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God has cared for these trees, saved them fronghtodisease, avalanches,
and a thousand straining, leveling tempests armmatifipbut he cannot save

them from fools...

~ John Muir (1901)
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Adaptive capacity:

Climate impact exposure:

Condition data:

Criticality:

Performance data:

Risk:

GLOSSARY

The “ability of a system to atjto climate change
(including climate variability and extremes) to necakte
potential damages, to take advantage of opporésitir to
cope with the consequences.” (IPCC 2007)

The geospatial arrangewfesttanges in climate such that
different spatial areas (and the assets in thasssaare
subjected to different physical manifestations cjesnn
climate.

Data that describes the physicatlitimn of various
aspects of an infrastructure asset.

The relative importance of a transgion infrastructure
asset with respect to other similar assets, based u
several specified characteristics.

Data that describes the fundtperéormance of a culvert
asset and its ability to perform at its intendesigie
specifications.

Traditionally refers to random adverse evavith
probabilities of occurrence that can be statidical
calculated (Knight 1921), and is determined as a
combination of (1) thékelihood of an adverse event, and

(2) theconsequencesf that adverse event.
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Uncertainty:

Vulnerability:

Randomness in events that cannotédiqied by
statistical probability (Lofstedt and Boholm 2008),more
broadly, “any departure from the unachievable idé¢al
complete determinism.” (Walker et al. 2003)

“The degree to which a system iscamiible to, and unable
to cope with, adverse” events (IPCC 2007); charad
as a function of that system’s: (1) sensitivityclionate
impacts, (2) adaptive capacity, and (3) exposuctineate

impacts (Adejuwon et al. 2001).
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SUMMARY

In 2007, the United Nations Intergovernmental PameClimate Change (IPCC)
reported that “warming of the climate system isguieocal,” suggesting that these
changes will result in regional climate impactgluding an increase in the frequency of
heavy precipitation. There is growing concernhi@ United States and abroad that these
changes may have serious adverse impacts on coresuanid their civil infrastructure
systems. In response, governments and agenciesdlegun to investigate adaptation:
actions taken to reduce the vulnerability or inseethe resiliency of natural and human
systems in light of expected climate change. étthnsportation sector, adaptation
planning has predominantly pursued risk-basedegjied that seek to identify climate
impacts, and assess infrastructure vulnerabiléezess multiple asset types, in network-
level planning. However, given the complexity loé tmyriad asset types of which
engineered civil infrastructure systems are comgobese frameworks may not
adequately address the unique concerns of thegmigandividual asset types.

This research develops a risk-based frameworkgesasand prioritize at a
network-level the risks of highway culvert asset#hte projected impacts of climate
change, specifically focusing on increases in exér@recipitation, and the associated
potential for flooding. This research then apptles framework in a series of case
studies using culvert management data providedbydtate DOTs, and national climate
change projection and infrastructure datasetsoingdso, this research develops a new
characterization of infrastructure climate changl, hased upon the catastrophe model,

to address the need for qualitative and mixed-nustfapproaches to risk given the
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uncertain nature of climate change, and the sonestsparse inventory and attribute data
for various assets. This characterization proptdsee “dimensions” of infrastructure
climate risk (climate change impact exposure, adgatate impact vulnerability, and
asset criticality) to assign culvert asset priegti The research develops a method to
project the geospatial extent and changes in madmibf extreme precipitation events; it
also develops two simple measures of culvert valniéty to increased flow conditions
based upon data collected as part of general ¢uhamagement activities.

With its results, this research demonstrates tkiatieg data sources can be
reasonably combined in an analytical assessmanefi@rk to identify climate change
impact risks to highway culvert assets, providingadditional resource to the existing
climate change adaptation planning toolkit in tfaas$portation infrastructure sector, and
also laying a foundation for further refinementloédse methods. Specifically, the results
of this research demonstrate that existing clinsasnge projection data, when used
alongside culvert inventory and attribute datayjates a reasonable means by which to
analyze the projected exposure of culvert assetbn@te change impacts. This research
also demonstrates that existing culvert managedsgatprovides a reasonable
foundation upon which to assess the relative valméty of culverts to increased flow
conditions, although additional research is neggdsadevelop these methods. The
structure of the proposed framework provides algiafieans by which quantitative
climate change projections, asset vulnerabilityl asset criticality data can be combined
in a mixed-methods approach to qualitatively chierée climate change impact risks to

highway culvert assets despite uncertainty in déntdange projections and other inputs.
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CHAPTER 1

INTRODUCTION

For centuries, humans have built infrastructurseet the needs of society —
water, power, mobility, and others. It has beeteddhat the design of infrastructure
components are heavily influenced by the envirortmathin which they are built
(Meyer 2008). Traditionally, design standards hemesidered environmental conditions
to be characterized by some natural variabilityrdivee, but that such variability is
dispersed around some expected, average valuensioe that designs are robust in the
face of normal environmental variability and exteeavents (e.g., heavy precipitation,
flooding, high winds, temperature extremes) destgndards incorporate elements such
as factors of safety or region-specific desigrecidt. These considerations are not new —
evidence suggests that even during the Roman Enfipidgie builders incorporated
elements into their designs to account for extreoralitions such as flooding (Smith
1993).

In recent decades, however, there has been inageagidence that the global
climate is changing. In 2007, the United Natiom®igovernmental Panel on Climate
Change (IPCC) reported that “warming of the climgtstem is unequivocal, as is how
evident from observed increases in global averagend ocean temperatures,
widespread melting of snow and ice and rising dlalvarage sea level.” (IPCC 2007)

In the coming decades, it is expected that theaagds will result in regional
climate impacts, including permafrost thawing, eased tropical cyclone intensity,

shifting tropical storm tracks, and an increasthenfrequency of heat waves and heavy



precipitation (IPCC 2007). It has even been suggethat the IPCC’s projections of
these future impacts are, in fact, conservativ@éir assessment of the timing and the
extent of climate change impacts (Tin 2008). Aesult of these findings, there is
growing concern both in the United States (Natiddesearch Council 2010; USGCRP
2009) and abroad (Department of Climate Change ;2D8Partment of Climate Change
& Energy Efficiency 2011; IPCC 2010; UKCIP 2000athhese changes may have
serious adverse impacts on communities, includieg transportation and other civil
infrastructure systems.

In response to these concerns, governments amdiagen charge of managing
infrastructure have begun to investigate adaptatextions taken to reduce the
vulnerability of natural and human systems or iasgesystem resiliency in light of
expected climate change.” (Meyer et al. Forthcomihgrecent years, adaptation has
attracted much attention in the transportationsemdth domestically and abroad
(Gardiner et al. 2009; Gardiner et al. 2008; ICtednational and Parsons-Brinkerhoff
2011; Meyer et al. Forthcoming; Meyer and Parsonskigrhoff 2009; Savonis et al.
2008; TRB 2008), and some formalized adaptaticatesgres have emerged.

Risk management is one approach to adaptation pedoy the
Intergovernmental Panel on Climate Change (IPC®easy well-suited to account for
some of the uncertainty associated with climatenghgCarter et al. 2007), and is
broadly endorsed by the global climate change atiaptcommunity as an appropriate
approach (National Research Council 2010; Willond @onnell 2003). Furthermore, in
a synthesis of global adaptation strategies fragrtridnsportation sector, Wall and Meyer

(2013) note that “much of the transportation arfchstructure sector’s approach to



climate change impact analysis and adaptation pigria based on risk management

practices.”

1.1 Research Motivation

Adaptation planning for transportation infrastruethas, to date, predominantly
consisted of developing and implementing risk-basgaptation strategies to assess the
risk of infrastructure systems and assets to thgpired impacts of climate change.
These broad plans and frameworks have been devklopase at the federal, state, and
regional levels [for example, see Bies et al. (30E@deral Highway Administration
(2012); Parsons-Brinkerhoff (2009); Victorian Gawerent et al. (2007)]. These types of
frameworks provide broad guidance and seek prignaildentify climate impacts, and
assess infrastructure vulnerabilities across nialagset types to aid in network-level
planning. However, the complexity of engineeredl anfrastructure systems (and the
myriad assets types of which they are composed)esig that these broadly applicable
adaptation frameworks may not adequately capt@wetigue concerns and impacts
associated with various individual asset typeseréfore, although these frameworks
may provide an adequate overall structure for agsgsetwork-level adaptation needs,
more focused adaptation frameworks are needed#nadddress the unique concerns of
individual asset types, while still maintaining wetk-level applicability.

Maintaining a network-level approach while assegsine adaptation needs of
individual asset types allows for a jurisdictiondeiassessment of priorities, enabling
agencies to more efficiently allocate planning pr@jramming resources. This is

facilitated by identifying higher-risk assets, wihimay require a more in-depth project-



level assessment, but also low-risk assets thatmoagequire further assessment for
adaptation. In that respect, an asset-specifigor&tlevel assessment may serve as a
system-wide screening process to prioritize asgiisn various classes according to

their climate change risks and, by extension, theéaptation needs.

1.2 Research Objective
The objective of this dissertation research iseeetbp a nationally applicable,
risk-based framework that will enable transportatgencies to assess the vulnerabilities
of highway culvert assets to the projected impattdimate change at a network level.

This overarching research objective is guided weis# guidelines.

1.2.1 Guideline 1 — Focus on Highway Culvert Assetsd Extreme Precipitation

This study focuses on one type of transportatieetasnd one type of climate
change impact: the risks to roadway culverts ragufrom extreme precipitation, and the
associated potential for flooding. The focus aghlway culverts is motivated, in part, by
the particular vulnerability of culverts to floodjnmpacts (flow constriction is a
deliberate hydraulic design element), as well asottservation that culverts “tend to go
ignored until a catastrophic failure occurs.” (FHVEBO07) The interplay between these
two aspects of flooding vulnerability and the cutrstate of culvert management is
important as repair and replacement costs cangndisant. For example, a study of 17
culvert failures in the United States found tha&t #iverage repair/replacement cost was
approximately $845,500, with the maximum cost fotmte $4.2 million (Perrin and

Dwivedi 2006). Another example, specific to thegants of heavy precipitation and



flooding, found that Tropical Storm Irene (201 Anthged, in Vermont alone, over 500
miles of highways, including approximately 960 reay culverts (Pealer 2012).

