (GKFd L1AS (GKS KAIKSAI
system.The pilotprojectis part of an onging work program through which ADOT plansstablish a

process toaddress the following stresssin the lifecycleplanningof roadway assets

Intense Precipitation

System Flooding

Wildfires

Wildfire-Induced Floods
DroughtRelated Dust Storms
Rockfdl Incidents

SlopeFailures

Increased Surface Temperatures

=A =4 =4 4 -4 -4 -4 -4

2.8 DocumentOrganization

TheprojectNB LJ2 NII Q& 2NBFYyAT I GA2y A& o6llaSR 2y Cl2!1 Qa NBO:
Management, Extreme Weather, and Proxy Indicators Pilot studies.

Executive @nmary

Introduction to the Project
Context of Pilot
Methods/Technical Approach
Results and Integration Actions
Lessons Learned

Conclusions and Next Steps
Technical Appendices

2.9Background and Prior Work

© N DR

Thisprojectapplies and/or build®n the followng FHWA and ADOT guidance and studies

1 FHWA: Guidance on Incorporating Risk Management into Transportation Asseigkinent
Plans (November 2017)

1 FHWA: Guidance on Using a tyfde Planning Process to Supporssét Management
(November 2017)

f  FHWA: Vulnefaility Assessment and Adaptation FrameworR Rlition (December 2017)

ADOT: Extreme Weather Vulneiily Assessment (January 2015)

1 ADOT: Preliminary Study of Climate Adaptation for the Statewide Transportation System in
Arizona (March 2013)

=
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2.10Integraing Resiliencento Asset Management

2.10.1What has ADOTdne?

During 20130 2015, as part of th&HWA Vulnerability to Extreme Weather and Climate Change Pilot
program, ADOT assessed the vulnerability of Ab@iaged transportation infrastructure tdrizona

specific extreme weather and measurable climate trends. Long term, Arizona DOT sought to develop a
multi-stakeholder decisiomaking frameworlc including planning, asset management, design,
construction, maintenance, and operatiogsto costeffedi A @St & Sy KIyOS (KS NBaAft
transportation system to extreme weather and climate risks.

ADOT elected to focus on the Interstate corridor connecting Nogales, Tucson, Phoenix, and Flagstaff
(F19, HL0, and 417) some 30,000 square miles. Thisorridor includes a variety of urban areas,
landscapes, biotic communitiegnd climate zones, which present a range of weather conditions
applicable to much of Arizona. The project team examined clirrelged stressors including Extreme

Heat, Freezd haw, Extreme Precipitation, and Wildfire, considering the potential change in these risk
factors as the century progresses.

The project team examined climatelated stressors identified by ADOT, selected stakeholders, and the
March 2013Preliminary Adaptabn Studyincludng:

1 Extreme Heatwhich can lead to pavement deformation and thermal expansion of bridges, limit
summer construction windows, and act as a precursor to other extreme weather conditions,
including dust storms angildfire. Dust Storms cacreate operational disruptions. Wildfire can also
disrupt operations and additionally render an area more vulnerable to flooding and landslides by
disturbing established vegetation patterns and creating debris that can clog drainage infrastructure.

1 Extreme Precipitation, which can result in operational disruptions and cause flooding and
landslides.Floodingalso can damage infrastructure by causing washouts and scouring, for example.

i Other issues, such as landslides, rockfall, fneg¢zethaw, were consideed regionally, where
relevant.

Vulnerability Assessment Methodolog§Completed in 2015)

During this assessment, the following three categories of information was gatheliethte data,
transportation asse data, and land cover data-ocus Group meetingwith internal and external
stakeholders early in the study devekxban initial understanding of existing regional and statewide
transportation vulnerabilities as well as future concernsfrom the practitioners who manage thes
challenges on a daily basichis feedback helped the team focus on obtaining the most relevant data to
efficiently assess vulnerabilityThe subsequent Scientific Stakeholder meeting helped establish
appropriate assumptions for generating and processing climate stressor data.
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The sty examined baseline (historical) and potential future extreme weather conditions, focusing on
temperature and precipitation variablesTwo future analysis periods were selecte@025 to 2055
(referred to subsequently as 2040, the median year), which ¢efléhe time horizon of ongoing long

range planning efforts, and 2065 to 2095 (2080), roughly associated with the expected design lifespans
of some critical infrastructure types, such as bridg@s provide dongterm baseline against which to
compare tle projections, the team also examined temperature and precipitation observations from
1950 through 1999.

After retrieving stressor projectiongsing downscaled Coupled Model Intercomparison Project (CMIP)
data, the team integrated these data into a Geodnap Information System (GIS), and analyzed how
projected changes in these risk factors might affect the susceptibility of Arizona transportation
infrastructure. The assessment qualitatively addresses the complex, often uncertain interactions
between climae and extreme weather, land cover types, and transportation facititiwgh an ultimate
focus on potential riskgo infrastructure byADOTDistrict. Preliminary results were presented in Focus
Groups, where ADOT regional staff provided feedback on hypeshdeveloped hrough the desktop
assessment Section5.0of the Extreme Weather Vulnerability Assessm@@l5)report.

Climate Data Collection and Processif@ompleted in 2015)

AtmosphereOcean General Circulation Models (climate models) simulate telipracesses at a global
scale, ranging in resolution from about 75 to Z&fiiare mile¥ The process of generating climate data
atamore granulad OF £ S A a OF f {Ti8sRstudy R siayisically tokviysehked climate data.
Statistical downscalg employs observed climate data to help adjust model projections based on
localized conditions.

ADOT convened a workshop of Scientific Stakeholders to help select and apply the most relevant and
robust models, emissions scer@sj and downscaling techniga. The parameters used were selected
oASR 2y O2yOSNAEIGAZ2Yya 6AGK YSYOS8NR 2F ! NAT 2yl Qa

To retrieve downscaled climate data, the team leveraged the U.S.@MDP Climate Data Processing
Tool (2014).In order to automate the dowscaling processa necessity given the approximately 450
CMIP grid cells covering the study area (multiplied by as many as seven climate modekijbree
periods, andhirteen (13) climate variables) the team enhanced the Tool to facilitate batch prodags
and to derive a wider range of variables (such as the projectedy&8p24hour rainfall magnitudey.

" The future analysiperiods for extreme precipitation are 20aD49 and 205€099.

8 Climate Change 200 VorkingGroupl: The Physical Science BgBisergovernmental Panel on Climate
Change, 2007).

o The project teanmused the assessments in a Journal of Climate pa&y@th American Climate in CMIP5
ExperimentgSheffield et al.), to identifglimate models based on biasihprecipitationand 2) bias inPacific sea
surface tenperature (i.e., BNino Southern Oscillation, ®&NSQ The project team is particularly grdte for
guidance from DrChris Castro of the University of Arizona, although all errors remain ours alone.

“Not all variables were directly useful for the assessment. Therefore, only a selection of the most relevant
projections are included in this repo
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Exhibit6: Sample Outputt N2 2 S OG SR ! S NI IS (206F yod2096), 5 & & X
Northern Segment
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Projections uniformly show decreases in the average annual number of days at or below freezing across
the District. Absolute decreases are relatively more modest in areas that cuyrexiperience fewer
freezing daysimost notably south of MP 31@he corridor immediately south of Flagstaff is projected to
experience the greatest number of freezing days, but also realize the most significant reductions
greater than 59 daysversus the Fstorical averageExhibit7 shows a projected reduction across all

land cover types.

Exhibit7: Sample Breakdown! @S NI 3S | yy dzlI NorthdrreSegnmEntoHc C3

2080

Past* 2040

19501999 20252055 20652095
Chaparral 16% 121.7 93.1 61.7
Desert 2% 93.7 69.8 435
Forest 60% 157.1 128.9 97.2
Grassland 23% 1065 80.7 54.1
é Past values represent model backcastings.
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More details about the climate data parameters and climate data fields summary can be found in
Appendix Aof the full report, which may be accessed at:
https://www.fhwa.dot.gov/environment/sustainability/resilience/pilots/2022015_pilots/index.cfm

2.10.2Where is ADOTdw?

Transportationinfrastructure is a complexsystemof assetsrequired to deliver multiple servicesand
functions. As fiscal constrains for the development and rehabilitation of roadways remain, and
repeatedretrofitting to address the impacts @axtreme weather andlimate riskscontinuesto be cost
prohibitive,new and novelapproachedo longterm planning,assetmanagementprojectdevelopment,
engineeringdesign, and lifecycle assessmentare paramount. ADOT has developed a programmatic
approach toaddressingall aspects of weather and natural hazamléncluding extrene weather and
future measurable climate trends.

Through a formal Resilience Program and three Transportation Research Board (TRB) papers and
presentations;2015 TRBAnnual Meeting, Session 19Nainstreaming Climate Change and Extreme
Weather Resiliencanto Transportation ADOTintroduced the challenge ahead for public entities to
coordinate a host of known and unknown extreme weather and clinratedsissues. That challengs

Gontinue considering the balance between predictable asset deterioratioresuthe sudden and
unpredictable nature of extreme weather events and lexgn climate trends, new model®rf risk
assessment and liégcle cost analysis, and appropriate adaptation strategies.

This multiple part challengeequires a new endto-end ergineering approach to incorporatsuch

current and future risksAt the 2016 Annual Meeting ADOT submitted a paper representing the core of
that new approach; a Resilience Program and an ADOT/United St@&@slogical Survey Partnership.

That paper was grdously recognized as a best paper by the TRB Special Task Force on Climate Change
and EnergyContinuing that forward progress the 2017 TRB paper presented the remaining parts
needed to develop a new er-end engineeringbased asset adaption process structured sequence

to incorporate extreme weather and climate adaptation into thesign engineering process. The paper
benefited from preeminent researchers in the two integral, and practice ready, remaining garts
probabilistic modeling for enginemg design and fmastructure system design liéggcle outcomes for
extreme weather and climateonsiderationsn a transportation engineering setting.

2017ADOT Climate Engineering AssessmentToainsportationAssets (CEAA)
¢ A Structured Sequencésee Exhibit8 and AppendixA for more detail

This processvas developed during 2016 2018; this pilot project is the continuation of this wods
activities and projects to implement this sequence progrdd®e process now in use at ADOT alow
engineeing/technical capability to manage risk and long term asset management strategialso
allows for the management of assets (bridges, -culverts, pavement, and roadside
vegetation/stabilization) in relation to the extreme weathelimate risk of intens@recipitation, system

11
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flooding, wildfires, wildfirenduced floods, droughtelated dust storms, rockfall incidents, slope
failures, and measurable climate trends (especially as it relates to precipitation and direct effects of
increased surface temperates) by regions or specific segments emphasized as crificalstructured
sequence is best used when proxy indicators and/or root cause arfalsisfacilitated through Steps
1,2,56 have been executed and due to the asset class or single asset pi®iityneed of deeper
engineering informeddecisionmaking effort ¢ therefore rendering a probabilistic modeling exercise
(Steps 3 and 4) viabléSee Exhibit 8elow)

Exhibit8: ADOT Climate Engineering Assessment for Transportation AssetsTE®EA
Incorporating Probabilistic Analysis into Extreme Weather and Climate Change Design
Engineering

1. Identify EX W & CQ

project and program
candidates
Vulnerability
Assessment

2. Develop economic
analysis process
Justification

3. Design probabilistic]
modeling approach to

produce an array of
results- Quality Control

\J

4. Define limits of
simulation runs that
incorporates latest
science/engineering
Policy
"\

5. Systematically recor

location and resilience

efforts GIS/ITAMPRisk
Management

\3

6. Develop life cycle
models to monitor

investment- BCA/ROI
\3

Yw220 Oldza$S lyLfeara NBFSNER (2 (GKS SgLfdz2 GA2y 2F F aeai

directly contributing to the problem/impact to the roadway. (Examples could include ucaleacity drainage
systems and/or need for increadenaintenance; cleaning of drainage structures to address system flooding)

12
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In addition, ADOT benefited from formalizing the impacts that can influence the Agendesaelbped
a framework to integrate these into differeimito Agency factional areasThis is shown in Exhibit 9.