This study’s focus on extreme precipitation eveneso supported by the
IPCC’s observation that “climate change may be gieet] most through the impacts of
extreme events...” (Trenberth et al. 2007). Furtl@anextreme precipitation events are
noted as among the “most serious challenges toation in coping with climate
change.” (USGCRP 2009) Recent events in the Nasthdnited States (i.e., Tropical
Storm Irene and Hurricane Sandy), the Gulf Coagbre(i.e., Hurricane Katrina), and
Colorado (widespread flooding, September and Oct®20&3) underscore the potential
severity of extreme precipitation impacts on tramsgtion and highway drainage

infrastructure.

1.2.2 Guideline 2: Maintain a Risk-Based Approaciio Adaptation Assessment

A key aspect of the framework developed in thiglgtis that it maintains the
risk-oriented and risk-based approaches of thedemoadaptation strategies and
frameworks discussed above. The reasons for thimany. First, dozens of
frameworks developed by the global transportatiwhiafrastructure sectors [for a full
list see, Wall and Meyer (2013)] have utilized gmeciples of risk and risk-management
in assessing adaptation. Therefore, developimgkebased framework in this study will
maintain consistency with the current state of ficac

At a more fundamental level, however, risk and-nsknagement are already
familiar to the transportation and infrastructueetsrs (TRB 2008), which use such

approaches in day-to-day management and desigtigeac For example, the AASHTO



LRFD Bridge Design Specifications (2004) “incorpsrisk into the calculations of
bridge design parameters.” (Meyer 2008) Furtheemoesign criteria such as the 100-
year flood are inherently risk-based parameteth@gattach some likelihood of
occurrence to an event of a certain impact or ntadai

In addition, the most recent federal transportalegislation Moving Ahead for
Progress in the Z1Century,or MAP-21), requires that states develop “riskeuhs
performance-based asset management plan[s] faerpieg and improving the condition
of the [National Highway System].” (FHWA 2012) Bhsuggests that asset management
(which is concerned with the condition and perfonoeaof assets, as may be relevant to
climate change adaptation assessment and planmith@ecome increasingly prevalent
in the transportation sector, and will also becaneeeasingly risk-based.

Given these considerations, the use of risk asdernlying approach to
adaptation assessment in this study will align withrent approaches to handling general
uncertainty in the transportation and infrastruetsectors, and may more readily enable

the interface of asset management and adaptatomiply activities in the future.

1.2.3 Guideline 3: Structure Framework for Nationd Applicability

A final goal of this study is to develop an adaptatassessment framework that is
nationally applicable. MAP-21 outlines nationabyareas for performance
management, which include infrastructure condiaiad environmental sustainability,
among others (FHWA 2012). Although climate chaadaptation is not identified under
the current legislation, it is closely relatednérastructure condition and environmental

sustainability concerns, and could be considerddture legislation. Furthermore, it is



possible that states could proactively choose &duate climate and extreme weather
concerns as part of the currently identified perfance management areas. However,
the development of such performance-based goasalsessitates the establishment of
national performance measures. Seeking to pronaitenal applicability in an
adaptation assessment framework may enable thedark’'s use in identifying
performance goals, or in measuring performancedoagen those goals, today or at
some time in the future. This requires not onby tise of nationally available data, but
also the flexibility of the framework to adapt tat®- or region-specific data and

concerns, while maintaining a consistent overalicdtire, approach, and outcome.

1.3 Dissertation Organization

This research study is organized into six chapteraddition to the introduction).
Chapter 2 beings by discussing observed changée iclimate system, both globally and
in the United States, to provide background infaramaand further motivate this
research. It then discusses the driving forcegaifal climate change, including a
discussion of climate modeling, the use and deveéoy of emission scenarios, and
climate projection downscaling techniques. It tirgroduces the projected changes in
both global and United States climate. Chaptevritludes with a discussion of the
nature and sources of uncertainty in projectingnate change impacts.

Chapter 3 reviews the evolution and developmeustiofate change adaptation
strategies. This begins with a general introductithe concepts of adaptation and
uncertainty planning techniques. It then discusise®volution of climate change

assessment and adaptation, which includes an inttioth and discussion of the concept



of risk and of risk-management practices. It themuses on risk-based adaptation
frameworks from the infrastructure and transpastaectors, synthesizing
commonalities and discussing barriers and limitetioThis chapter provides a
foundation for the use of risk-based approache®ueloping the adaptation assessment
framework in this study.

Chapter 4 focuses the discussion to highway cubssets. It introduces culvert
inspection and management systems in the UnitadsStathe broader context of asset
management. It then discusses several culvertttmmadnd performance assessment
frameworks relevant to culvert asset managemeniybich also may be useful in
determining culvert vulnerabilities to increasedgpitation. It then discusses the nature
of culvert failures and potential indicators oflé@e. This chapter provides a foundation
for focusing this study’s adaptation assessmendmork on culvert assets and assessing
their vulnerabilities to increased flow conditions.

Chapter 5 introduces the study methodology. Tagris with introducing the
framework developed in this study, the Culvert GlimAdaptation Assessment
Framework (CCAAF). It also introduces the caselg@pproach used to evaluate and
draw conclusions about the efficacy of the framédwfor national implementation. The
constituent components of the CCAAF are then dsatisn detail with respect to their
structure and development. This includes: a dsounsof the types and sources of data
used in the case studies; the development of ptatgm exposure, vulnerability, and
criticality analyses; and the combination of thaealyses in a prioritization analysis that

produces a series of indices to rate culverts@is, iImedium, or low risk.



Chapter 6 presents and discusses the results fiduhease studies that
implement the CCAAF. This includes results frora grecipitation exposure analysis,
the vulnerability analysis, and the criticality assment. Chapter 6 concludes by
presenting and discussing the final prioritizatiotex results that rate the culvert risks to
the projected impacts of climate change; it alsmgares the analysis results among the
four case-study DOTSs, as well as among multipléyaisamethods used within the
CCAAF.

Chapter 7 offers several conclusions about thisaret study. This begins with a
discussion of several key contributions of thisdrtation research. It then discusses the
overall structure of the CCAAF and the qualitatapproach to risk, including the new
characterization of risk offered. It then discisstee contribution of several of the
individual steps in the CCAAF that were developedthis research study (e.g.,
infrastructure relevant climate impact projectionidyert vulnerability measures). It then
discusses climate change adaptation and the CCAAkeibroader context of
infrastructure asset management. The chapterwdesiwith a discussion of future

research needs based upon the findings of thiertié®n research.



CHAPTER 2
CLIMATE CHANGE OBSERVATIONS, PROJECTIONS, AND

MODELING

In order to plan for and adapt to the impacts whate change, an understanding
of the global changes in climate that are expetdextcur, and how those global changes
translate into regionally or locally significant pacts, must be established. Generally
speaking, our understanding of the future climgitesn is derived from computer
simulations that involve multiple coupled atmosjtre@ceanic general circulation models
(AOGCMs). The input variables, or boundary comuis, for the AOGCMs are defined
by known climate drivers (e.g., GHG concentrati@espsols, solar radiation, etc.) and
are validated by reproducing observed historidatale conditions. Scenarios of future
emission are then used to force boundary condiiiotise models to produce projections
of future global climate conditions under each emis scenario. These global climate
projections are then downscaled into regional ptaes of future conditions with higher
spatial resolutions.

This chapter discusses each of the above ment&ieed in greater detail and
provides a background of the climate projection enadieling efforts that form the

foundation of impact and adaptation assessments.

2.1 Observed Changes in Climate
In the synthesis of th@CC Fourth Assessment Report: Climate Change 2007

(AR4) the IPCC states that “warming of the climate exysts unequivocal, as is now
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evident from observed increases in global averagend ocean temperatures,
widespread melting of snow and ice and rising dlalvarage sea level.” (IPCC 2007)
This section summarizes the observed changes lialgttimate as evidence that the
earth’s global climate system is changing. Thitisa also summarizes the observations
of climate change in the United States as motiwdio the need to adapt to such
changes. This discussion and summary is not ietthalbe an exhaustive introduction
to all observed changes; predominant observed elsangre selected. These include
temperature (averages and extremes), precipitédi@rages and extremes), sea-level

rise, and extreme events (tropical cyclones, exna-sub-tropical storms).

2.1.1 Observed Changes: Temperature, Sea-Level,dipitation, and Extreme
Events
Table 2.1 summarizes several major observed changéisate, both globally

and in the United States. Additional global treadsthen discussed in the next section.