Exhibit9: Surface Transportation System Resilience to Climate & Extreme Weather Events
- Arizona DOT Influence Model

|
FEDERAL CLIMATE ACTIONS

|
NCA/GLOBAL CLIMATE SCIENCE

State Agency/Political Tolerance Toward
New Public Sector Models

STATE DOTS/AASHTO Actionable Climate Science/Appropriate,

Cost Effective Resilience Strategies

USDOT/FHWA Recommended/Required
Actions

Arizona DOT

State Transportation System

Number and cost of
extreme events

Resources applied to
addressing extreme
events

Arizona DOT Sustainable Transportation Program

Resilience Pilot (Sub) Program

Arizona DOT Focus Areas Arizona DOT Focus Areas

Arizona DOT State Engineer Roadway/Bridge/Drainage

FHWA Resilience Funding/Tools Hydraulic/Geotech/Scour

5-Year Construction Program Stormwater/District Maintenance
TSMO/Emergency Response Geotech

TSMO/Road Weather Mngmnt GIS/AZ-TAMS

Climate Data Science - Actions
Modeling/Downscaling USGS/USACE/Floodplain/FEMA
Probabilistics & Climate Value at

Risk (VaR)

ADOT Model - Steven Olmsted solmsted @azdot.gov

13



Arizona Department of TransportatidrAsset Management Infrastructure Resilience

Asset Management, Extremeaather and Proxy Indicators

2.10.3Where is ADOHeaded?

Having in placd€l) experience working with scientific clineatlata and downscaling processd®) a

sequenced asset classset managment design engineering proced8) the development of a GIS

based Resilience Database as part of this curréfiiVA piloproject, and (4) revisiting climate modeling

by acquiring dta from nineteen (19) models, two time periods for he®DOT iseady to downscale the
AOASYGAFTFAO OtAYFGS RIEGE NBft S@Fyid G2 GKS NBYFAYA)
114,000 acres.

The 2020 effort, already underway antb be completed &er the reporting periodof this FHWA pilot
project, g A f FdasSaa YSIadanNIoftS OfAYIFGS GNByRa F3lFAyad
surface treatments and materials, difficult to manage known fretbmev zones, and impacts to

roadside vegetatin/stabilization (biotic ad seeding).All these have been framed to remain in the

context of future asset management reportifay infrastructure health opportunities.

Already underway, in partnership withlorth Carolina State Universjtythe project has un initial
Downscaled General Circulation Models through two pathwaysstinve periods, and processed all the

data directly from the 12 km BCCA downscaled projections (2680 grid elements) using internal MATLAB
and LabVIEVEcript. The project team realizethis was not the easiest way to do it, but it did provide
quite a ht of flexibility. A grid layer containing quite a bit of climate information was developdt
variables include:

91 Days over 10T for all 38 models for and the average of RER&d RCP8 sets for 20982065
and 20252055

1 Days over 11T for all19 models and the average of RCP&nd RCP8 sets for 2095 2065
and 20252055

T hanges in asphalt binder grade which is a bit more reflective of the impacts to pavements than
just temperature etc.), and

i Estimates of milesNHS and SH8utes, and traffic volumes

For each grid the mileage of roadway by functional classification was extracted (Interd@troute,

and State route)t KA & SEGNI OlGAz2y 61 a O22NRA yords.Shs détadivie& ! 5h ¢
integrated along with other variables to credtee GIS Resilience Database built as a result of this pilot

project, linking asset management, extreme weather and climate resiliency efforts.

Exhibit 10: Climate Models (19 Models x 2 RGcenarios)
Modeling Center (or Group) Model Name

Commonwealth Scientific and Industrial Research Organiz: CSIREBOM ACCESSL1.0
(CSIRO) and Bureau of Meteorology (BOM), Australia

Beijing Climate Center, China Meteorological Administratio BCC BCACSM1.1

14
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Modeling Center (or Group) Model Name
Canadian Centre for Climate Modeling and Analysis CCCMA CanESM2
National Center for Atmospheric Research NCAR CCsm4
Community Earth System Model Contributors NSFDOENCAR  CESM1(BGC)

CentreNational de Recherches Meteorologiques / Centr CNRMCERFACS CNRMCMS
Europeen de Recherche et Formation Avancee en Calcul
Scientifique

Commonwealth Scientific and Industrial Research Organizé¢ CSIRE@QCCCE CSIR@k3.6.0
in collaboration with Queensland Climate Change Centre o

Excellence
NOAA Gephysical Fluid Dynamics Laboratory NOAA GFDL GFDIESM2G
GFDIESM2M
Institute for Numerical Mathematics INM INM-CM4
Institute PierreSimon Laplace IPSL IPSECM5ALR
IPSECM5AMR
Japan Agency for Maridgarth Science and Technology, MIROC MIROGESM
Atmosphere and OcedResearch Institute, and National
) . : MIROGESM
Institute for Environmental Studies
CHEM
MIROCS5
Max Planck Institute for Meteorology MPEM MPFESMLR
MPFESMMR
Meteorological Research Institute MRI MRICGCM3
Norwegian Climate Centre NCC NORBMX:ME

2.11Asset Managemer@onnectivity

By quantifying, scrubbing, and testing the information, while at the same time accepting the infancy of
this discipline and data quality, as it pertains to transportation infrastructure, the project team will beg

to learn and be educated as to what these data present and how they could be incorporated at the asset
class level; in this effort, as it pertains to pavement and heat initihg effort also includes looking at

the recently released FHWA report iatlucing the usemuide portion of the Londerm Pavement
Performance (LTPP) Climate Tool and the LTPP Climate Tool that was developed to provide
dissemination of climate data for infrastructure engineering applications.
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2.12Current Activities

Originally ought forward in an ADOT 2013 AASHT@nsportation and Environmental Research Ideas
(TERI) databasdea (#884) that becamBCHRP Report 2%, Task 94integrating Climate Change and
Extreme Weather into Transportation Asset Management Aa8815:ACh ¢ Q& Hnamp addE G NBY S
Vulnerability Assessment furtheecommendedintegration of extreme weatherand climate risk into
TransportationAssetManagementPlans.! 5 h ¢ Qa aTbIMclidéd3ttie development of a risk
management process, which resedtin a Risk Registeis the output; the risk registeaddresses
extreme weatherand climate risksAtotal of twenty-five (25)riskswere identified through this process
with six (6) of tlem being specific to weather/naturdlazardrisks. The next step is¢éhmplementation

of a programmatic framework for integrating these extreme weathrd climaterisks into engineering
design and sset management practices; that effort continues in thi®t project Two specific asset
classes and such risks are discddselow.

1. ADOTis implementinga process of probabilistic engineering with regmto bridgesthat
considers future conditionaccounting fomatural hazard and weather impactBreviously,
ADOT was using a demeinistic approach to measure natural hazambaextreme weather
onA Y F NI & (i NHzO. Bezindngia 200,7ADD B edah ty develop a probabilistmodel
to measure theeffects of natural hazard and extreme weather ldecycle of bridgesThe
standard, extreme weather and climate loading prohiabd risk modeling pilotproject is
already underway and fulldoptionis expected in 2021Please see further discussion on
this inSection 5.Bridge Asset Class Probabitistlethodology Development

2. ADOT) aengineering department hasalso been monibring the impact extreme
temperatures have had on pavement infrastructure. Not only does extreme heat lessen the
lifespan of pavement, but extreme cold does too; as thawing and snow plowing both have
negative impacts on the lifecycle of roads. Recent swidiave found that heatesistant
pavement mixtures may need to have higher standards, as temperatures that excedd 110
have become more commonplace. Also, extreme heat poses difficulties in constructing new
roads, as corteuction time is decreased in hateather for the safety of thevorkers and
the integrity of the paving materials.

The following suisectionsdetail ongoing research and development efforts into how best to manage
the impacts of extreme weather and climadaptation2 y ! 5 h ¢ Qréeselcdrrand AD®D Wpractices
developed prior to the beginning of this pilot projdwave been integrated as part of the GIS Resilience
Database layers when appropriate,degato build this tool, and the implementation practicase to be
integrated in thefurther development of thduture lifecycle planningtandard work.
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2.12.1Statewide Flooding 5-Year ADOT/USGS Partnership

Infrastructure in or near dryland river channels are susceptible to a variety of geomorphologic and
hydrologic hazards caused figodwaters. Historically, many dryland channels were broad, shallow, and
mainly unvegetated. As a result, floodwaters in the past were conveyed slowly and gently through
stream channels and surrounding floodplains at relatively low velocities and whédlod depth. Today,

many dryland channels have changed dramatically leantebecome largely incised into the floodplain,

while the carved banks are being stabilized by vegetation, in many cases by nonnative vegetation. The
increase in bank stability mapause channels to incise deeper into floodplains, leading to narrower, less
sinuous stream beds that can potentially convey floods at higher velocities. Additionally, channels in this
region have the ability to convey and deposit large amounts of sedinagt,sediment volumes may
become larger as flood velocities increase. Ultimately, larger floods at higher velocities can erode the
outside of channel bends where velocities are typically high, and deposit sediment on the inside of
bends where velocities arnaturally lower.This commonly causes channel migration, meander cutoff,

and avulsion. This reality caused the ADOT and the U.S. Geological Survey (USGS) Arizona Water Science
Center to develop a partnership to improve water data collection and newnigolgy adoption to help

better understand the dynamic hydrologic conditions at bridge sites prior to construction efidis.
partnership is now a national USGS leadership recognized data collection and modeling process that will
now be tested and rollesbut to all USGS offices across the country over the next five y&hrs.
partnership has also started the process of working with the Alaska USGS and State DOT to educate
them on this process.

The Laguna Creek Bridge Scour Remediation was a scour agimegiroject on the existing Laguna

Creek bridge located in ADOT's Northeast District. This project served as the first of six pilot efforts to

I RRNBaa RATFTFSNByG GeLSa 2F 61 GSNJ SELI2adz2NB 2y ! 5h¢
next gereration technologies as they relate to transportation infrastructgreiDAR, UAS (drone), Rapid
Deployment Streamgage, Nefontact Velocity Sensors, Video Camera and Particle Tracking Data
Collection, 2D Land Surface Models, Scour Chains, Direct/IndiMectsurement of Discharge, Velocity

Vector Analysis, Erosion Change Mapping, Flow Sensors, UAS/UAV Surveying, TerrestriaDI3EBAR, 2
Visualization ToolsThe partnership culminated in a December 2019 USG®nadtibest practice
publication. ADOT USGS Partnershp https://azdot.gov/business/environmental
planning/programs/sustainablransportation/adotusgspartnership

Connectio to this pilot project The GIS Resilience Database will serve to aid this partnership, by
allowing the integration of data and enhanced data collection efforts to visualize/identify areas at risk,
where improved water data collection and new technologyneeded to address problems at the
planning and design/engaering stages afoadways, drainage, aratidge assets.
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2.12.2PreventingUrbanFlooding

As a response to intense precipitation events, ADOT manages storm wates pumpanage the risk of
flooding. ADOT operates 78orm water pump stations on 275 miles of urban freeway in the Phoenix
Metropolitan Area. The ability of these facilities to adequately remove storm water from the freeways is
critical to prevent flooding. Construction of the pump station system bega®&4 and pump stations
have been incrementally added over time. According ta2Gl6 Phoenix District Pump Station

9 @I t dzITiheAr@rgnientak construction of the system, over the kinge period, has resulted in a
system that lacks uniformity, standardiian, and a longerm maintenance and/or replacement plan.
This has led to maintenance concerns and issues that have compounded over time and now challenge
GKS {2adSY alAydSylryOS {SOGA2yQa YIAYyGSylyoOoS adl ¥
f OA f Kuithe@nare énany of the older pump stations weret designed to handle the additional
storm water generated by the widespread freeway expansion that has occurred in the Phoeniknarea.
2019 ADOT andirizonaState Uiiversitybegandevelopng a dyramicpump reliability analysis desion
support toolto provide realtime information to operators considering hardware and environmental
conditions to prioritize maintenance and rehabilitation. This tool will be positioned to reduce costs
associated withmaintenance and rehabilitation of pumps while increasing reliability by identifying
which hardware should be servicedheadof failure. Since pumping stations are vulnerable to failure
under heavy storm events, the tool will evaluate outcomes under diffeprecipitation magnitude
scenarios. A predictive model of pumping station failure will first be developed using statistical data
analysis (Phase [The output models relating the factors of failure to the probability of failui tiven

be codedso tha operators and planners can input scenarios of rehabilitation investment decisions for
each pumping station regarding manufacturer type, frequency of replacement, and frequency of repair,
and scenarios of precipitation magnitudes as input variables (AlaSee als@ Framing the Challenge

of Urban Flooding in the Unitestateshttp://www.trb.org/Main/Blurbs/178978.aspx

Connection to this pilot project The mapping of these pump stations was incorporated in the GIS
Resilience Database as part of this pilot projéat.this effort maturesthe pump system inventory will

be packaged as an asset class #fetycle panning strategies identified are toe included in future
TAMP submittals.

2.12.3Scour Counter Measures

Intense precipitation is one of the main stressors that result in the risk of bridge soour around

bridge piers can lead to bridge failure iftraxddressed. In 1992, as a result of bridges lost due to scour
during the 1970s and 80s, a statewide scour evaluation work plan was developed for all bridges located
over water ways. Inspections during the 1990s identified several hundred bridges asabéigh risk

for scour. Many of these bridges were constructed before 1980 when the adoption of more stringent
design criteria improved scour resistance. In the 448®0s a fund was set up to implement scour
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counter measures for high risk bridges. Ongairgpections since then have identified additional bridges
at high risk for scour. Currently, there are about 100 bridges that fit in this category. The scour counter
measures fund is still in place and new improvement projects are developed yearly.

Connetion to this pilot project This pilot project integrated data regarding scour critical locations as
part of the GIS Resilience Database.

2.12.4Repairing Culverts

Intense precipitation that results in flastoods, and increased temperatures that resin erosion,
drought, vegetation loshave risksto the performance of culvertsCulverts are subject to blockage
which can lead to flooding of the roadway. Steel pipe culverts can corrode affecting the structural
integrity of the pipe. A significant nureb of culverts in the state are affected by these conditions. The

FY 2016 Level of Service evaluation rated drainage structure conditions & @dCaddress this issue

the System Management Section ofafsportation Systems Management and OperationSMD)
requested and received $4.3 million in FY 2018 to begin repairing these culverts. The program will begin
by repairing the most severely affected culverts starting with 75% blockage and/or 50% rusting. The
intention is to continue the program in futureegrs to repair the remaining drainage structures.

Connection to this pilot projectThis pilot project integrated data regarding culverts as pdithe GIS
Resilience Databasén addition, overl4,000 key drainagassetshave beenmapped into a decision
suppot tool recently comgeted.

12 _evel of Service a systematic evaluation process on targeted segments of the highway system that provides an
annual condition assessment of various transportation assets.

19



Arizona Department of TransportatidrAsset Management Infrastructure Resilience

Asset Management, Extremeéather and Proxy Indicators

2.12.5Geohazard Management Plan (GMP)

After experiencing significant impes to mobility of the system due to geohazaruisthe analysis period

of 2010 to 2015, ADOT has prtimely managed many geohazardisrough preventative projects
thought the Slope Management Subprogram. Geohazards such as landslides, rockfall, depsimilow
holes, and heaving roadway subgrade have impacts to the maintenance, mobility and risk allocation in
an asset management model. Geotechnical assets such as embankments, slopes, walls, foundations, and
other earthwork features in the highway havedlikood of failure or can deteriorate over time and
cause damage to other transportation assets and corridor performance. The main objective of the GMP
is to reduce the risks to ADOT from the various geotechnical features that impact the ability to perform
SFTFSOGAQPSted ¢KS YSiK2Ra FyR LINE OSAa neatynOthedzRS R
development of lifeycleplanningmitigation strategies.

Connection to this pilot projectThe pilotprojectteam looked to integrate ongoing asset management

efforts into the development and enhancement of the strategies currently in pleistorical data
regarding geotechnical failures have been integrated into the GIS Resilience Database.

2.12.6Roadside Vegetation Management Guidelines

ADOT published its Raside Vegetation Management Guideline in March 2018 to provide an overview
of best practices for roadside vegetation management activities for staff in the state. ADOT currently
manages vegetation along 1,390 miles of highways across the state. The ménofjcaadside
vegetation management are maintaining traffic safety, preserving highway infrastructure, and
maintaining a resilient native roadside plant commurityThe Integrated Roadside Vegetation
Management (IRVM) provides the necessary soil statidizand erosion control, which address some

of the impacts of extreme weather eventShe guidelines also include acsion for revegetation. A
healthy cover of native vegetation helps to stabilize soil and prevent erosion from wind and water, fills
in areas after weed removal or repair of erosion damage, and provides many other benefits stated in the
guidelines.

Connetion to this pilot project The ADOT 2015 vulnerability assessment assesset dover and
dominant vegetation type (e.g., Forest, Grasslantihese dataan significantlynfluence the impact of
weatherrelated hazards on transportation infrastructure, and therefore land coven isrgoortant for

ADOT The following exhibit provides a graphical representation of the recovery area diagrams and the
proposed roadside vegetatn management within these.

¥ ADOr Vegetation Management Guidelinesps://apps.azdot.gov/files/SitefinityFiles/VegetatioiManagement
Guidelines.pdf
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Exhibit11l: ADOT Roadside Vegetation ManagemerRecovery Area Diagrams

ROADSIDE VEGETATION MANAGEMENT

Recovery Area Diagrams
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2.12.7Resilience Investment Economic Analysis (RIinDVERA-TAC Step 3

During the development of the CHA) a need for a process to assess cost viability and develop a tool to
integrate extreme weather and climate justification into asset management famancial decision
making was identifiedThe opportunty presented itself talevelopa RinVEA pilot processéonnection

with the 191 AP 436 H867601Cnilepost 436 to Chinleroject This projectwas a pavement
preservationproject, with the main purpose to rehabilitate the existing pavement to extendfésaind

to improve the ride and safety of the roadwadt issue was the presence of-§8ar old culverts that
had reached end of liféelhe main objectivesf the RiINVEA pilot was to conduct basic economic analysis
that included the following basic parameter

1 Protect the new $5.2M roadway investment

9 Address severe erosional and drainage issues that has led to -A@B%b degradation at sixty
one (61) of the eightgix (86) corrugated metal pipe (CMP) drainage structures

1 Address drainage excavation, barrow ahope stabilization issues at those structures

1 Address severely compromised stormwater management capabilities along this segment of SR
191

1 Comply with and proactively address expected regulatory actions on stormwater management,
FHWA Order 5520, Presidex Executive Order on Federal Flood Risk Management, and MAP
21 asset preservation performance requirements

f 'LJANI RS ! 5h¢Qa -basddiagsédsmért 2ngdelirdyTat thsked ¢lassproject
development and localized hydrological event level

1 Further ensure use of SR 191 in the remote far northwest of Arizona and a main Apache County
connector between SR 264 and US ft6the advent of an extreme weather event

After! 5h¢Qa FaasSaayvYSyid 2F (GKS &G NUzOG dzNB a Znaderents | &
benefits could be developed to further protect the investment thie project and comply with
Environmental Protection Agency and Arizona Department of Environmental Quaditynwater
managemenineeds The subsequent District assessment allowadafo engineering design plan station

by station scope of work approach, which was submitted to Statewide Project Management and
Roadway for implementation into the project limits plan seheTEnvironmental Planning area
conducted an ADOT Future Inventdystem cross check of each of the eigity (86) structures to
ensure the quality of the asset information and to ascertain the appropriate approach for waters of the
U.S. permitting requirements.

This assessment led smditionalscope of workextendedthe N2 I R difedydeAaddressd regulatory
requirements, loweed the probability of water getting under the embankment, pipe washout, and
overtopping of the road due to buried or lower capacity, end of life drainage structure capabilities.

The followng exhibits 12a and12b) show the preand postconstruction conditions of this project. This
is an example of $275,000esiliencebuilding outlaythat improvedasset managementhe roadway
assetlifecycle and created a more resilient road segment bgasurablyimprovingthe ability for the
drainage facilities to convey up to the y@ar event.A full discussion of how the RIinVEA is now one
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major component of financial decision making as it relates to asset managegneéritastructure
resilience can béound inAppendixC

Exhibitl2a: Images ofChinleDrainage Project Assessme(015)
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2.12.8TransportationSystemsManagement and _

Operations (TSMCResilience Program Development

. . WEATHER
Weathea Responsive Management Systems Strategies RESPONSIVE
Weatherresponsive traffic management (WRTM) strategies MANAGEMENT
increase the effectiveness of traffic operations during adverse road STRATEGIES

weather conditions, and weathaesponsive maintenance
management (WRMM) strategies hereduce costs associated with
winter maintenance. ADOT hadecided to adopt weather Pathfinderis a collaborative
responsive traffic and maintenance management strategies, siiziise) il elier el
following guidance from FHWA ¢ DdzA RSt Ay Sa FI2INJ- o 5-SLJf 28
Connected  VehickEnabled Weather Responsive  Traffic. (EEE St =lieE ol
Manads Y Sy 4 { G NI 4 S3A S aderdad weafiel Sata d &40 SY & dzg !
from Integrating Mobile Observations (IMO) and connected vehicl Sgsyuae® LU Az
technologies, combined with informed decisions stemming from Lt/ SEbASERIE el
Pathfinder.The adoption of these strategies will enable ADOT an and it encourages State

. . DOTs, NWS, and weather
its localpartners to be proactive and managhe system before any :
service contractors to share

negative impacts occur, addressing the respoasel adaptation = -0/ s e
aspect of resiliency. The results will be having safer roads, informeds)=io-15is =126 torle
travelers, and improved environmental sustainability-HWA conditions inb clear,
Weaher Responsive StrategiesIn addition, ADOT was a | soii=isiienl =lel e
contributor to the 2015FHWATSMO Climate Guidebookeec based messages to the
https://ops.fhwa.dot.gov/publications/fhwahop15026/fhwahop150 | 2lelle

26.pdf These measures are to be integrated in the completion o Integrating Mobile

the lifecycle planing methodsand specified as specific adaptation ' o7 == =0 o

strategies. instrumenting
L. transportation agency
2.12.9Every Dayounts(EDC)nitiatives vehicles with road weather

sensors and other
ADOT participated in the first institutionalization grotgp deploy automated data collection

proven innovations andamped up nine consulting firms to provide [ i</ ifsel=s ol = le 1=
2D hydraulic modeling services. ADOT has institutionalized sie=iio/: < el=iofiile sl
Collaborative Hydraulics: Advancingo the Next Generation of | =ieloiise=eisloz =i dlef
Engineering (CHANGE) and conducted comparisons of 2D and o
dimensional (1D) modeling tools. Using 2D modeling allowed fc
more accurate representations of water surface elevations
velocities, and flooding extents; superior \adimation of modeling
results; better linkage of 2D modeling toolsvith advanced
surveying methods; and is in the Resilience Program toolbox.
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2.1210Addressing Impacts from FreeZdaw Cycles:40 Project

An F0 Project has rebuilive (5) miles of lterstate 40 near Williams ad earned aop 10 rankingby
Roads & Bridges construction industry publicatidor innovation

The many freez¢haw cycles seen annually in this area, combined with heavy snow, snowplowing
precipitation, and use by a large number of commercial vehicles, had stressed pavement considerably
between Williams andevil Dog RoadA $34 million project completglremoved the existingpadway

and replaced the stimce with new concrete pavement

To accelerate iprovements, design work was completed in less thameéhmonths and construction
moved rapidly in part because crews are incorporating Portland Cement Concrete Pavement recycled
from this stretch. Using Portland Cement Concrete Pavement as the road sintaeases pavement

life by up to 60 percent and outlasts asphalt overlays by at least 10 Years.