Table 2.1 Observed Changes in Climate, Globally ahthe United States

Climate Global United States

Stressor
Temperature

» Surface temperatures increased
0.7420.18°C from 1906-2085

Average « This rate of increase in the last 50 | « More than 2°F increase since 19569

years is double that from the last 190

years!!
« Change in 99 percentile temperature days
« Reduced number of frost days in since 1958 :

mid-latitude regior¥ o Maximum temp: +3%

E * Increase in warm extremes and 0 Minimum temp: +5%

xtreme . . . . .

decrease in number of daily cold * Increasing trend in the heat wave index
extremes in 70%-75% of land since the 1960%
region$” oRise in extremely high nighttime

temperaturdd
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Climate
Stressor

Sea Level
Rise

Table 2.1 (Continued)

Global

» 1961 to 2003: Average increase of
1.8+ 0.5 mm/y#
» 1993 to 2003: Average increase of
3.1+ 0.7 mmiyf
0 1.6+ 0.5 mm/year from thermal
expansion of oce&h
0 0.8-1.6 mm/yr from changes in
cryosphere (e.g., melting
sea/glacial icely’

United States

Regionally variable
Ranges from +9.65 mm/year to -17.12
mm/yeal®

Precipitation

* Regionally variable
0 Generally increased in Northerr

5% per year average increase in average
annual rainfall from 1958 to 2088

7% increase in total precipitation during
20" century:

1%

land™

Upward trend in Northeast and upper-
Midwest snowstorm frequency between
1901-2008

Average latitudes from 1900-208%
0 Generally decreased in the 0 SeEcgnmdeSdY\i/é%reas have generally
tropics since 1979 o NE and Northern Midwest areas hav
generally become wett8r
Amount of precipitation falling in the
« “Increases in the number of heavy hea_lviest 1% of rain e\_/ents increased
orecipitation events (e.q., 95 natlonallly by 20% during the fﬁ‘(ﬁenturf]
. S = . Regional increases in precip falling in
Extreme percentile) within many land region hezgviest 1% of rain evgnts,prangegz
even those where there has been a o Days: 58% (NE) to 12% (Pacific
reduction[lilr]1 total precipitation NV\)//)[‘.'] ° °
amount... o Amount: 67% (NE) to 9% (SE &
California)™!
Extreme
Events
 Large natural variability “masks”
Hurricanes | 2NV distinct trend’é_ _ Increase in Atlantic tropical cyclone
/ Cyclones » Some evidence of increase in activity and destructlvc_e power (intensity,
tropical storm intensity and duration duration, frequency) since 19¥8
since 19704
Northward shift in tracks of heavy
. * Net increase in mid-latitude storms snowstorms’
Winter & since approx. 1959 Downward trend in Southern & lower-
Sub- e Midwestern snowstorm frequency between
tropical . Polgward sr_m‘t in storm tracks, 1901-2008"
storms particularly in northern hemisphere

1.Trenberth et al.

2.Bindoff et al. (2007)
3.Lemke et al. (2007)

(2007)
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2.1.2 Other Global Trends: Snow Cover, Sea Ice, Reafrost, and Drought

Changes in snow cover and frozen ground extente ser strong indicators of a
changing climate. The IPCC (Lemke et al. 2007¢8adhat “snow cover has decreased in
most regions, especially in spring and summer.348) In the northern hemisphere,
satellite observations for the period from 1962005 indicate that total snow cover
decreased in all months except November and Deaeimbtorical observations of the
southern hemisphere indicate minor changes or angss (Lemke et al. 2007).
Decreases in snow coverage area are largely addlia changes in temperature; where
snow coverage area has increased, changes inipxgoipwere the dominant cause
(Lemke et al. 2007).

Satellite observation from 1978 to 2005 also indisdahat the extent of arctic sea
ice has changed at a rate of -2.7 £ 0.6% per deeadethat the extent of arctic sea ice
that survives the summer months has changed & afrar.4 + 2.4% per decade (Lemke
et al. 2007).

Decrease in the temperature and depth of arctiogieost layers also suggests an
arctic warming trend. “Temperature at the tophaf permafrost layer has increased by
up to 3°C since the 1980s in the Arctic,” and thséof the permafrost layer has been
thawing at a rate between 0.02 m/year (TibetareRiasince the 1960s) to 0.04 m/year
(Alaska since 1992) (Lemke et al. 2007).

Observations of decreased precipitation in thei¢eo(see Table 2.1) reinforce the
observation that “droughts have become more comespecially in the tropics and
subtropics since the 1970s.” (Trenberth et al. 2087global study using the Palmer

Drought Severity Index (PDSI), which measures tnawlative deficit of surface land
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moisture relative to average local conditions iatks that although there is a global trend
of increasing drought, there is significant regioraxiability and that some regions are
trending towards wetter than average conditiongurg 2.1 shows both a spatial and

temporal distribution of drought conditions from0D8to 2002 as changes in PDSI.

'3 T T T T
1900 1920

T T | T
1940 1960 1980 2000

Source: Trenberth et al. (2007)

Figure 2.1 Observed Trends in Monthly Palmer Drougt Severity Index, 1900-2002

2.2 Climate Drivers & Projected Climate Change
Climate scientists have identified that changetinagspheric greenhouse gas and
aerosol concentrations, solar radiation, and lamfhse properties are among the key

drivers affecting climate change (Solomon et ab7)0 Changes in these factors affect
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the energy balance of the global climate systewuijin radiative forcing — “the change

in the net, downward minus upward, irradiance...atttbpopause due to a change in an
external driver of climate change...” (IPCC 2007haTis, changes in the atmospheric
concentrations of so-called radiatively active sgetead to changes in the balance of
incoming versus outgoing energy in the earth’s afpheric system, expressed in watts
per meter squared (WAn Table 2 summarizes the key findings of the IRGGlomon

et al. 2007; Solomon et al. 2007) regarding clintdt@nge drivers. It has been noted that
55% of the anthropogenic greenhouse effect idated to increases in carbon dioxide
(CO2) concentrations in the atmosphere, and betd/&t0% and 25-30% are attributed
to changes in the concentrations of methane anousibxide (NO), respectively

(Beniston 2004).

Table 2.2 Key External Drivers of Climate Change

Current
Concentration
(2005)

Pre-Industrial
Concentration

Radiative Forcing
(Watts/m”2)

Climate Driver

Greenhouse Gases (GHGS)

CO2 280 ppm 379 ppm +2.30

Methane 715 ppb 1774 ppb -

NO 270 ppb 319 ppb -
Aerosols - - -0.5
Change in solar output - - +0.12
Land use & earth surface albedo - - -0.2
Black carbon snow deposits - - +0.1
Change in tropospheric ozone - - +0.35
Halocarbons - - +0.01

The IPCC notes that the increased concentrati@tnodspheric carbon dioxide is
primarily the result of fossil fuel usage, with semdditional contribution from changes

in land-use (Solomon et al. 2007). Additionallgtlipincreases in atmospheric
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concentrations of methane (which has historicahged between 320 and 790 ppb over
the previous 650,000 years) and nitrous oxide egdgminantly attributed to agriculture,
however other sources also contribute (Solomoh 2087).

Aerosols such as sulfate, organic carbon, bladkargmitrate, and dust contribute
to a net negative radiative forcing due to scattgand absorption of radiation (Solomon
et al. 2007). Aerosols also indirectly contribtdaecloud albedo forcing (Solomon et al.
2007), which is the reflection of solar radiationdsurface or object (IPCC 2007). It
should be noted that the effects of aerosol ragidtrcing on climate change are
characterized by a comparatively lower level oéstiic understanding as compared to
greenhouse gases. However, understanding of ‘@laaa$iative forcing is now
considerably better quantified than previously esftesents a major advance in
understanding since the time of the [IPCC’s thedessment report in 2001].” (Solomon
et al. 2007) Also, significant volcanic eruptiaren contribute to episodic reductions in
radiative forcing by emitting volcanic aerosolgy(esulfate) into the earth’s stratosphere,
although such changes are generally short-terno(sm et al. 2007).

Changes in solar output have been noted since thab@ontribute to changes in
radiative forcing, although continuous observatiohsolar irradiance starting in 1979
indicate that long-term changes in solar output &g result of sunspots, or localized
depletions in solar radiation on the sun’s surf@®omon et al. 2007).

Changes in land-cover and the deposition of btackon aerosols on snow
cover have caused changes in the earth’s surfaed@l (Solomon et al. 2007).

Additionally, changes in tropospheric ozone andhgea in halocarbons (e.g.
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chlorofluorocarbons, or CFCs) (Solomon et al. 20@@yl to a lesser degree aviation

contrails (Solomon et al. 2007) can also contribatehanges in radiative forcing.

2.3 Atmospheric-Oceanic General Circulation Model§AOGCMSs)

Sun and Bleck (2001) explain that “the global cliento a large extent is a result
of the interaction between ocean and atmosphéd&ér the past decades, numerous
models have been developed to better understasd thieractions, and to make
projections about future global climate. The prad@ant family of models, called
coupled atmospheric-oceanic general circulationgt®@®POGCMSs), combine aspects of
atmospheric general circulation models (AGCMs) acelanic general circulation models
(OGCMSs) into coupled models that account for intBoms between the two systems,
and have relatively coarse spatial resolutionol5°tgrids for atmospheric resolution,
and 0.3° to 5° grids for oceanic resolution (Rahefaal. 2007).

Atmospheric concentrations of GHGs, aerosols ahdratdiatively active
species are used to force the AOGCMs to deterntimaie conditions (Meehl et al.
2007). This can be done with known historical @nrications to assess an AOGCM'’s
recreation of historical climate conditions, orhvrojected concentrations (these are
discussed in the next section) to project futuraaie.

To evaluate the limitations and capabilities ofstnglobal climate models,
different types of model evaluations have beenedwut. One of these is the
intercomparison of climate models, which is preduamntly orchestrated by the Program
for Climate Model Diagnosis and Intercomparison () located at Lawrence

Livermore National Laboratory in the United Statd$e program’s mission is “to
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provide insightful diagnostics of community simudeis taken collectively, and not to
make judgments on individual models.” (AchutaRaale004) One of the activities of
PCMDI is the Coupled Model Intercomparison Projeghase three (CMIP3), which
Randall et al (2007) notes is “by far the most d@mbs organised effort to collect and
analyse Atmosphere-Ocean General Circulation MEEBIGCM) output from
standardised experiments...” (p. 594) The CMIP8 alskes modeling outputs
publically available through its Multi-Model Datag&MD) archive, to enable
researchers from outside the major contributingefind groups to “perform research of
relevance to climate scientists preparing the Foggsessment Report (AR4)” (PCMDI
2013) and “scrutinise the models from a varietp@fspectives.” (Randall et al. 2007)
The 25 AOGCMs included in CMIP3 are listed in Tabl8. Note that the CSIRO-
MK3.5 and INGV-SXG models were not listed in th€IP's AR4, nor apparently used

in its generation of climate projections.