The different efforts mentioned above serve as examples of current practices considered in the
development of the GIS Resilience Database and future complefithe lifecycle planning methods
directly linking extreme weather, asset managememd infrastructure resilience

Exhibit 13: Images 0f40 Project

The$34 million project completelyemoved the existingoadway and replaced the surface tihewconcrete
pavement.Project won a nationdRoads & Bridgemagazine award.

“ ADOT Project Rebuilding Stretch-dDl Wins National Award
https://content.govdelivery.com/accounts/AZDOT/bulletins/2139ef5?reqfrom=share
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3. Context of Pilot

This section describes:

1 Thepurpose of the pilot and how this work will add value to transportation efforts in reducing
asset risk to extreme weather and climateinerabilities

1 How this work will contribute to managing assets more efficiently over their whole life while
minimizing the cost to the extent practical

Lifecycle planningneans a proced®s estimate cost of managing asset class, or asset sul
group over its whole life with consideration famimizing cost while preserving or improvir
the condition

The Asset Management Rule emphasizes the relevance of lifecycle planning in its definition for asset
Y| y I 3SYS ¥ étrateglc and bystamatic process of operating, maintaining, and improving physical
assets, with a focus on both engineering and economic analysis based on quality information, to identify
a structured sequence of maintenance, preseiwat repair, rehabilitation, and replacement actions

that will achieve and sustain a desired state of good repair over the lifecycle for the assets at a minimum
LINI Ol A O3 CFR®2584 £

Theeffects of extreme weatheand natural hazarghose an ineasingly apparent risk to the safe, cost
effective operation of & h ¢ Q& | & évéhts ave bpadrekncreasingly damaging and problematic
to transportation systems ifrizona.These eventshave and are expected to increasingly imptut
operationalperformance of the transportation network and impact state budgets for repairléaclycle
planningof transportation assetdn short extreme weatherand natural hazards increasing the cost of
providing safe reliale roadway infrastructureADOThas lang incorporatedhe management oéxtreme
weather, natural hazardand climate risksnto the lifecycleplanningand asset managementhis has
enabled ADOT to consider the risks to assets, the targeted level of service or performance of these
assetsand the costs of mnaging or reducing thesks to providing these servicéghrough these efforts
ADOThas been able tidentify extreme weathernatural hazardand climateadaptationstrategies and
integrate theminto agency wideractices.

Taking all thignto consideration, the purpose of thigrojectis to further advancea lifecycleplanning
approachthat addressthe effects of extreme weathernatural hazard, and measurable long term
climate conditions on! 5 h dtr@n&portation assetsThe pilot is to dvance an approackhat builds
resilience reducesrisk, across all elements of the asset lifecycle; from advance planning, through design
and construction, and into operations and maintenance.

The pilotprojectwas divided into two main efforts:

1. Further explore long establishedtressors and evaluate their impacts @asset classe This
allows for a clear understanding of the stressor, weattedated risk, and impact to the
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roadway through a lifecycle planning approach; to then determine thresholdspfoxy
indicators,root cause pr probabilstic engineering andostbenefit analysis is warranted.

2. Develop an integrated GIS database that will enable ADOT to identify location and sections that
are at highest risk from the impacts of the stressors dbed in 1 above

Further work will address all the stressors and arrive at aldsed methodology to identify locations at
which planning, design, O&M and other activities will be performed as a matter of course to reduce risk.

3.1Partners and Stakehddrs Involved
ADOT benefited from the collaboration and involvement of internal and external stakeholders
throughout theproject The mairmpilot projectteam consisted of thenembers shown in Exhibid}(See

next page).
Exhibit 4: ADOT Project TeamInternal Stakeholders

(See next page)
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_|Air Quality and Future Greenhouse Gas _|

Emission (GHGe) Risk

Beverly Chenausky, Air Quality Prograr
Manager

TSMO System Risk

Brent Cain, Transportation Systems
Management and Operations Division
Director

Geotechnical Design

Brent Connor, Geotechnical Design Sec
Leader and Planning Engineer

Bridge Asset Class Risk

David Benton, Bridge Group Manage

Traffic Management

Derek Arnson, ADOT Traffic Managem
Group Manager

Emergency Management

Don Angell, ADOT Emergency Manag

Statewide OperationsDistrict Risk

Jesse Gutierrez, Deputy State Enginee
Statewide Operations

—

tion

=

ent

er

r for

Geotechnical/Geomorphology Risk

J.J. Liu, Geotechnical Group Manage

=

Materials and Pavement Risk

Kevin Robertson, Surface Treatmen
Engineer & Pavement Condition &
Evaluation Manager

Materials and Pavement Risk

Nye McCarty, Flagstaff Regional Mater|
Engineer

als

Roadside Vegetation Risk

Kristin Gade, Roadside Resources
Specialist; 2015 EW & Climate
Vulnerability CeTeam Lead

Bridge Hydraulics

Specialist

Nicholas Fiala, Transportation Engineer

ng

Architecture/Landscaping

LeRoy Brady, Chief Landscape Archit

P Ct

Materials

Paul Burch, Assistant State Materials
Engineer

Construction Program Delivery Risk

Steve Boschen, Infrastructure Delivery
Operations, Director

and

Environmental Planning

Steve Olmsted, Program Manager

Asset Management

Thor Anderson, Senior Program
Manager - TAMP Development

FHWA Division Office

Ed Stillings, FHWA Senior Planner
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The consultant team was tasked with the intagon of data in GI&nd conducting technical analysis.
DFyySitid CftSYAy3a LyO® ASNWSR |a !'5h¢Qa O2yadzZ GF yi

1 David Rose, Project Datr
1 Hany Hassaballa, GIS Specialist
9 Ister Morales, Project Manage

One of the main external stakeholders that contributed greatly to the development of this pilot project
was USGSThe prior established partnership between ADOT and USGS has allowedugostin
collaboration between the two agencies. (See Section 4.2 for more details)
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4. MethoddTechnichApproach

4.1 Framework 9EKAOAG mMpY Cl 21
Assessment and Adaptation
The ADOT pilot approach is based onCl 2 ! Framework

Vulnerability Assessment and Adaptation Framewoy

3" Edition published on December 2017.
ADAPTATION FRAMEWORK

One of the keygoalsto the project is to continue to

researchand integrate previous and ongoing effort SET OBJECTIVES AND DEFINE SCOPE

that showthe impacts ofextreme weatheron! 5 h ¢ m R:fhi‘f‘“"él W

system One of the key taskin understanding the é

relationship ofrisks to performanceand the cats of S E—

meeting the desired level of performandg analyzing Tempertue & PrectotonPofctins Coastal Hydiology

historical data related to weathdnazards revisiting

current practices and identifying opportunities for

COMPILE DATA

ASSESS VULNERABILITY

Monitor and Revis;z

z
enhancements To address thjsthe project team Sakeholder mput TdHorBased - Engheering -
examinedhow stressors are impacting aglway assets “:"
and affecting roadway system performancéy
. . . . ANALYZE ADAPTATION OPTIONS
collecting weatherelated incidents from the different
. . . . . . . Multi-Criteria Amalysis Ecanomic Analysis
districts in Arizona and bringing together previous al . .
ongoing efforts through the Resilience GIS Datab: oo 1O
and lifecycle @nning methods et g
Environmental Review
Engineering Design
Theapproach is to address oto avoid, reduce, and . 1 Operatons

manage risks by addressing thdifferent lifecycle

stagesof assetsThis allows for specific measures currently being taken, and innovative ideas during the
planning, engineering, constructipmnd maintenace of assetf the transportation system.The
project team also recognized that some level of risk hadbdoaccepted and that resiliengadanning

would consider how to minimize the impact of road closures and be ready to reopen as soon as possible.

The projectteam aimed toexaminethe different stages of the asset lifecycle adéntify strategies to
be implemented at each phase minimize cost while maintaining or improving current conditions.

4.1.1Stressors Addressed by ADOT

ADOT has made progregsvards addressing specific stressors as partoResilience Program. The
AaiNBaaz2NBR FYR NR&ala ARSYUGAFASR AYy !'5h¢Qa LYyAGAL S
landslides/slope failures, and rock fall. There were different risk miigateatment strategies for each

of these risks identified; these are shown in ExHiBibelow.
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Exhibitl6Y wA &1 a FyYyR aAldA3ardAiazy {GONX d0S3IASa F2N { {GNJ

Agency  ExtremeWeather Trends (Environmental Develop an adaptation plan. Build partnerships
Planning, Districts, Transportation System
Management & Operations (TSMO), Resilier

Program)
Asset Flood damage including scour (Bridge Grouj Statewide scour evaluation; sceaounter
TSMO, Environmental Planning Gp, measures program. Pump station improvements.
Resilience Program Extreme weather adaptation plan.
Asset Extreme heat/shortened lifecycle for Improved lifecycle planning / increaserface
pavement surface treatments treatment tool box
Asset Landslides and/or slope failures (Geotechnic ldentify unstable areas, remediate storm water
Section) infiltration, re-contour or stabilize slopes, install
monitoring devices.
Asset Rock Fall (Geotechnical Section, Distri Identify unstable areas, monitoring, rock fall
Maintenance, Resilience Program prevention projects. Consider creating a fund for
this ongoing challenge. Rockfall change mapging
mobile LIDAR
Asset Failure of small{20 feet in length) culverts = Statewide small culvert evaluation, consider culv:
(TSMQ upgrades when developing pavement projects.

Thisprojectfurther expands on the identified stressors to develop a lifecgldaningapproach for each
of the stressors and their respective impactstansportation assets.

Toaccomplish this, therojectteam established through methodology and analytical procedure that
provides a ristbased approach for identifying assets and locationthvai high likelihood of being
impacted by the results of stesors. The approach wés developflexible, transferable, and righased

tools that will provide ADOT with the capacity to link asset management, extreme weather, and climate
resilien@ efforts into thelifecycleplanningof different assets. The inten$ ito be able to apply this risk
based approach to identify specific lifecyglanningactions that ADOT can integrate across the asset
lifecycle fromthe plaming, to engineering/constructigrthrough operations and maintenaneetivities.

The bulk of thework extended the ADOT Resilience Program framework developed under the Climate
Engineering Assessment for Transportation Assets-TGgA

The pilot apprach identified targetedstressors and asset classeshe use ofGISallowed for the

integration ofmultiple sources of data to identify risks and hazards on the ADOT system that are then
addressed througlifecycleplanning The intent is to demonstratéhrough the pilot how the lifeycle
planningmethod can be a key part of improving resilience to exteeweather events and reducing risk

G2 !'5he¢Qa oAt AGE (2ffedtidRPodtivalyS HeselifeEyslgplaiSgmathodsars = 02 a
to be continually improved and enhanced for the efficient management of the assets identified.
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4.2Tasks

The bllowing lists the tasks performed to prepare the pifpbject

The project will continue after the initial submission of this report to compléfask 3 aslescribed
below:

Task 1: Developing the Work Plan

The pilot approach was established during this tasldescribe the information and work activities that

are required to complete th@roject The main purpose was to establish and gain consensus from the
pilot projectteam on the execution approach. This consisted of meetings with the project manager to
confirm objectives and areas of coordination, collect and review materials from previous and ongoing
studies, collect and review data needed in GIS format for subsequent tasks and identify initial project
risks.

Task 2: Complete Integration of Extreme WeaitiNatural Hazardand Climate Risks
into Asset Management Practices

This task was separated intbe three (3)main subtasks described below. This task also served as the
GO2YLIAES RI G éVulnekability Bssdssmentdnd Ad&psation Framework.

Task 2.1: Plan an@onduct Workshop to Refine Methodolognd Define theRisks, Proxy
Indicator, and Asset Classes and/or Study Areas to be the Focus for the Tool Development

The pilotprojectteam participated in a workshop to determine the risks, climsiressors, asset classes
and/or roadways to be the focus for the development of the methodology.