Table 2.3 AOGCMs Participating in the MMD at PCMDI

Adapted from (Randall et al. 2007and (PCMDI 2007)

Model Identifier Year | Sponsor(s) | Country

BCC-CM1 2005| Beijing Climate Center China

BCCR-BCM2.0 2005 Bjerknes Center for Climate Research Norway

CCSM3 2005/ National Center for Atmospheric Research  UnitedeSta
Canadian Center for Climate Modeling and

CGCM3.1(T47) 2005 . Canada
Analysis

CGCM3.1(T63) 200" Canad[an Center for Climate Modeling andCanada
Analysis

CNRM-CM3 2004 Meteo-France/Centre National de Erance

Recherches Meteorologigues

Commonwealth Scientific and Industrial
CSIRO-MK3.0 2001 Research Organization (CSIRO) Australia
Atmospheric Research

Commonwealth Scientific and Industrial

CSIRO-MK3.5 2006/ Research Organization (CSIRO) Australia
Atmospheric Research
ECHAMS/MPI-OM | 2005| Max Planck Institute for Meteorology Germany
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Model Identifier

ECHO-G

Year

1999

Table 2.3 (Continued)

Sponsor(s)

the Korea Meteorological Administration
(KMA), and Model and Data Group

| Country
Meteorological Institute of the University of
Bonn, Meteorological Research Institute of

Germany/Korea

FGOALS-g1.0

2004

National Key Laboratory of Numerical
Modeling for Atmospheric Sciences and
Geophysical Fluid Dynamics
(LASG)/Institute of Atmospheric Physics

China

GFDL-CM2.0

2005

U.S. Department of Commerce/National
Oceanic and Atmospheric Administration
(NOAA)/Geophysical Fluid Dynamics
Laboratory (GFDL)

United States

GFDL-CM2.1

2005

U.S. Department of Commerce/National
Oceanic and Atmospheric Administration
(NOAA)/Geophysical Fluid Dynamics
Laboratory (GFDL)

United States

GISS-AOM

2004

National Aeronautics and Space
Administration (NASA) Goddard Institute
for Space Studies (GISS)

United States

GISS-EH

2004

National Aeronautics and Space
Administration (NASA) Goddard Institute
for Space Studies (GISS)

United States

GISS-ER

2004

National Aeronautics and Space
Administration (NASA) Goddard Institute
for Space Studies (GISS)

United States

INGV-SXG

2005

Instituto Nazionale di Geofisica e
Vulcanologia

Italy

INM-CM3.0

2004

Institute for Numerical Mathematics

Russia

IPSL-CM4

2005

Institut Pierre Simon Laplace

France

MIROC3.2(hires)

2004

Center for Climate Research (University @
Tokyo), National Institute for
Environmental Studies, and Frontier
Research Center for Global Change
(JAMSTEC)

f

Japan

MIROC3.2(medres)

200

4 Environmental Studies, and Frontier

Center for Climate Research (University g
Tokyo), National Institute for

Research Center for Global Change
(JAMSTEC)

=

Japan

MRI-CGCM2.3.2

2003

Meteorological Research Institute

Japan

PCM

1998

National Center for Atmospheric Researc

h

UnitedeSta

UKMO-HadCM3

1997

Hadley Center for Climate Prediction and
Research/Met Office

United Kingdom

UKMO-HadGEM1

2004

Hadley Center for Climate Prediction and

Research/Met Office

United Kingdom
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The development of numerous AOGCMs enables an dslsapproach in
understanding plausible future climate conditioRanges of plausible future climate
conditions can be determined “by collecting restribm a range of models from
different modelling centres” (Randall et al. 2008)ng the same forcing conditions (i.e.,
future scenarios of atmospheric concentrationadftively active species) for each
model; these are called multi-model ensembles. thereensemble modeling technique,
perturbed physics ensembles, generates “multipeneersions within a particular
model structure, by varying internal model paramsetathin plausible ranges.” (Randall
et al. 2007) This latter technique is used prifpdar exploring uncertainties within
individual models, or projecting future changegxtreme weather and climate (Meehl et
al. 2007).

It is noted that although AOGCMs are “the most caghpnsive models
available” (Randall et al. 2007), simpler modelsghef global climate system that are less
computationally intensive are also used. Thessisbaf two families of models: Simple
Climate Models (SCMs), and Earth Models of InterraelComplexity (EMICS).

Randall et al. (2007) notes that SCMs are “usefaihhy for examining global-scale
guestions” and impacts such as global mean sutémeperature and global mean sea
level rise. In contrast to AOGCMs, EMICs are ndtyf coupled models and are
therefore less computationally costly to run (Tei@et al. 2010). Randall et al. (2007)
notes that “...it would not be sensible to apply MIE to studies that require high
spatial and temporal resolution,” for example stndyegional impacts. However,
EMICs are a valuable mechanism in exploring thedrdbability density function of key

parameters influencing the climate system (Terasidn. 2010). Given the need in this
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study for projections with greater spatial resantand the prevalence of AOGCMs in
efforts to downscale regional climate impacts, SGvd EMICs are not discussed
further, but it is understood that they are ofteadiin conjunction with AOGCMs to
assess climate, as in the PCMDI Multi-Model Dataset AR4 climate projections

(Solomon et al. 2007).

2.4 Emissions Scenarios: SRES and RCP

The previous section discussed the formulatiorutfré climate projections using
AOGCMs that are forced by scenarios of future catregions of radiatively active
species. Current climate change projection effortslominantly use a series of future
concentration scenarios that were defined in ti@&3B Special Report on Emission
Scenarios (SRES) (Nakicenovic et al. 2000) . TR&S takes into account “driving
forces such as demographic development, socio-etcradevelopment, and
technological change.” (Nakicenovic et al. 2000)e SRES presents a series of four
“storylines” of plausible futures simplified as thntersection of two spectrums for the
driving forces: globalization vs. regionalizati@and economic focus vs. environmental
focus (Nakicenovic et al. 2000). The four storgbrare named: Al, A2, B1, and B2 (see
Table 2.4). The Al storyline contains three groilnas project alternative energy
technology development pathways: A1T (predominamtig-fossil fuel), A1B (balances
fossil and non-fossil fuel usage), and A1FI (fofsél intensive) (Nakicenovic et al.
2000).

In practical application for AOGCM forcing, the SREcenarios are commonly

simplified on a spectrum from low to high emissiewvels. For example, Terando et al.
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(2010) characterizes the emission scenarios A1E|AAB and Bl as “high,” “mid-

high,” “mid,” and “lower” emissions, respectivelystoner et al. (2012) offers a similar
characterization of A1FI as higher emission ancaBlower emission. A discussion
correlating mean global temperature change antesehbrise with the SRES scenarios in
the IPCC’s AR4 places the B2 and ALT scenarios éetwA1B and B1 in the “mid-low”

range, both with somewhat similar resulting lewalglobal average impacts (Solomon et

al. 2007).

Table 2.4 SRES Emission Storyline Descriptions

Adapted from (Nakicenovic et al. 2000)

Economic Focus Environmental Focus

Al
(A1T, A1B, ALFI)

Bl

low population growth; cleaner,
efficient technologies; global

economic, social, and environmental

sustainability

>

Rapid economic growth; low populatig
growth; rapid introduction of new and
more efficient technologies

Globalization

A2 B2

Regionally focused economic moderate population growth; less
development; high population growth;  rapid, more diverse technological
fragmented and slower technological change; local economic, social ang

change environmental sustainability

Regionalization|

At its 25" meeting in 2006, the IPCC decided to not to corsimisfuture sets of
emissions, instead deciding to “[leave] new scendevelopment to the research
community.” (Moss et al. 2010) Thus, in 2007 tesegarch community formed the
Integrated Assessment Modeling Consortium (IAMCiléwelop the next generation of

climate scenarios of new scenarios — representatimeentration pathways (RCPs)
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(Moss et al. 2008; Moss et al. 2010). The RCP ates offer several improvements
over the SRES scenarios; for example, considerafi¢h) the influence of climate
policy and mitigation on future atmospheric GHG camtrations, and (2) a wider range
of possible futures (Vuuren et al. 2011). Howeggaren their recent introduction into
climate modeling, the RCPs have not yet been widséd in generating future climate
projections. Thus, the SRES scenarios still reggrethe current state-of-the-art in
climate model forcing conditions, although a stofthe RCPs in the coming years

should be expected.

2.5 Statistical & Dynamical Downscaling

Downscaling is a technique used to enhance théspadolution of large-scale
climate model (e.g., AOGCM) outputs to a regiomaltocal-scale (e.g., 10-100km). Itis
noted that “downscaling can provide more precismorepresenting future climate
conditions at a regional and local scale, [but}srcurrent form, in general, it does not
provide more accuracy (Meyer et al. Forthcominfie two classifications of methods
commonly used to downscale climate projectionsstatstical/empirical downscaling
and dynamical downscaling (IPCC 2007).

Dynamical downscaling generally utilizes a nestglanal climate model (RCM)
that simulates regional physical processes andhiggsde.g., orography, coastlines, lakes,
land surface characteristics, snow, aerosols, @aw)gi et al. 2001; Murphy 1999), that
is “driven by lateral boundary conditions providega coarse GCM.” (Mearns et al.
1999) Effectively, the AOGCM is used to determiiagye-scale (i.e., low-resolution)

global forcings, which are then used to drive bargaonditions for a higher-resolution
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RCM. The RCM then, in effect, “acts...as a physichlhsed interpolator of the GCM
output,” (Murphy 1999) describing climate variatsoand physical processes at a regional
scale. In North America, the North American Regid@limate Change Assessment
Program (NARCCAP) (an international program rurib$. National Center for
Atmospheric Research) maintains a set of six RClMs Boundary conditions defined by
output from four AOGCMs (CCSM, CGCM3, GFDL, and KAd3) (National Center

for Atmospheric Research 2007).