Exhibit 7Y | 5 hilot(PéojectApproach

=

Identify key stressors and their associated weathedated risk(s)
o ldentify vulnerable assets

f Identifyimpact(sfi2 ! 5h¢Qa &d2aiusSy
Identify possiblecase study area(s) for developing and testing the procedure
Phasel 1 ¢ Compile, integrate and analyze data

o Identify proxy indicators

o Identify root causeup to and including probabilistic modeling

A Consider different stages of asdéecycle (creation, maintenance,

L preservation, rehabilitation/reconstruction)
1 Identify mitigation strategies, including adaptation options and selection criteria
Phase 3 - 1 Incorporate assessment results in decision making

=

Phase 2 -
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This methodologyexampleincludedthe GIS asks by using the GIS database as a repository of known
natural hazardand weatherrelated incidents The root cause(syere to serveas Inkages between the
stressor and the impact(slpuring the data collection effort, the different districts inded preliminary
commentsregardingproxy indicatorsand possible root causes problems, such as:

1 For flooding: Possible local low points creating conditions for roadway flooding, low water
crossings, other drainage issues

9 Temperature changes: more figent freezethaw cycles due to temperature variation resulting
in potholes and pavement deterioration

However, for most locations, further studies are needed to determine the appropreatemmended
solution.

The use of the GIS tool sedro identify aras with greater risks of these causes being presernt

FylFftel S GKS &dzZNNRBdzyRAy3 | NBF AyOfdzZRAy3d C9al! Qa Cf 2
and any other proxy indicatershowing areasit risk Root causesare to be determined byfurther

researc@  FTSSRolFO]l FNRBY !5h¢Qa SyaTAYISSRAE! FVRQAY | ANG B
experiences from events and stressors.

This projectlifecycle planning method was developed by using the GFesiliencedatabase, ad by
identifying possible mitigation strategies for the different stages of the asset lifecyganing,
engineeringtonstruction, maintenancand operationsfor Phases 2 and 3 in Exhib8). The templates
consist of a listing by stressor, type of impact and corresponding relatics)ghip mitigation of these is
the lifecycleplanningapproach.The pilot project focused on developing the system flooding template
for this report, given the high number of incidents reported by the districts statewidhés lifecycle
planning method apmrach could be extended father stressors mentionethroughout this document,

as well as separating thehy asset type oasset classes.

The completion of phases 2 and 3 equate to completingoylifke planningintegration with asset
management The pilotproject team plans totie this methodology tofurther enhance each step of
I 5 h ¢ QaEATBId includes the advancqaobabilisticengineeringanalysisoption not previously
developed. Thitlelp 2y | 5h ¢ Q& highasBpK®ity dssetd,2the ion to specify the cost
effective solutions actionsn combination with theresults of the root causeanalysisfor a full
engineering risknformed assessment

The methodology summary is shown in ExhiBi{See next page)
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Exhibit18: ADOT Asset Managemt, Extreme Weather, and Proxy Indicators Pilot
Methodologyq Extension of CEAA (P.12)

Phase 1 Phase 2 Phase 3

Understand Evaluate Mitigation Prioritization

relationship SUELZEE uMethod
between , wOptions and cost

Lifecycle Pla
relationship
between,
extreme
events,
climate
stressors,
risks and
impacts to
the system

wincorporate
into asset
lifecycle
planning

extreme «Method of analysis
events, selection

climate

stressors,

risks and

impacts

wCost
effective
strategies

Task 2.2: Document Workshop Results and Finalize Methodology

The pilotproject team completed this task bgleveloping a document summarizing the approach and
agreeing on a sample method for flooding (highlighted) that could be extefafeathers below

1 DroughtRelated Dust Storms
Increased Surface Temperatures
Intense Precipitation

Rockfall incidents

Slope Failures

System Flooding

Wildfire

1 Wildfire-Induced Floods

= =4 =4 4 -4 4

Task 2.3: Develop Mapto Support Method

The first step of this sutask involved the collection afata from different sources for the various
stressors.The majority of the data was received in a Geodatabase format, and shapd filssvas all
initially combined into a single Geodatabase ahead of further organizing and processing.

Project Partners Data Contribution

Data contributiors from different project partnes was essential to achieve project objectives. The
United Sates GeologicalSurvey (USG$asprovidedguidance orways toextract historical and current
stressors data such as Fire and Fire perimeters. Valuable information on stream flood gauges location
and measurement was also provided by US&@hg withhistorical crop (vegetation) stasuaroundthe
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adl ddza 27 GK

ONB L) O NASa

Several other agemes contributed to the provision ofdata, specifically live feeds from FEMA, The
National Weather Seice (NVS ¢ including the National Hurricane Center (NHC) dite) National
Oceanic and Atmospheriddministration (NOA), the GeospatialMulti Agency Coordination site
(GeoMAC¢ from USGS Geosciences and Environmental Change Science Gerddf)e Natonal
Resources Conservation Servisl&kCpunder the U.S. Department of Agriculture.

The rest of the project data integrated into the GIS Rewie Database was provided directly by
different groups within ADOTThe initial data collection effort consisteof the followingexample of
how relationships are builhetween stressor, proxy indicator, other data, and asset

fHistorical fire
perimeters

T(Stressor)

fDrought severity
T(Stressor)

TSoil classification
T(Proxy indicator)

Streams, Lakes,
Outstanding Arizona

TUSGS Gages 25-year

qICities and towns, city
boundaries, state

flood boundary, counties
waters _
boundaries
fRoadway mileposts, i
right -of -way fBridges Box culverts
T(Asset) fi(Asset) fl(Asset)

Theprojectpilot team was able to integrate data received into two main groups:

1. Assets & Asset Vulnerabilityhis includes potential asts that can be affected by the extreme

weather occurrence such as culverts, bridges, road pavenaedtoadside/vegetation.

2. Risks \Weather, NaturalClimate conditios): This includes extreme weather stressors such as:

Intense precipitation (flooding), Wdfire, and drought.

The data received and integrated was organized into these two groups to create a Geodatabase

in the following exhibits.
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Feature class name

Dataset: Assets
Box_CulvertLocation CBC
Bridges

Hydro

ImpairedLakes 2010
ImpairedStreams_2010
Milepost
NotAttaining_Lake
NotAttaining_Stream
OutstandingArizonaWaters_2010
RightOfway

State Highway System

Drought (Stressor)
OrgAssignedPointsFY_All
Crash_Surface_Drought

IDW_InjuryType_Drought

Flooding_Precipitation (Stressor)

AZWSC_current_gages
AZWSC _historic_gages
USGS_Gages_25yrFlood

Wildfire (Sressor)

AZ_HIST_FIRE_PERIMTRS_DD83

HistoricalFirePerimeter_1970_ 2017

Basemap

City

Asset Management, Extremeaather and Proxy Indicators

Exhibit19a: Geodatabase

Type

Points
Points
Line
Line
Line
Point
Polygon
Polygon
Polygon
Polygon

Line

Points
Raster

Raster

Point

Point

Point

Polygon

Polygon

Polygon

No. of
Records

13,336
5,925
6,574
40

104
6,621
19
857
35

98

120

325
NA

NA

180
593

102

1095

2817

Description

Location of culverts

Location of bridges

Streams and rivers

Impaired Lakes location

Impaired streams location
Milepost in major highways

Not Attaining Lake

Not Attaining Stream

Outstanding Arizona Waters

Right of Way around major higlays

State Highway System (major Highw
names)

Car crash incident due to dust
Surface of car crashes

Surface of Incident injury

USGS Current stream gages location
USGS Historic stream gages location

USGS stream gages location

Historic Fire Perimeter

Historic Fire Perimeter

City Boundary
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CityTown Point 91 City Location

Gounty Polygon 15 County lorders
LandOwnership Polygon 15406 Land ownership type
StateBndry Polygon 1 State boundary

The rest of the data integrated consisted of live feed data which is updated by others regularly. These
are shown in Exhibit8b.

Exhibit19b: Geodatabase LiveFeed Data

Description

Data Type: Precipitation & Flooding

Observed River https://idpgis.ncep.maa.gov/arc  River Gauges status for flood National

Stages (flooding) dis/rest/services/INWS_Observat condition (range between: Not Weather Service
ons/ahps_riv_gauges/MapServe flooding to Major Flooding) (NWS)
[0

FEMA Flood https://hazards.fema.gov/gis/nfh Contains information about the FEMA

Hazard Zones I/rest/services/public/NFHL/Map flood hazards within the flood risk
Server/28 project area. These zones are use

by FEMA to designate thel%& and
for insurance rating purposes

Rain https://livefeeds.arcgis.com/arcg The accumulation of rain since the ESRI Live feed
Accumulation by s/rest/services/LiveFeeds/NDED beginning of the forecast period  (NOAA, Esri)
Time PrecipitationMapServer/1 (last 24 hours)
Flash Flood https://livefeeds.arcgis.com/arcg NOAA flash flood warning areas  NOAA, Esri
Warnings sirest/services/LiveFeeds/INOAA

short_term_warnings/MapServet

2

Data Type: Wildfire

Active Fire https://livefeeds.arcgis.com/arcg This layer displays point data for ESRI live feed

Locations sirest/services/LiveFeeds/Wildfir large fire incidents (USGS, GeoMAC
e_Activity/MapServer/0 Esri)

Active Fire https://livefeeds.arcgis.com/arcg This file contains all wildland fire  ESRI live feed

Perimeter slrest/services/LiveFeeds/Wildfir perimeters that were submitted to (USGS, GeoMAC

GeoMAC by the incidents for the
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https://idpgis.ncep.noaa.gov/arcgis/rest/services/NWS_Observations/ahps_riv_gauges/MapServer/0
https://idpgis.ncep.noaa.gov/arcgis/rest/services/NWS_Observations/ahps_riv_gauges/MapServer/0
https://idpgis.ncep.noaa.gov/arcgis/rest/services/NWS_Observations/ahps_riv_gauges/MapServer/0
https://idpgis.ncep.noaa.gov/arcgis/rest/services/NWS_Observations/ahps_riv_gauges/MapServer/0
https://hazards.fema.gov/gis/nfhl/rest/services/public/NFHL/MapServer/28
https://hazards.fema.gov/gis/nfhl/rest/services/public/NFHL/MapServer/28
https://hazards.fema.gov/gis/nfhl/rest/services/public/NFHL/MapServer/28
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NDFD_Precipitation/MapServer/1
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NDFD_Precipitation/MapServer/1
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NDFD_Precipitation/MapServer/1
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NOAA_short_term_warnings/MapServer/2
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NOAA_short_term_warnings/MapServer/2
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NOAA_short_term_warnings/MapServer/2
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NOAA_short_term_warnings/MapServer/2
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/Wildfire_Activity/MapServer/0
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/Wildfire_Activity/MapServer/0
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/Wildfire_Activity/MapServer/0
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/Wildfire_Activity/MapServer/2
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/Wildfire_Activity/MapServer/2
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e_Activity/MapServer/2 current year. Esri)

Smoke Forecast https://livefeeds.arcgis.com/arcg Smoke forecast for the next 48 NOAA, Esri
s/rest/services/LieFeeds/NDGD hours across the Continental Unite
SmokeForecast/MapServer States

Data Type: Strong Wind & Hurricanes

Active Hurricane https://livefeeds.arcgis.com/arcg This layer describes the path and ESRIiVe feed
s/rest/services/LiveFeeds/Hurrici forecast path of tropical activity (NHC, Esyi
ne_Active/MapServer from the National Hurricane Cente

and Joint Typhoon Warning Cente

Wind Forecast  https://livefeeds.arcgis.com/arcg Wind forecast for the nextZhours NOAA, Esri
slrest/services/LiveFeeds/NDED across the Continental United
WindForecast/MapServer States

Predicted Wind  https://livefeeds.arcgis.com/arcg Predicted wind speed for the next NOAA, Esri

Speed slrest/services/LiveFeeds/NDED 72 hours across the Continental
WindSpeed/MaServer United States

Current Wind https://li vefeeds.arcgis.com/arcg The Current Wind Conditions layer NOAA, Esri

speed slrest/services/LiveFeeds/NOAA is created from hourly METAR dat:
METAR_current_wind_speed_di provided from NOAA
ection/MapServer