Mearns et al. (1999) notes several advantagesiaadvéntages to dynamical
downscaling. Advantages include: (1) RCMs basgghisical science can respond to
different external forcings, (2) the principle damapplied anywhere on Earth as it is
independent of historical weather observation datalability, and (3) output resolution
can be varied according to need. Conversely, deadges include: (1) RCMs are very
computationally intensive, (2) control run simubeits can still be inaccurate, (3) output is
largely dependent on the quality of the GCM ouyméd to define RCM boundary
conditions, and (4) nested RCMs require extensimeng and parameterization when
applied to a new region. In the case of the thodsible disadvantage, recall that
downscaling generally increases precision of clenabjections, but not accuracy;
therefore, the accuracy of GCM output used to @gire RCM boundary conditions is
crucial.

Statistical downscaling is a comparatively less potationally costly method that
“adopts statistical relationships between regiatialate and carefully selected large-
scale parameters” (Schmidli et al. 2007) from AOGCM hat is, local observations of

present-day weather (“predictands”) are relatesttmospheric circulation parameters
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(“predictors”) in GCM simulations, which are genéraiewed as more “reliable than
the distributions of climate elements such as fg@fair temperature or precipitation).”
(Murphy 1999) Relationships between AOGCM paramnsed@d present day local
weather observations are established using statistiodels including regression, neural
networks, and analogs (Giorgi et al. 2001; Meatrad.€1999).

Statistical downscaling is dependent upon sevargllgying assumptions. The
first is that relationships between present-dayeoled local weather variables and large-
scale circulation patterns are assumed to remaisdme under greenhouse warming
conditions (Mearns et al. 1999; Richards and Tinmaam 2008). It also requires that
sufficient observed data of large-scale circuladod local scale variables are available
to establish a statistical relationship, and furthare that any relationship is sufficiently
strong (Mearns et al. 1999).

Because of the concerns associated with both da@akngdechniques, and the
relative advantages of some techniques in predictamious climatic phenomena, it is
noted that some combination of downscaling metmoag provide a more suitable
projection of future climate than using either noetlin isolation (Giorgi et al. 2001,

Richards and Timmermann 2008).

2.6 Climate Change Projections
This section summarizes global-scale changesnmaté to establish a context for
the extent and timeline of anticipated changes,asm summarizes regional climate
change projections relevant to the United Statbs [atter discussion provides regional

generalizations of anticipated changes to motitregediscussion of specific changes
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relevant to the regional case studies used to expih@ framework developed in this
dissertation research.

Projections of global climate change are dependeat the forcing scenarios
(i.e., SRES) and the AOGCMs used for evaluatioenésally speaking, higher emission
scenarios project greater changes in average diomatditions than lower emission
scenarios. For example, Figure 2.2 shows glolstiadprojections of mean surface
temperature increases for three future time periaag for three emission scenarios: A2
(mid-high), A1B (mid), and B1 (low). Note that fall emission scenarios some
warming is exhibited, and that these figures regmethe mean output of a multi-model
ensemble.

Due to the coarse resolution of global-scale clenmbjections, numerous efforts
have been undertaken to assess climate proje@mhsnpacts at a regional level. In the
United States, some of these efforts include thetNdmerican Regional Climate
Change Assessment Program (NARCCAP), the Nationah@ic and Atmospheric
Administration’s (NOAA) National Centers for Envitmental Prediction (NCEP), and
the United States Global Change Research Progr&@G(QRP), to name a few. The
latter of these efforts summarized key climate getopns and impacts in the United
States in its second national climate assessm&GQRRP 2009). Several of these
findings are presented here to motivate this saidgsessment of regional climate change
impacts to transportation infrastructure.

Table 2.5 summarizes several major projected clsingdimate, both globally

and in the United States. Projected climate stresse shown consistent with those
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listed in Table 2.1 and discussed in section Séveral additional notes and comments

specific to individual stressors are given in tbkofwving sub-sections (2.6.1 to 2.6.4).
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Source: (Meehl et al. 2007)

Figure 2.2 Annual Mean Surface Temperature Increass by Time Period and
Emission Scenario

Table 2.5 Projected Changes in Climate, Globallyrad in the United States

Global United States

Stressor
Temperature

Climate

« Variable with region and scenario

« End of 2£' century scenario ranges

Average +1.6°C (B1) to +4.0°C (A1FF

* Near-term warming +0.2°C per
decade across all scenarfds

« 2°C-4°C warming by end of 21century
(A1B)®

« Increase in the frequency of maximum

* Highly variable with region temperatures in summer moriths
» Generally, more frequent heat waves Decrease in frequency of extreme

of longer duratiol! minimum temperatures during winter
« Some evidence that the intensity of month&’

Extreme heat-waves will increase, « 20-year event projected to have a 3-year
particularly in western-Europe, the| return period by mid-Zicentury, and 2-
Mediterranean, and the United year return period by end of 2tentury
States (west and south-we8) (A1B)

» Decrease in northern-hemisphere | « Increase in days over 90°F from 60 days
frost day¥’ to 150 days by end of 2tentury
(A1B)¥
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Climate
Stressor

Sea Level
Rise

Table 2.5 (Cont

Global

* Variable with region and scenario,

ranges from +1.6°C (B1) to +4.0°(
(A1FI) by end of 21 century"!

inued)

United States

» Regionally variable. Ranges from:

. 0 +1.5min northeastern US by end of
f 21% century!

o -4cm in Pacific Northwest by 208D

Precipitation

Regionally and seasonally variable
Generally increasing precipitation i

 Highly regionally and seasonally variabl

« Increasing average precipitation by 20-
25% for 2080-2099 compared to
preserif’:

[}

Average northern latitude8 Northern latitudes
. L Winter months
Generally decreasing precipitation : S .
in subtropics and mid-latitud®s « Decrease in average precipitation during
summer montH¥, by 25-35% for 2080-
2099 compared to pres&ht
« Precipitation intensity will increase over
Highly variable with region most regions at a rate greater than mean
Generally, more intense events precipitatiorf”’
separated by longer dry perifis |« 20-year event return period projection
Increases in intensity more (A1B):
Extreme pronounced in northern latitudes and o 12-15 year return period by mid 21
tropical regions century”
Increases in extremes will regionally © 6-8 year return period by end of®21
mirror increases in average century’
precipitatiorf’ « 20-year event return period projected to
be as low as 4-6 years in NE United
States by end of 2lcentury
Extreme
Events

Hurricanes/

Increased intensity (wind speeds a
precipitation’

 Projections highly variable
nd 1-8% increase in intensity per 1°C
increase in sea surface temperdtlre

Cyclones Some evidence that weaker stormse« 6-18% increase in precipitation rates per

could be fewer in numbey 1°C increase in sea surface
temperaturg %12
. Poleward shift in extratropical storime Not well understood at regional level

Winter & : : .

Sub- tracks, particularly in the northern | « Global models suggest continued

tropical hemispherg poleward shift in extratropical storm
Regionally, increased intensity is tracks, particularly in northern

storms 3] : 3]
possiblé hemispheré&

Solomon et al. (2007) 6. New York State Sea 10.Chauvin et al. (2006)

wp e

(2004)

4. USGCRP (2009)
5. Gutowski et al. (2008)

Meehl et al. (2007)
Leckebusch and Ulbrich

(2010)
NRC (2012)

© o~
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2.6.1 Precipitation Seasonality

Projections of average precipitation in the UniBtdtes are highly variable, both
spatially and seasonally. It is noted that nortHatitudes will experience the greatest
increase in average precipitation, particularlyhi@ winter months (USGCRP 2009),
whereas most AOGCMs project a decrease in pretgmta the summer months
(Christensen et al. 2007). Figure 2.3 shows the@®al and spatial variability in North
American precipitation projections generated frofbanodel ensemble using the A2
SRES scenario; hatching represents higher confedpragections. It should also be
noted that confidence in North American precipdatprojections is generally higher for

winter and summer months than for spring and falhths (USGCRP 2009).

Projected Change in North American Precipitation
by 2080-2099

SRR
Summer T \&J e

Percent Change

<43-35 30.-25 20 15 40 5 0 5 10 15 20 25 30 35 40
Less Precisitation More Frecipitation

Source: (USGCRP 2009)
Figure 2.3 Projected Seasonal Average Change indipitation in North America
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2.6.2 Precipitation Intensity

Changes in precipitation intensity exhibit highiceml variability, however it is
generally noted that some increase is projectedmest regions, and increases in
precipitation intensity will occur at a greatera@ihan changes in mean precipitation
(Gutowski et al. 2008). Furthermore, it is progetthat the greatest increases will occur
in the wettest regions (USGCRP 2009). For examipla,case study of California, Bell
et al. (2004) found that changes in th& @8rcentile precipitation events “followed
changes in mean precipitation, with decreasesamyhprecipitation in most areas.”
(Christensen et al. 2007) Figure 2.4 shows thaadmhstribution of projected changes in
extreme precipitation in North America represerdgsdeductions in the 20-year event

return period (SRES A1B scenario, 2090 to 2099).

I
18 14 10 3] 2
Years

Adapted from: (Gutowski et al. 2008)

Figure 2.4 Projected Changes in 20-year Daily Prgatation Extreme Return
Period
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2.6.3 Tropical Cyclone Intensity, Precipitation, ad Frequency

In projecting tropical cyclone activity, changesntensity and frequency are
perhaps the best understood characteristics, gthibus noted that projected changes in
intensity are clearer than changes in frequencyki€let al. 2008). Due to the range of
modeling uncertainties, some projections show aedase or no change to intensity
(Chauvin et al. 2006), whereas others suggestaaase in intensity between 10% and
20% (Henderson-Sellers et al. 1998) and 14% glpbatid 20% in the northern Atlantic
given a 2.5°C increase in sea surface temperaoaahi et al. 2006).

With respect to tropical cyclone precipitation, Quski et al. (2008),
summarizing several studies (Chauvin et al. 20G&ddawa and Emori 2005;
Yoshimura et al. 2006) to suggest that storm cogeipitation rates will increase
globally between 6% and 18% per 1°C increase pi¢ed sea surface temperature.

There is generally insufficient information and sensus to project how the
frequency of tropical cyclones in the Atlantic addrth Pacific will change as compared
to historical observations (Gutowski et al. 2008Jthough, some studies have suggested
that the frequency of high intensity storms wiktiease despite a general reduction in the

global frequency of tropical cyclones [(Oouchi Bt2906) in (Gutowski et al. 2008)].

2.6.4 Sea Level Rise

Global projections of mean sea level indicate iases under all SRES emission
scenarios (Solomon et al. 2007), however regionahges are highly variable. For
example, regional studies of the Pacific coasiidMieC 2012), the Gulf Coast region

(Keim et al. 2012), Florida (Technical Ad hoc Wa@koup 2011) and New York (New
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York State Sea Level Rise Task Force 2010) prajeahges ranging from -4cm by 2030
in the Pacific Northwest to significant end-of-agmytincreases in excess of 1.5 meters in
the northeastern United States.

It is also noted that the increases in global nssmlevel can exacerbate the
effects of storm surges (Gesch et al. 2009), sa¢ha@se posed by tropical cyclones,
which suggests a projected increase in the posgibflcoastal flooding (Gutowski et al.

2008).

2.7 Uncertainty in Climate Change Projections

While the observed changes in climate and sciergifbjections of climate
generated by multi-model ensembles strongly suggasthe climate is changing, the
extent and timing of such changes are charactebyestme degree of uncertainty.
There are many definitions of uncertainty, but p@shthe simplest is “any departure
from the unachievable ideal of complete determinigiValker et al. 2003) In
engineering literature, uncertainty is classifiegbjiently, and broadly, ateatory
(stemming from natural variability within a systear)depistemiqstemming from lack
of knowledge) (Abrahamson 2006; Apel et al. 2004r Riureghian and Ditlevsen 2009;
Oberkampf et al. 2004; Ross et al. 2009; Sun &(l2).

In climate change prediction, Willows and Conn20@3) discuss four general
classifications of uncertainty that expand upondiséinction between aleatory and

epistemic uncertainty:
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1. Environmental Uncertainty/Natural Variability — Both in natural systems
(e.g., weather) and in societal systems (e.g.,ajlebonomies) which may
have an impact, directly or indirectly, on globhhate.

2. Data Uncertainty — This includes insufficient or incomplete data,
measurement error, and extrapolation.

3. Knowledge Uncertainty —Particularly uncertainty about future conditions or
technological advancements that may affect, fongota, future emission
scenarios.

4. Model Uncertainty — This includes model choice and structure, inputies)

parameters, output variables and values, sens8vit

While the sources of these uncertainties are nunsegiad affect climate
prediction at various stages in the process, tlsgy@an compound one another in what
Mearns et al. (2001) terms “the cascade of unceytdi Figure 2.5 shows the several
steps of generating a climate prediction acros€hvhncertainty can propagate, or
“cascade.” For example, knowledge-based unegi¢aiconcerning future energy
technologies, global economies and trade, and lseddatterns are inherent to the first
step, “Socio-Economic Assumptions,” which are usenhform the generation of
emission scenarios (e.g., SRES scenarios). Addilliy data uncertainty and model
uncertainty affect AOGCM structure, parameterizat@and output.

To address these uncertainties in projecting ckmahas been suggested that
ranges of scenarios be examined (Mearns et al.)2001e wide use of ensemble

modeling efforts undertaken by CMIP3 and othergdnerating climate projections
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reflects this suggestion. Mearns et al. (2001grodidditional suggestions in addressing
climate projection uncertainty, particularly in ttesponse to impacts; for example, the
use of climate scenario generators, risk assesdnaeméworks, and expert judgment.
Methods of handling uncertainty in response toguigd impacts are discussed further in

Chapter 3.

Socio-Economic Assumptions

/\

Emissions Scenarios

VAVAN

Concentration Calculations

Biogeochemical/Chemistry Models

NN/

Global Climate Change Simulation
AOGCMs, Radiative Forcing Calculations

Natural

Z ¥ §£ ! \ Forcings

Regional Climate Change Simulation
Regionalization techniques

EVAVAVAVAVANEE

Impacts

Land Use Change

Interactions and Feedbacks

Policy Responses: Adaptation and Mitigation

Impact Models

Adapted from (Giorgi 2005)

Figure 2.5 Cascading Uncertainty in Climate Predition
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CHAPTER 3
CLIMATE CHANGE ADAPTATION AND RISK-BASED

ADAPTATION IN THE TRANSPORTATION SECTOR

Transportation systems and infrastructure are eegad and built according to
design standards that account for known environaheonditions. Meyer (2008) notes
that “it is a basic tenet of civil engineering tila¢ design of structures cannot be
divorced from the environment within which they arelt.” However, given the climate
change projections discussed in Chapter 2, we nawstconsider that future
environmental conditions may differ from those tivare anticipated when existing
infrastructure systems were designed, and that saiwerse impacts may result.

There are two general responses to climate chdmagéave been identified by
the United Nations Framework Convention on Clinakange (UNFCCC): mitigation
and adaptation (Klein et al. 2007). Mitigationenef to the “anthropogenic intervention to
reduce the anthropogenic forcings of the climattesy; it includes strategies to reduce
greenhouse gas sources and emissions and enhgneamiouse gas sinks.” (IPCC
2007) That is, mitigation encompasses actiongitaxenoderate the systems believed to
be contributing to anthropogenic climate change.

The second response, adaptation, is defined byPtB€ as “adjustment in natural
or human systems in response to actual or expettedtic stimuli or their effects,
which moderates harm or exploits beneficial oppaties.” (IPCC 2007) Three sub-

classifications of adaptation are also defined @FXD07):
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1. Anticipatory adaptation — Also called “proactive adaptation,” refers to
actions taken before impacts are observed.

2. Autonomous adaptation— Actions that “do not constitute a conscious
response,” but rather that are triggered in nadiucacurring systems, or by
market or welfare changes in human systems.

3. Planned adaptation— Actions taken to “return, maintain, or achievéesired

state” given awareness to observed or imminentgdmsm climate condition.

This chapter first introduces adaptation and clex@tange uncertainty, as well as
several general methods that are used to addresstainty in the planning process —
particularly risk-management. This is followeddgeneral discussion of risk and risk
management practices, and then by a discussiotaptation strategies in the
transportation. Finally, this chapter synthesia@sent adaptation planning frameworks
from the global transportation and infrastructusenmunity, arriving at a generalized

approach to climate change adaptation risk manageme

3.1 Adaptation and Uncertainty
In recent years, there has been heightened awarehtése need for general
climate change adaptation planning in the UnitedeSt(National Research Council
2010; USGCRP 2009), as well as adaptation planspegific to the transportation sector
(TRB 2008). Under a traditional engineering apphpadaptation to potential climate
change impacts requires that engineers, plannedsyaicymakers have an

understanding of, and ability to anticipate, futaoaditions with some degree of
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certainty. However, the significant and cascadingertainties associated with
projecting future climatic conditions complicateptation planning, and requires some
innovative approaches.

Uncertainty, as a general concept in transportatianning and policy, is familiar
to transportation engineers and professionals eXample, changes in land use, new
technologies, and infrastructure financing. Matgh&alker, and van Wee (2010) note
that “uncertainty has attracted a great deal @fredt in transport policy and planning
since the 1990s.” In response to the uncertaimitgrent in many transportation
activities, numerous approaches to account formmioey have emerged over the past
decades. Several of these methods may be usefliinate change adaptation planning
in the transportation sector, particularly whendusecombination. Although risk-
management practices have emerged as a predome#md for accounting for
uncertainty and enabling adaptation planning intthesportation sector (this is
discussed in the next section), several of the austintroduced below are frequently
used in combination with one another, or may béulss adaptation practices evolve in
the future. They are presented here to providé@iaddl context for uncertainty planning

as may be applicable to climate change adaptation.

3.1.1 Scenario Analysis

Scenario analysis (also called scenario plannmg)idely used in policymaking
and planning to examine plausible futures, anddoreselecting a policy that performs
satisfactorily across these futures. Such a selusie@alled aobustsolution (Walker

2000). Scenario analysis is widely applied intla@sportation sector to plan for future
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uncertainties (Redd et al. 2012; Sanderson 2012y&e et al. 2012; van de Riet et al.
2008; Walker 2000), and has been suggested fanugneral climate change adaptation
by numerous organizations (IPCC 1994; Mearns arlchel2001; National Research
Council 2010; Willows and Connell 2003), as welfasdealing with climate change
uncertainties specifically in transportation (Dewaad Wachs 2008). However, the IPCC
has more recently acknowledged that “the certahmy some climate change will
occur...is driving adaptation assessment beyonditiits|lof what scenario-driven
methods can provide.” (Carter et al. 2007) Thisdsause the GHG emission mitigation
and reduction efforts, which directly affect thesarios used in adaptation planning,
remain largely uncertain. In response, the IPCggjests moving towards a risk-
management approach (Carter et al. 2007); howseenario analysis is still widely used

in conjunction with risk management and other apphes.