Tornado https://livefeeds.arcgis.com/arcg NOAA Tornado warnings areas NOAA, Esri

Warnings s/rest/services/LiveFeeds/INOAA
short_term_warnings/MapServel
1

Data Type: Soil characteristics

USA Soils https://landscapell.arcgis.com/e Physical properties of soil affect th Natural

Hydrologic rcais/rest/services/lUSA Soils H rate that water is absorbed, and th Resources

Group drologic_Group/ImageServer amount of runoff produced by a Conservation

storm. Hydrologic soil group ServicgNRCS)

provides an index of the rate that
water infiltrates a soil and is an
input to rainfallrunoff models that
are used to predict potential
stream flow.
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https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/Wildfire_Activity/MapServer/2
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NDGD_SmokeForecast/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NDGD_SmokeForecast/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NDGD_SmokeForecast/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/Hurricane_Active/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/Hurricane_Active/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/Hurricane_Active/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NDFD_WindForecast/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NDFD_WindForecast/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NDFD_WindForecast/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NDFD_WindSpeed/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NDFD_WindSpeed/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NDFD_WindSpeed/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NOAA_METAR_current_wind_speed_direction/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NOAA_METAR_current_wind_speed_direction/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NOAA_METAR_current_wind_speed_direction/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NOAA_METAR_current_wind_speed_direction/MapServer
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NOAA_short_term_warnings/MapServer/1
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NOAA_short_term_warnings/MapServer/1
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NOAA_short_term_warnings/MapServer/1
https://livefeeds.arcgis.com/arcgis/rest/services/LiveFeeds/NOAA_short_term_warnings/MapServer/1
https://landscape11.arcgis.com/arcgis/rest/services/USA_Soils_Hydrologic_Group/ImageServer
https://landscape11.arcgis.com/arcgis/rest/services/USA_Soils_Hydrologic_Group/ImageServer
https://landscape11.arcgis.com/arcgis/rest/services/USA_Soils_Hydrologic_Group/ImageServer
http://www.nrcs.usda.gov/wps/portal/nrcs/site/national/home/
http://www.nrcs.usda.gov/wps/portal/nrcs/site/national/home/
http://www.nrcs.usda.gov/wps/portal/nrcs/site/national/home/
http://www.nrcs.usda.gov/wps/portal/nrcs/site/national/home/
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Task 3: Develop &amplelifecycle PlanningMethod (Templatg to complement the
ADOT CEAA proces$or Assets that are Subjett These Risks

This task was accomplished by using the methoglplkestablished through Task®pilot its application
to develop a LifeyclePlanningmethod that took the program level CEA process and developed a
project level scoping method he G$ database was completed integratishata regarding weather
relatedand natural hazarthcidents infrastructure informationand live feeds from other sources that
allow for the visualization of vulnerable locations, possible root case indirect indiators. The overall
process is based on the following three principles:

1 Understanding relationship between stressors, risk, and impacts to the system
1 Availability of historical events
1 Asset data

This allows for the collection of locations that may be ex@wring frequent weatherelated natural
hazardimpacts, synthesed by stressor, andlentified by assetor asseftclass affected.

The pilot project team develogd a template to use as the preliminary lifecycl@anningmethod. It
allows for a crosswalk b@een the stressor, weatherelated natural hazardisk, impact, asset classes,
lifecycle planningstrategies/adaptation optionsand climate attributes layered in to the metho@he

maps allow for the identification of proxy indicators and vulnerable swrddeasset class, enterprise
wide approach allowslecision makes to focus ondetermining an agency action, prioritizing low
cost/highvalue actions. If no performance improvement is experienced, or if the decision maker decides
to do a detailed analysishe next step is to move towardsraot cause analysis ang to aprobabilistic
engineeringeffort, which addresses the root cause approattiat provides coseffective Ifecycle
planningstrategies The following exhibit explains the process/w#tkough thesampletemplate.
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Exhibit20: Lifecycle PlanningProcesso Link Extreme Weather, Climatedaptation Asset
Management and Infrastructure Resilience

#1 Identify Stressors #2 Identify Weather - #3 Identify Impacts to the
(Precipitation, Related Natural Hazard roadway (Asset
temperature, wind, future Risk (Flooding, slope deterioration/failure,
climate trends) failure, wildfire, dust mobility, safety)
storms)

S FLOCONY smens 7

#5 ldentify Proxy #4 |dentify Asset(s) at risk
Indicators (Locations (Pavement, bridges,
within flood hazard zones, culverts, pumps, others)
low crossings, previous
incidents)

RISK l

@cﬁbn P
@hanges St é‘

@hihss
#6 Agency Action #7 Identify Lifecycle #8 Monitoring  (Future
(Prevent, protect, Planning Strategies for incidents, post resilience
respond, recover) Risk the planning, construction, RRO|,
Identification/Resilience design/engineering, process improvement,
Building maintenance and feedback loop) v
operations

Result Building resilience through a ritlased, coseffective M
lifecycle planning mitigatioprocess
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The diferent risks eligible fothe lifecycleplanningmethodologyinclude:

Intense Precipitation

System Floodingaddressed in the sample template)
Wildfires

Wildfire-Induced Floods

DroughtRelated Dust Storms

Rockfall Incidents

Slope Failures

Increased Surface Temperatures

O N OhAWNE

The selectionof the risks numbered above was done after review of previous pilot projects and
discussion with the projectteant. KSaS KIF @S 06SSy ARSYUGUAFTASR Fa YIAY
LINBGA2dza KAAG2NAROIE RIGE FYR lydssetddaria 2F OKFy3IAy3

The pilotprojectteam identified three main impacts the stressors/weathetated risks can pose to the
transportation system, these include:

1. Asset Deterioration/Failure this includes pavement rutting, cracking, potholes, heaving,
washouts, eosion, slope failures, and others.

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

3. Safety. low visibility and accidents due to weather conditions.

The asset class depends oretlocation of the incidents being analyzed. These could be pavements,
bridges, culvertsioadside vegetationgeotechnical assetsther structural assets, sigesd others.

Proxy indicatorswvere identified by the use of the GIResiliencedatabase by examing anddoing
intersection analysis of the roadway systefine examplgroxy indicators identified include:

Previous Incidents

oHistorical Fire Perimeters,
Drought, Flooding, Overtopping
Rockfall, Slope Failure

Locations within FEMA Floo

Functional Classification Hazard Zone

Temperature Change by
2050

Soil Hydrology Groups
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Exhibit 2L: Previous Incidentg Extreme Weather Events (Points)
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Exhibit 2: Previous Incidentg Extreme Weather Events (Route Lg)e
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Exhibit ZB: Historical FirePerimeter
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Exhibit 2: Drought Events (Week¥)
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Exhibit 5: FEMA¢ National Flood Hazard Zones

Source: FEMA, Esri
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Exhibit : USGS Soil Hydrology Groups
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Exhibit Z7: Temperature Changes by 2050
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After the identification of proxy indcators, the next step is to assess the risk ratings to drive the
decisionrmaking process.

The template

was developed using a #imsed process and allows for the risk rating to prioritize

actions. Risks are ranked by multiplying a likelihood scalepdwmyemtial consequences scale to obtain a
NAaj] NraGAy3dIod ¢KS KSFG &a0FftSR AyOfdzZRSR Ay ! 5h¢Qa
actions.This intuitive tool enables the quick prioritization of risks and guide agency actions.

The lifecycle pinning template allows for the assessment and analysis of corridors at specific locations
that involve multiple assets, potentially being impacted by numerous stressors. The ratings of likelihood
depend on past incidents or future exposure (e.g. pavematting, scour critical location, overtopping,

etc.) while the consequence rating refers to how critical the impact has been or would be in the future.

Exhibit28: Risk Ratingcale

Consequence (C)

Likelihood(L) 1 2 3 4 5
Level Descriptor | Negligible| Minor Major Critical | Catastrophic
1 Low 4 5
5 Medium 6 8 10
Low
3 Medium 6 9 12 15
Medium

4 High 4 8 12
5 High 5 10 15

Agency sampleations include the following, shown in Exhi@& below:

Agency
Action
Prevention

Response
Recovery
Investigation
(Rootcause)
Learning

Exhibit29: Agency Action

Description

Vulnerability and risk assessments; Hardening of structures and materials; Detec

and monitoring; Asset management techniques; Resiliency Plans

Training Emergencyeasponseguidelines; Practice drills; Alternative sare strategies
Alternative routing; Fast contracting and project initiation; Staff allocation plans
Engineering studies; Probabilistic analysis; Service planning reviews

After action reports; Research; Pemfieance assessments
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The actions result in various lifecycfganning mtigating strategies, which are groupefllowing the
different lifecycle phases, fronplanning to design/engineeringconstruction,maintenance and
operations.

Exhibit30: Lifecycle Planning Strategies/Adaptation Options

(Planning) (Design/Engineeriri@onstructior) (Maintenance (Operations)
Management)

This lifecycleplanning approach to addressing extreme weathendaclimate trends, allows for a
prioritization method. The exercise is a crogslk between thephases shown above in ExhiBi. It
allows for the decision makers to assess when a full-ocaoise analysis is warranted, or when a
probabilistic engineeringpproach would be most appropriate.

1 Planning strategies and poliechased changes, including guidance on addressing extreme
weather and changing climate trends adaptation in design guidance, maintenance and

operational programs

1 Design/EngineerinfConstrudion: this refers to built infrastructure measures, such as

infrastructure hardening, permanent or temporary infrastructure relocation, use of different

materials according to climate zones

1 Maintenance Management strategies based on adaptive maintenancesuch as tracking
hazards, impacts, costs and effectiveness of prior actions taken;digsster response, etc.

Other regular maintenance strategies, milling, crack sealing, increase sweeping of roads,

increase cleaning of culverts and drainage structupeier to rain events, stabilize slopes.
Tracking this data of climate and weathetated impacts helps to inform decisions and

determine the specific strategies and when these are to be implemented; this information can

also inform the determination of fther analysis.

9 Operations this refers to operational approaches, including the avoidance or reduction of
impacts, and timely response to impacts as they occur. Some example strategies include driver

notifications of flooded roadway locations and alterivat routes, deployment of emergency

maintenance patrols after storm events, temporary closures of vulnerable routes, increasing

availability of roadway assistance vehicles, lower speed limits during rain events.

The followingexhibitshows a template exapte for Flooding

Template OrganizationThe first page focuses on identifying and calculating the risk, while the second

page focuses on agency actions based on current practices and/or innovative ideas.
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Users of this ToolThe template ido be uised byADOT practitioners who are interested in improving
lifecycle planning strategies for assets at risk. The npapgiouslydevelopedusing the GIS Resilience
Databaseallow for the visualizatin and intersection analysis ofatural hazard andveatherrelated
incidents, futurerisks(climate data)and roadways, highlighting areas the networkthat need closer
attention.

Template Adaptation MeasuresThe template isoriented around the effect for multiple assets.
Mapping different strategies to the vulnerabilitiggrovides a direct connection from problem to
solution. The project team plans to hold a working sesdjpast the reporting period of this reportp
further improve this preliminary template in a way to best serve ADOT practitiorataptation
strategiescan be identified by not only looking at best practices at other states, but current practices
being used that may not be known statéde. Consideration of format changes to focus on specific
assets is one of the optioret hand however, the team aimstlook at the roadway as a system and
identifying the interdependencies of different roadway elements/assets. This will contributheto
collaboration ofdifferent work groups \thin ADOT to develop strategies that improve tlesilienceof
 5h¢ Q& natdust sda¥ng asset classes/work groups within the agency.