3.1.2 Risk Management

Risk management identifies, assesses, and theon@spo risks. It has been
widely used to address uncertainty in transpomgbl@nning (Mehndiratta et al. 2000)
and in climate change adaptation (Carter et al72@lllows and Connell 2003). For
example, risk appraisal and risk management igaleotthe United Kingdom Highways
Agency’sClimate Change Adaptation Strategy and FramewBidrsons-Brinkerhoff
2009).

A key challenge in a risk-based adaptation approadetermining the likelihood
of system impacts under uncertainty. Traditionaliten data are known, a probability

distribution is used to describe uncertainty oelitkood (Mehndiratta et al. 2000; Morgan
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2003), and risk becomes a function of an everkihood and its consequences or
impacts. However, it is noted that downscaledhtigsolution climate change
projections of regional significance are largelyauailable to transportation professionals
(TRB 2008). Thus, subjective probability distrilauis are often used to describe
likelihood (Willows and Connell 2003), and “probéyi distributions become statements
of ‘degree of belief” (Morgan 2003), which are ¥&t, and thus may be problematic.

Risk management, and the use of risk-based pradghcaeurrent transportation
adaptation planning activities are discussed iatgredetail in Section 3.3. As is
discussed later, a more appropriate use of riskeébpgactices in climate change
adaptation planning may require a modificationhi@ definition of risk from its

traditional form.

3.1.3 Expert Opinion

Expert opinion can be used in conjunction with ns&knagement to determine the
subjective distributions that describe the liketidmf a future event or outcome (Morgan
2003; Willows and Connell 2003); to rank and ptiag adaptation options (de Bruin et
al. 2009); or, more broadly, to assess the timalirlecal climate impacts, the general
uncertainty of climate change, and the possibleartgpto a system (Parsons-Brinkerhoff
2008). With climate change, however, the subjé@gtassociated with expert opinion
may problematic, as experts can have widely diffgopinions that can be influenced by
geographical location, field of study, or other@pe interests. In one case study it was

also noted that judging climate impacts and inftedtire criticality based on expert
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opinion may not be “politically acceptable,” (Nguyet al. 2011) given the subjectivity

of that method.

3.1.4 Cyclic or Iterative Analysis

Cyclic or iterative approaches to adaptation hdse been used to address
uncertainty in climate change and infrastructurapgation planning. In the United
Kingdom (Parsons-Brinkerhoff 2008; Parsons-Brinkér2009; Willows and Connell
2003), New Zealand (Gardiner et al. 2008), CanaliRQAN 2011), and the United
States (Department of Homeland Security 2009; Majat O'Grady 2010), to name a
few, frameworks have been developed wherein riskpariodically identified, assessed,
and responded to in a cyclic or iterative appraagtr time. These frameworks address
uncertainty by assuming that future outcomes vélbetter understood, or that
uncertainty will diminish, over time. It should beted that new information can either
diminish or increase uncertainty (Walker et al. 20@articularly when uncertainty is
epistemic. Also, these approaches often utileeated scenario analysis to predict or
update a set of future risks, which may or mayaoobe true, and which may or may not
require the previous response set to be changeds, &side from the question of
efficiency in periodically reassessing and respogdo risks in a system, the efficacy of

relying on this temporal approach to decrease tsiogy remains unclear.

3.1.5 Emerging and Innovative Approaches
In recent years, numerous planning approachesdraeeged that respond to a

number of the shortcomings in the methods discuabeue to account for uncertainty in
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the planning and policymaking process. Generadaking, these new approaches either
seek to build flexibility into the basic structuséthe ongoing policymaking or planning
process, and therefore the plans and policies tblerss or make use of computers to

clarify uncertainty through large ensemble scenanalysis.

3.1.5.1 Dynamic Strategic Planning (DSP)

Dynamic Strategic Planninig a systems analysis method that incorporates
elements of decision analysis and real options\@lgfville 2000). Decision analysis is
used to assist in decision making under uncertaugiyng decision trees and/or influence
diagrams to predict the likelihood and consequen€eégcision outcomes (Dewar and
Wachs 2008). Real options (de Neufville 2003) oesis to the risks identified in the
decision analysis by building flexibility into ttdesign of technological projects and
systems” (de Neufville 2000), such as infrastruetto dynamically adapt to future

conditions.

3.1.5.2 Computer-Based Exploratory Analysis

Computer-based exploratory analysis is a term a@iere to generalize a family
of policy analysis methods that employ computer eliad or simulation to consider
large ensembles of scenarios, thus enabling deamsakers to consider a much wider
range of futures, as well as additional uncertasfe.g., those associated with model
structure, input, and parameters). These include:

» Exploratory Modelingwhichtreats uncertainty by “conducting a large

number of computer simulation experiments on mdaygble formulations
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of the problem, rather than using computer res@it@éncrease the resolution
of a single best-estimate model” (Lempert et a@6)9thus enabling
policymakers to make decisions that are robustsadarge numbers of
plausiblefutures, not just a small numberpybbableor expected futures;

* Computer Assisted Reasonifi@AR), in which software that facilitates the
use of Exploratory Modeling by evaluating assummpiand hypotheses to
create “landscapes of plausible futures” (Lemp8@2), or visualizations that
represent the outcomes of ensembles of scenadbsdh be evaluated to
identify “robust regions” that help policymakersiéntify key strategies that
perform relatively well compared with the alterna8 over a wide range of
scenarios” (Lempert 2002);

* Robust Adaptive Plannindg.empert et al. 2002) and Robust Decision Making
(Dewar and Wachs 2008), which are both computefeémentations of
Exploratory Modeling in decision analysis framewsdesigned to identify

policies that are robust across wide ranges ofsgifutures.

3.1.5.3 Assumption Based Planning

Assumption Based Planning (AB®as developed at the RAND Corporation to
improve the robustness of an existing plan by ifi@ng its underlying assumptions that
are vulnerable to plausible events, and takingastto increase the plan’s robustness to
these events (Dewar 2002; Dewar et al. 1993). A@Bists of five steps (Dewar and
Wachs 2008): (1) identify all assumptions that faha basis for the plan; (2) identify the

“load bearing” assumptions critical to the sucagsthe plan and those that are
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vulnerable to plausible future events (Exploratelydeling can be used for this); (3)
produce signposts to monitor vulnerable assump@miasserve as a warning sign of
impending surprises; (4) design and implement stgaactions to influence the outcomes
of uncertain events in ways favorable to the planiscess; and (5) design and implement

hedging actions to mitigate the impacts shouldssmuption fail to occur as expected.

3.1.5.4 Dynamic Adaptive Planning

Dynamic adaptive planning (DAP) is an evolutioradhptive management,
which originated in the environmental managemesitif(Holling 1978; McLain and Lee
1996; Walters and Hilborn 1978). Adaptive managetnecan be broadly defined as a
“structured process of learning by doing, and adgdiased on what'’s learned.”
(Williams 2011) This learning process is faci@dtby what Holling (1978) discusses as
monitoringof specific system performangelicatorsover the implementation of a
management plan. More specifically, the Nationes&arch Council (2004) defines

adaptive management as:

“...flexible decision making that can be adjustethe face of
uncertainties as outcomes from management actimhsther events
become better understood. Careful monitoring e$éhoutcomes both
advances scientific understanding and helps agplgties or operations

as part of an iterative learning process.”
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Adaptive approaches have been noted as an impadanépt in managing climate
change risks (National Research Council 2010).

DAP is a framework that outlines an adaptive manmage-type approach that is
generalized for broader applications to deal withartainty in different fields (Walker
2000; Walker 2000; Walker et al. 2001), and expamus some of ABP’s core
concepts. In brief, DAP involves developing a badan, identifying the vulnerabilities
of the plan (i.e., how it might fail), developingsaries of actions to guard against these
vulnerabilities, and establishing a series of sagtg, similar to ABP, to monitor the
uncertain vulnerabilities. During implementatioithie monitoring program indicates
that signposts reach predetermined critical le\eelgries of predetermined adaptive
actions are taken to ensure that the basic plgs statrack to meet its goals and
objectives. The basic plan, monitoring program, platined adaptations remain in place
unless monitoring indicates that the intended au&g®can no longer be achieved, or if
the goals and objectives of the basic plan changbese instances, the adaptive plan is
then reassessed. The elements of flexibility, adality, and learning enable DAP to
adjust to new information as it becomes availadte] therefore to deal with deep
uncertainty (Marchau et al. 2010).

Numerous studies have applied DAP in transportgilanning (Kwakkel et al.
2010; Kwakkel et al. 2010; Marchau and Walker 20@3rchau et al. 2009; Marchau et
al. 2010). It has also been suggested as a respmeimate change in infrastructure and

transportation applications (Dewar and Wachs 28G@8iman et al. 2008).
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3.2 The Evolution of Climate Change Impact Assessnt and Adaptation

Much of the early guidance on impact assessmenadaptation comes from the
Working Group Il (WG2) of the IPCC. When it wadaddished in 1988, the goal of
WG2 was, and continues to be, to “assess the gametdchnical and socio-economic
information relevant for the understanding of hurnraduced climate change, its potential
impacts and options for mitigation and adaptatigl?’CC 2010) Working Group II's
contribution to the IPCC'’s First Assessment RepadR1) (IPCC 1990) primarily
focused on impact assessment. This assessmerddwvedis largely a scenario-based
exercise to provide an overview of impacts and erdbilities in specific sectors (e.qg.,
agriculture, natural ecosystems, transport andsimguetc.). In AR1, the focus was on
impact assessment, rather than adaptation optiaisation.