SomeADOTexample mitigatiormeasues

T

Improvements to wireless communications capabilities and communication redundancies
between traffic management centers, resulting in closing the gaps tarrensontinuous
communication across rural areas in the event of weattedated emergencies

Installing redundant power supply to cameras to ensure complete coverage to ensure
awareness and provision of public safety during severe weather

Regional coordin&n for multtagency communication during weatheglated events;
redundancy of data servers and networks to ensure information sharing systems are operational
during extreme weather events

Implementing citizen reporting programs allowing travelers to mepoad conditions, to be able

to share reakime information with the public, and deploworkforce vehicles as needed, use
this information for road closures, and appropriate treatments. This information could be
shared with connected vehicles foriehicle alerts in the future

Partnerships with other agencies, such as the National Guard to ensure there is enough staff to
respond to intense and frequent weather events; determining what roles these resources can
serve and ways to access them in a timelynmex

Improving costracking for additional resource requirements due to weathelated events,

such as increased pavement maintenance costs due to increases in temperature, changes in
freeze/thaw cycles resulting in potholes, etc. Establishing fundsuf@xpected years. The
tracking of these costs and inform the budgeting process and protocols to account for these
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trends. Establish working units with climatologists to account for future events while budgeting
and planning

1 Increase of inspection frequenagentify troubled areas that may require increased rate of
inspection to avoid accelerated asset deterioration due to weatiedated events; consider
downscaled climate modelto determine areas that have anticipated greater changes, to
dedicate increasg inspection resources, determine any needed changes in materials, etc.

1 Increase vegetation controls within existing rigiftway, plant more drought tolerant
vegetation to avoid fueling wildfires

1 Develop plans for debris management, culvert clearing,ndige structure cleaning and other
maintenance activities to avoid flooding or other disruptions during weatb&ted events

i Fr3a8G0Qa LISNF2NXYFyYyOS 3IFAyad TFdzidNB a0Syl |
AAy3 CilZahdHERS) 9 /

1 Cansider the interdependencies of infrastructure systems, how the transportation system
affects the surrounding areand socioeconomic considerations

1 Consider adaptive management approaches to avoid overspending

1 Perform rootcause analysis before reachimgnclusions to ensure cosffective mitigation
A0NI GS3IASE o0SPaId GaAYONBlFaSa Ay LINBOALAGFGAZ2Y S
decreases in slope stability on every slope. Nonetheless, many slopes may be adversely affected.
Each slopeidzy A [j dzSZ FyR Fylf&aSa akKz2dzZ R 0S cs®NF 2 N¥YSR
Cl2!1 Qa ! RRNBaaAay3a wSaa tgcPBopitaton dng Tempeatars idhpacts S @St 2
on Rock and Soil Stability)

1 Use of technology and tools to monitor changes and inferhether assets are susceptible to
changes in precipitation or other stressors, inform design/engineering parameters, and
appropriate maintenance/operations strategies

1 Modify current design and procurement criteria to favor durable materials and desiggs (e
pavement materials, drainage features) considering climate trends

1 After-action reports with recommendations for improvement following extreme weather events

The above list represents a brief summary of adaptive mitigation strategies from best pratides

research. It is important to consider the lifecycle cost of resiliency investments and savings in budgeting

and design $ee Exhibi20 Step #8: PosResiliency Building Monitoripgo improve the decisiomaking

process going forward. The strategyesgion process is to be not only through evaluation metric, but by
AyLidzi FNBY LINI OQUGAGA2YSNER ¢6K2 ¢2N] 2y !5h¢Qa LINE3I!I
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the agency and the community. The following exhibit shows the preliminary developmerfieof t
lifecycle planning template, offering a cresslk between impacts, assets, and strategies for all lifecycle
phases.

Exhibit31: Intense Precipitation Lifgycle PlanningTemplate(SeeNext Two Pagep

53



Arizona Department of TransportatidrAsset Managemert Infrastructure Resiliece

Weather-related

Risk

Flooding

Asset deterioration/failure

Mobility
(Closure/disruptions)

Asset Class

Pavement

Bridge

Culvert

Embankment

Roadway

Description

Pavement Rutting

Cracking

Potholes

Heaving

Washout

Scour critical

Overtopping

Washout

Asset Management, Extremeéather and Proxy Indicators

Measure/Threshold

24-hour precipitation
design threshold

Scour Critical status

Temporary closure

Permanent closure

Detour/evacuation routes

Proxy/Exposure

Indicators (GIS  Exposure (Likelihood Sensitivity
(Consequence)
Maps/others)
Past Exposure, 0
Proximity to the 100-yeal
floodplain,
Locations in estimated 0
higher precipitation 0
changes by 2050 0
0
) - 0
Location within flood 0
hazard zone,
Low crossings 0

Past exposure/Incidents

Locations within flood
hazard zone,
Locations experiencing
frequent flooding/standin
water,
High accident rates

Overtopping Locations within flood 0

hazard zone,

Low crossings,

Past incidents,

Locations in estimated
higher precipitation

Blockage changes by 2050 0
Washout —0
Slope Failure 0
Rockfall 0
Erosion 0

o

o

Accidents - wet/icy road condition . 0
. ' Accident crash rates,
Driver safety/accidents Roadway Historical incidents
Visibility - /%)
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Lifecycle Management Strategies/Adaptation Options

Creation

(Planning)

- Load restrictions on identified vulnerable roads

(Design/Engineering)

- Use materials according to different climate
zones (heat tolerant)

Maintenance
(Maintenance Management)

- Milling (determine frequency and need by
identification of vulnerable locations)

Preservation
(Operations)

- Increase frequency of inspection and
maintenance

- Use materials according to different climate
zones (cold tolerant)

- Crack sealing

- Increase frequency of inspection and
maintenance

- Review/update as necessary the Roadway
Design Manual culvert warrants
- Statewide culvert management system

- Identify culverts without adequate capacity (d
to failures or insufficient Design capacity) for
reconstruction

- Enhance drainage to minimize disruptions (rc
closures) and asset deterioration (Pumps)

- Increase frequency of inspections and
maintenance

- Identify culverts and drainage structures at
frequently flooded sites to perform low-cost/hig
value solutions (cleaning and repairs)

- Increase sweeping of roads at frequently
flooded locations

- Increase of cleaning of culverts and drainage
structures as routine maintenance, and prior tc
rain events

- Inspection of culverts and drainage structure
after rain events

- Stabilize slopes

- Increase frequency of inspections and
maintenance

- Establish, revisit and update as necessary
emergency detours/evacuation routes

- Enhance communication channels to inform
travelers (ITS options)

- Plan for future critical infrastructure outside ¢
flood hazard zone

- Avoid future development in zones at risk of
flooding through land use policies

- Strengthen ESC protocols

- Relocate critical infrastructure currently in
severe flooded zones

- Tracking/recording closures as needed
- Driver notifications of flooded roadway
locations and alternative routes

- Deploy emergency maintenance patrols after|
storm events

- Temporarily closure of vulnerable routes
(monitor live gauges)

- Review/improve as necessary systems to
monitor and inform travelers

- Increase availability of roadway adsistance
vehicles

- Increase traveler awareness of condition (us¢

- Reflective striping/markings to increase

- Lower speed limits during rain events

various methods)

visibility




Arizona Department of TransportatidrAsset Management Infrastructure Resilience

Asset Management, Extremeéather and Proxy Indicators

The pilotprojectteam will hold a collaborativeession to finalize the lifecygdanningtemplates for the
stressorgdentified previouslyand asset classes included in tpisject

5. Resultsand Integration Actions

The pilotprojectteamwas successful in identifying an approach that combinesscs&nce, technology

FYR SyYy3aAySSNRARyYy3a G2 YSIFadzaNIofe A Yreld Gafural!hfizard Q&  dzy |
impacts to its system, at the program, project and asset class [Eki.includes work establishing the

GIS Resilience Databa3ée overalbpproach allows for:

1. The GIS Resilience Database serves as the basis to identify broad locations
corridors/sections/structures at most risk from climate stressors, and those at lower risk
a. Users can select layers as needed for different analysewever the selection of
stressors andheir correspondingweatherrelated hazards have been pgeoupedto
easethe useof this tool
2. The root cause analysis by stressalows for the identification of costffective lifecycle
planning mitigation/adaptation staitegies
a. Byworking backwardsstarting from the impact to the roadway and working back to
identify the different roadway elementand any problems within thesethe root cause
analysis ofseleced key study areasllowsfor the identification ofspecificmitigation
strategiesto address the problemProxy indictors can be used as a starting point;
however, tie root cause analysis examines assets from the design/engineering phase to
the maintenance and operationghases to determine the contributing factots the
problem and highlighting highalue, low cost solutions to be implemented
3. The results of the root cause analysis combined itk probabilistic analysis, result in specific
lifecycleplanningstrategies

This &ciltates! 5 h ¢eqy@eering/technicatapabiliies to managerisk and developlongterm asset
managementstrategiesg the assetqbridges,culverts,pavement,and roadsidevegetation/stabilization)
in relation to the extreme weatherclimate risk of intense precipitation, system flooding, wildfires,
wildfire-inducedfloods, droughtrelated dust storms, rockfall incidents,slope failures,and measurable
climate trends (especiallyas it relates to precipitation and direct effects of increased surface
temperatureg by regionsor corridoremphasizedscritical

5.1Extreme Weatheg NaturalHazard ClimateProbabilistidMethodology
Developmenfor Bridge Asset Clags8DOT2019 Pilot Project)

la LI NG 2F ''5heQa SEGNBYS 6SI iKS Bdalysig ke Ddjestveami S | & &
set out to customizei 2 ! 5h¢Qa oOoNARR3IS FaasSd Oflaa |y FRRAGA?Z
considerationg especially those asset classes being impacted by a myriad of influences and having a 75

¢ 100year life span
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The goalsto optimize the operation and maintenance of an increasingly aging stock, which is subjected
to evolving loads (e.g. both live loading, extreme event loading, and climate induced loaiing).
response to this challenge the past decade has deereased interest by infrastructure owners and
managers in the use of probabilistic methods for the assessment/management of their &sapisyed

once a deterministic assessment has rendered a repair/rehabilitate/replace now scenario, the methods
have been demonstrated to provide significant cost savingkere the required safety of the
infrastructure can be demonstrated by probabilistic methéfls

Exhibit32: Infrastructure Whole Life Managemer@ptimizationMethodologyas The

Process
Safety Level Repair Options A, B, C:
B Condition of Infrastructure deteriorating Intrusion C>B>A AND
A "As Built " safety (ie. with time due to load e'vt_)hmgn, climate Cost E2>EY>EX BUT_
undeteriorated) change effects and deterioration - Updated L —
B / S S Service Life Extension
0 1ot o1
Influence of Extreme Weather Event (EWE)
EWE Effect
(t,t,’) = Reduction in Min
B, Service Life
=" Gimin > Min Specifed | N
: N
¢ .
: : : ’
% t Tme b Lt te ty

Source:-h Q/ 2 y yCadwa diagdam, 2009.

The probabilitybased classification of thBergeforsen Railway Bridge in Swedenves as an example

of how probabilitybased assessment of railway bridgesn be applied to reduce maintenance costs
through avoidance of unnecessargpair/rehabilitation and/or tooptimizethose repairs that are shown

to be necessaryd ¢ KS 3ISYSNI f | LILINRBFOK F2N) FaasaavySyiad 27
generalcodes is quick andfficient but can be costly in thease ofproblems with the loaetarrying
capacity due to expensive strengthening aehabilitation projects. The individuahpproach by
application of probabilistibased methods for assessment @fisting bridges is based on the concept

that a bridge doesot necessarihhave to fulfil the specific requirementsf a general code, as long as

the overalllevel of safety defined by the code satisfied. The individual approachaikle to cut or

reduce the strengtheningr rehabilitation cost without comprorsingon the level of safetg'é

Prtly hQ/ 2yy2N o6@®iNhaks Gustavssad & b BnevBI8sBn&IDO9)ProbabilityBased
Assessment and Optimised Maintenance Management of a Large Riveted Truss RailwapBuictyeal
Engineering International,9:4,375-382,D01:10.2749/101686609789847136
17

Ibid
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Exhibit33: Deterministic vsProbabilisticDecision Process

Yes Yes
Class from traditional T» Class from traditional T»
classification =~ OK? classification =~ OK?
No No
\4 v
Implement traditional Probabilistic-based Yes | Probabilistic-based Yes
strengthening project assessment beneficial? > classification OK? g
No No
v v
Implement traditional Probabilistic-based
strengthening project strengthening project
Traditional decision process New decision process considering probability based
assessment

Source:-h Q/ 2 y yCadwabn diagdam, 2009.

The basic principal is to derive a specific code for the considered infrasewatement (e.g. bridge or
tunnel) ard consequently a specific safety ratifdnis involves statistical moded of load and resistance
parameters obtained through oesite measurements and from dmiilt drawings. Updating of these
models may be performed where additional information is avdda(e.g. from Structural Health
Monitoring, SHM). The first stage of the process involves deterministic assessment to identify the critical
limit state for the structure. This deterministic assessment is performed according to the generalized
rules and umg generalized partial facterprovided by assessment cod®ext a specific probabilistic
assessment free from the aforementioned generalizations results in the determination of a formal
probability of failure,p, or the directly related reliability/saty index,i , applying standard techniques
such as First Order Reliability Methods, at the critical limit state. Comparison of the caloylated

that specified by legal requirements and demonstration that it exceeds these requirements is deemed
sufficient to valdate the safety of the infrastructure. In a European context, application of these
methods has been demonstrated to provide significant cost savings in both direct and indirect costs
associated with optimization of bridge rehabilitation and replacent&nt

This work is conlpmentary to this pilot project, focuses solely on weather and natural hapaa and
resistance parametersand beng funded and underay as a 2B0 pilot with ADOT Environmental
Planning, ADOT Briddgeroup ard two engineering firmsThe project team recommends this to be

integrated with the final results of thishkpf 2 G YR Ad&a &adzoaSldsSyid LKI&aSa

asset managemerglan.For a full working paper on the subject, see Appendix B.

'8 |bid p. 63
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5.20ther Key Accomplishments

The pilotproject allowed for the enhancedelineationof the relationship betweerstressors, wather-
related risks, and impacts to the systdmy collecting and integrating multiple dataseffhe sample
lifecycleplanningtemplate provideda way to integrate ongoing asset management activities in ADOT
into a systematic process that allgvior the screening of higandlow risk locations. The GIS Resilience
Database can be used throughout the lifecyglanningprocess to identify historical events and proxy
indicators. This database is to be continually used in the resilience buildingiestwithin ADOT and

for future screening or projects.

The pilotproject benefited from the collaboration and coordination between different departments in
ADOT, district offices, and increased interest in the subject of integrating extreme weatberal
hazard,and climateadaptationinto asset management processes.

As mentionedstarting on page 4, proxy indicatorswere identified by the use of the GIResilience
database by examining ambing intersection analysis of the roadway systérhe key proxindicators
identified are summarized in Exhibid Below.

Exhibit 3t: Key Proxyndicatorsldentified

Previous Incidents

oHistorical Fire Perimeters,
Drought, Flooding, Overtopping
Rockfall, Slope Failure

Locations within FEMA Floo

Functional Classification Hazard Zone

Temperature Change by
2050

Soil Hydrology Groups
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6. Lessons Learned
6.1 Challenges Addressed

6.1.1Integration of Data; Maps for Inclusion in the Template

The pilotproject team received a lag amount of data to integrate in the GIS Resilience Database, in
various forms. The team was tasked with developing maps to be included as part of the lifecycle
planningdevelopment Linking the GIS part of the pilot with the asset management tasks wasf dine

challenges the team encountered. The integration was to be done and combined into a single approach

for the pilotprojectl Yy R y 2 i & SINIRNISIOS a¢ apdzat KS GSIY gl a FofS G2
continuous communication with all stakeholdeinvolved. Several brainstorming sessions between the
different workgroups were held, to develop a process that seamlessly integrated both parts of the
project into a concise approach.

6.1.2ProjectResources

The pilotproject includes various stresser weathefrelated risks, and impacts to the system, which
include impacts to different asset classes. A root cause analysis for each of the conditions is outside of
the scope and resources of theoject, however, the project team incorporated previousigmpleted

pilot project results, such as the Extreme Weather Vulnerability Assessment completed in 2015 to
inform the development of this project.

6.1.3Developing Process to Integrate Extrelveather into Asset Management
Practices

The integration of eixeme-weather and climateadaptationinto as®t management practices at ADOT
continues to be an ongoing activity. ADOT has taken steps to gradually integrate and grow in this field,
knowing there continues to be challenges to have a systematic way to tasilience that replaces
OdzNNB y i & Yoy-cAsizladtivitiesCHutiir& research could focus on ways to deterngstera risk
prioritization, understanding risks by location, and systematically screening projects for resilience
building
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6.2Recomnendations

1 While the current approach allows for probabilistic analywisdetermined cost savings in
lifecycle planning strategiethe pilot projectteam focused on bridge as the main asset class for
this effort given the 20192020 risk level pilot project The team recommends that future
enhancements to the lifecyclglanningmethodsinclude probabilistic processes for othasset
classes Piloting a Computational Modeling for Geotechnical Engineering could serve as a
method to accomplish thi¥.

1 Involving practitioners within ADOT, especially at the District level for these efforts is Key to
developmentand enhancements to the process. The pilot team received an overwhelming
response from the different District dafes, offering observations about historical and current
conditions that contributed greatly to the project.

Y TRB Benefits of Computational Modeling for Geotechnical Engineers
http://www.trb.org/main/blurbs/178180.aspx
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7. Conclusions andlext Steps

The pilotproject presents a assessment of ways to integrate extreme weather and clinaai@ptation
into asset managment by focusing on difecycle planning approach that resuff in costeffective
mitigation/adaptation strategies. The proposed Hs&sed approach is to be further ingwed along
with the GIS Resilience databaseisTiool canenhance planning efforts hidentifying impacts to near
future construction programs, identifying wdrabilities early in the planning phases, and its continued
use by ADOT practitioners can help improve the developed lifeplamingfor the stressors addressed
in this report.

7.1Next StepsPlanned Future Work

ADOT completed initial required assessme3 CFR Part 66¢ Periodic Evaluation of Facilities
Repeatedly Requiring Repair and Reconstruction Due to Emergency EVEHi&/A Emergency Relief
Program (ERP) provides fundg the repair and reconstruction of highways and roads that have
sustained serious damage from catastrophic failure or natural disasters, including extreme weather
events. Since fiscal year 2012, Congress has appropriated approximately $5.7 billion RPtbeai
ADOT 667 process includeddppendixD.

As part of the requirements, State DOTs shall conduct statewide evaluations to determine if there are
reasonable alternatives to roads, highways, and bridges that have required repair and reconstruction
adivities on two or more occasions due to emergency eveABOTcompletal this requirement in late

2018. Thiswas y Of dzZRSR Fa LI NI 2F !5h¢Qa HAamMd ¢NIYyaLR2NILFG

The first completd 5 h ¢ Q a wds!subinittedby June 30, 2019ptmeet all the requirements of 23
U.S.C. 119, together with documentation demonstrating implementation of the asset management plan.
The integration of extreme weathernatural hazard, and climatevents into asset manament
business practices was part thfe TAMP. The results of this pilptoject are to beincorporated into

l 5h ¢ Q& TAMSrpaesS

In the future,ADOT plans to have comprehensive resilience screening andatidapas part of

f TAMPUpdates

2022Construction Program

2022 $atewide TransportationimprovementProgram (STIP)

ADOT Annual Financial Report (CAFR)

Long Range Plan revisions

Lower interest rates on bond pools, and

Complete development and adoption of probabilistic engineering methodology for asset classes

=A =4 =4 4 -4 4
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8. Technical Appendices

81! LIJISYRAE 'Y 15h¢Qa /fAYIFIGS 9y3aAyS:e
Transportation Assets (GEA)

Step 1¢ Identify existing weather and climate change project and program candidates (Vulnerability
Assessment)2015 FHWA Pilot ProjectThe study examined baseline gtarical) and potential future
extreme weather conditions, focusing on temperature and precipitation variables. Two future analysis
periods were selected: 2025 to 2055 (referred to subsequently as 2040, the median year), which reflects
the time horizon ofongoing longrange planning efforts, and 2065 to 2095 (2080), roughly associated
with the expected design lifespans of some critical infrastructure types, such as bridgesvide a
longterm baseline against which to compare the projections, the teésn axamined temperature and
precipitation observations from 1950 through 199Bhe report was issues by FHWWthe Spring of

2016.

Step 2¢ Develop economic analysis process (Justificatiofi: economic analysiRinVEAjJor the CEA

TA process would osist of using a probabilistic approach to lifecycle cot analysis. The lifecycle cost of
Fy AYFNFadadNuzOGdzNBE FaaSd adzOK Fa + NRFRglFe& 2N 0NAR
useful life. This includes the planning, design, constro¢timaintenanceand decommissioning phases

of infrastructure delivery State DOTs typicgllapproach this process without considering risk and
uncertainty that future conditions will be different from the past and assume a uniform distribution of
annual maintenance costs and major reinvestment intervals. diwad infrastructure must perform
under future climate conditions and climaiefluenced usage that deviates from the historical data now
populating infrastructure economic analysis and asseinagement models. Changing climate
conditions, such as sdavel rise, storm surges, changes in precipitation, hotter temperatures, and
others are potential vectors of infrastructure failure and should be taken into consideration in
infrastructure economd analysis and asset management models.

Step 3¢ Design probabilistic modeling approach to produce an array of results (Quality Control):
Optimize operation and maintenance of an increasingly aging stock, which is subjected togelnadis

(e.g. live, gtreme weather,and climate induced loading). In response to his challenge the past decade
has seen increased interest by infrastructure owners and managers in the use of probabilistic methods
for the assessment/management of their assets. Employed onaetarministic assessment has
rendered a repair/rehabilitate/replace now scenario.

Step 4¢ Define limits of simulation runs that incorporates latest science/engineering (PoliGljmate
models can provide insight into future conditions, projecting aimperature, precipitation,
evapotranspiration, and other factors of interest to engineers, at various temporal and spatial
resolutions. However, there is a considerable disparity in the outputs provided from climate models for
impacts analyses and the inguheeded by engineers for planning and design. These discrepancies
include mismatches in temporal and spatial scales, complicated data extraction and preparation
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requirements, sizeable model, data, and scenario uncertainties, and a lack of directioe fagdrous
selection of models for use in different engineering applications. Innovative change examples:

1 Every Day Countg 4: Collaborative Hydraulics: Advancing to the Next Generation of
Engineering (CHANGE)

1 NCHRP 161 ¢ Applying Climate Change Infortitm to Hydrologic and Hydraulic Design of
Transportation Infrastructure

1 NCARcg The Future intensification of Hourly Precipitation Extrenrge8ndreas F. Prein et al.
December 2016

1 LIiDAR, UAS/UAV;R2water modeling, ® visualization and animation tools

1 Translational organizations to provide rigorous standards for interpretation of climate data,
development of a single, simplified user interface that accesses all downscaled data sources, and
tools that automatically posprocess data based on defined standis

Step 5¢ Systematically record location and resilience efforts GIS/TAMP (Risk Managem@BIRT has

been systematically capturing data sets for extreme weather and changes in climate. This pilot project
focuses on the creation of an extensive geograplmformation system (GIS) effort that will
adzoaSljdzSyidfte adzZJ2NIL !'5h¢Qa OGNIXyaLRNIFGAz2y FaaSsSi
5FGFolFaSe !'5h¢Qa aidzRASa aK2gSR 02y OSNya ¢gAGK (K
bridges, culverts, pgement, and roadside vegetation/stabilization. The integration of data allows for the
visualization of weather related stressors and recorded impacts, highlighting areas subject to weather
related risks to which lifecycle planning strategies need to béamented.

Step 6 ¢ Develop lifecycle models to monitor investment (Benefit Cost Analysis/Return on
Investment): Civil infrastructure systems are among the largest local, state and Federal investments, and
these infrastructure systems are critical to Ueggonomic, environmental and social outcomes. Yet
longstanding underinvestment in infrastructure has resulted in the poor condition of much of U.S.
infrastructure, with an estimated $3.6 trillion or 4Bvestment needed by 2020. New methods for
benefit costanalysis, return on investment studies, and major rehabilitation timeline analyses are
needed that incorporate probabilistic approaches, and minimize regret by DOTs under a changing
climate. The results of CHA provide that method.
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