In their 1992 Supplementary Report, WG2 establisirethnalytical outline”
(IPCC 1992) for impact assessment; it was desigmetable flexibility in analytical
methods, recognizing the different needs of diffeeectors. They note, however that
“there is little experience with evaluating the isband economic impacts of climate
change,” and that “it is desirable that future \@s address these topics in more detail.”
(IPCC 1992) The seven steps of the proposed ingssetssment were:

1. Definition of the problem

2. Selection of the method

3. Testing of the method

4. Selection of scenarios

5. Assessment of impacts

6. Evaluation of adjustments
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7. Consideration of policy options

Within this impact assessment framework, discussafradaptation are restricted
to the final step, ‘consideration of policy optidn# that step, however, only “adaptive
policies” are briefly discussed, such as the fidtiof government subsidies on some food
crops” as a means of “offsetting overproduction ttua more favourable climate.”
(IPCC 1992) No discussions of deeper adaptatitorecor strategies were provided.

In 1994 the IPCC released tH&CC Technical Guidelines for Assessing Climate
Change Impacts and AdaptatiGf?CC 1994). This report expanded the scope fiom
impact analysis and evaluation, to include an eration of “the possible adaptive
responses for reducing adverse effects or expiprtew opportunities,” thereby allowing
“policy makers and decision makers to choose anaoset of adaptation options.” (IPCC
1994) The term “impact assessment” was also exquhtalinclude the consideration of
adaptation responses, resulting in a revised frasriefor generalized, non-sector
specific impact and adaptation analysis (IPCC 1994)

1. Define problem

2. Select method

3. Test method/sensitivity

4. Select scenarios

5. Assess biophysical impacts, and socio economicatspa

6. Assess autonomous adjustments

7. Evaluate adaptation strategies
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The final step, ‘evaluate adaptation strategiess wurther broken down into a series of
progressive steps, as outlined by the IPCC adaptatialuation framework include
(IPCC 1994; IPCC 1995):

1. Defining goals and objectives

2. Specifying important climate impacts

3. ldentifying adaptation options

4. Examine constraints of identified options

5. Quantify measures and formulate alternative straseg

6. Weight objectives and evaluate trade-offs

7. Recommend adaptation measures

In their Third Assessment Report (TAR), the IPC@¢Aiwon et al. 2001)
presents a more formalized framework developedrbiy & al., (1999) to evaluate the
vulnerabilities of systems (i.e., not specificaignsportation systems) to climate change
impacts, and develop adaptive policy responsesi(€ig.1). Note that in addition to
illustrating a cyclic or iterative approach to atidon (see section 3.1.4), this framework
also shows the interrelationship of adaptationrandjation as discussed briefly at the
beginning of this chapter.

In discussing this framework, the IPCC defineswhl@erability of a system to
climate impacts as lying on a spectrum betweeneralility and resilience.

Vulnerability is defined as “the degree to whichyatem is susceptible to, and unable to
cope with, adverse effects of climate change, ohioly climate variability and extremes,”

(IPCC 2007) and is characterized as a functiomatf $ystem’s: (1) sensitivity to climate
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impacts, (2) adaptive capacity, and (3) exposuiteate impacts (Adejuwon et al.

2001). Adaptive capacity is defined as “abilityaofystem to adjust to climate change

(including climate variability and extremes) to neoate potential damages, to take

advantage of opportunities, or to cope with thesegiuences.” (IPCC 2007)
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Figure 3.1 IPCC TAR Vulnerability and Adaptation Framework

In the TAR, the IPCC also introduces the conceptséf management in impact

assessment and adaptation (concepts of risk dnchasagement are discussed further in

the next section). Prior reports (IPCC 1992; IP®O4; IPCC 1995) had only provided

cursory discussions of risk, or risk analysis a$ pbthe impact analyses. The TAR

mentions three studies (Hisschemoller and Olsth@889; Nguyen et al. 1998; Perez et

al. 1999) in discussing the potential to modifyséixig risk management programs for

climate change impact adaptation, but does notigecany specific guidance on how to
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merge risk management principles with climate cleangpact assessment or adaptation
strategies beyond the use of risk analysis for ggmapact assessment.

The IPCC'’s fourth Assessment Report (AR4) broadgmndance for risk
management in what it terms “climate change impataptation and vulnerability
(CCIAV) assessment.” (Carter et al. 2007) CCIAVres forward practices from
previous Assessment Reports (namely, impact assessataptation assessment,
vulnerability assessment, and integrated assesymehintroduces risk management as
a tool “in mainstream policy-making.” (Carter et 2007)

The AR4 notes “the certainty that some climate geanill occur [which] is
driving adaptation assessment beyond the limitghaft scenario-driven methods can
provide.” (Carter et al. 2007) Therefore, riskmagement’s further development in the
AR4 is motivated by its ability to address thesaits, which include (Carter et al. 2007):

* Assessing current adaptations to climate varighalitd extremes before

assessing adaptive responses to further climate

» Assessing limits of adaptation

» Linking adaptation to sustainable development

* Engaging stakeholders

» Decision-making under uncertainty

The AR4 proposes a series of general steps formekagement in adaptation and
impact evaluation frameworks: (1) a scoping exerqi2) risk identification; (3) risk
analysis; (4) risk evaluation; and (5) risk treatin@arter et al. 2007). These risk
management steps are generally consistent witmetienal standards; for example,

AS/NZ 4360:2004 — Australian and New Zealand Stahda Risk Management
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(Standards Australia and Standards New Zealand)28041SO 31000:2009 — Risk
Management Principles and Guidelin@sternational Organization for Standardization
2009). Risk, risk management, risk standards rskdased adaptation frameworks are
discussed further in the next section.

Risk management, as an approach to adaptatiomganaed significant traction in
recent years and has been broadly identified addread by the global adaptation
community (Carter et al. 2007; Meyer et al. Forthawg; National Research Council
2010; TRB 2008; USGCRP 2009; Willows and Conne020 In their review and
synthesis of adaptation strategies and framewaoodks the global transportation
community, Wall and Meyer (2013) note that “mudhhe transportation and
infrastructure sector’s approach to climate changeact analysis and adaptation
planning is based on risk management practicescti@ 3.4 provides a more detailed
review of the current state-of-the-art in adaptafianning frameworks (which are

primarily based on risk and vulnerability) from thebal transportation community.

3.3 Risk and Risk Management Principles
The concept of risk has several definitions. Aryedistinction by Knight (1921)
is that risk refers to random adverse events witlhgbilities of occurrence that can be
statistically calculated; uncertainty, however ref® random events that cannot be
predicted by statistical probability (Lofstedt a@dholm 2009). This definition suggests
that risk and uncertainty are parallel and mutuedglusively concepts. More recent
definitions of uncertainty suggest otherwise. \Veal&t al. (2003) define uncertainty as

“any departure from the unachievable ideal of catgtieterminism.” This definition
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suggests that uncertainty is the characteristramfiomness in events (aleatory
uncertainty) or limited knowledge (epistemic unagrty), and that risk may be a subset
of uncertainty that can be quantified by statistgprabability. Additionally, the
International Organization for Standardization (@00ffers the broad definition of risk
as the “effect of uncertainty on objectives.”

The early definitions of risk have evolved into amapractical definition, which
states that risk is “a measure of the probability severity of adverse effects” from some
event (Lowrance 1976) in (Haimes 2004). Thatigk is a function of (1) the likelihood
(i.e., probability) of an event’s occurrence, agjithe consequences of that event.
Although the early definition by Knight (1921) netthat risk refers to “adverse
occurrences,” (Lofstedt and Boholm 2009), it iseabthat the consequences of an
uncertain event can be positive, as well as negénternational Organization for
Standardization 2009). Furthermore, it is noted the likelihood of an event’s
occurrence can be determined or measured eithétagiwaly (e.g., through expert
opinion) or quantitatively (e.g., mathematicallintérnational Organization for
Standardization 2009).

Risk analysis and risk management have evolvedsjoond to the presence of
uncertainty in decision-making. Haimes (2004)estdhat risk assessment attempts to
“identify, measure, quantify and evaluate risks #radr consequences and impacts.”
Risk management refers to “coordinated activitieditect and control an organization
with regard to risk.” (International Organizatiaor fStandardization 2009)

The discrete processes of risk assessment anchaskgement have likewise

evolved. Haimes (1981) outlines five steps fdk assessment and risk management:
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Risk Assessment

1. Risk identification
2. Risk modeling, quantification, and measurement
3. Risk evaluation

Risk Management

4. Risk acceptance and avoidance

5. Risk management

Later frameworks, however, place risk assessmeatcasnponent of larger risk
management frameworks. For example, the AustiNdia/Zealand standardS/NZS
4360:2004 - Risk Managemg@&tandards Australia and Standards New Zealand)2004
and the international standat80O 31000:2009 — Risk management — Principles and
Guidelineg(International Organization for Standardizatio®2)) indicate that risk
assessment is one part of the risk managementgxcmed consists of three components:

(2) risk identification, (2) risk analysis, and &k evaluation (Figure 3.2)
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Figure 3.2 ISO 31000:2009 Risk Management Process

3.4 Adaptation in the Transportation and Infrastructure Sector
Over the past two decades, governments and agenakarge of managing
transportation and infrastructure systems haveldpegd numerous adaptation strategies
to address the impacts of climate change on tlgstems. These adaptation strategies
seem to have initially drawn upon the conceptsmgdact and vulnerability analyses (e.g.,
CCIAV) to identify systems and areas that will pesed to and affected by projected

climate changes. In more recent years, framewhualke evolved to incorporate risk-
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based practices to identifying, assessing, andrebpg to climate change impacts
strategically.

It should be noted that vulnerability-based anadysmad risk-based analyses are
not mutually exclusive. Rather, as discussed lat#ris section, vulnerability analyses
are an important component of a risk-based andisasework, where risk is employed
to enable prioritization of adaptation needs. &ample, see the catastrophe model
shown in Figure 3.3 (Grossi and Kunreuther 2005 r€uther and Michel-Kerjan 2007),
which explicitly discusses vulnerability in the assment of the risks associated with
catastrophic events. Botzen and Van Den BerghQR@Bcuss the use of catastrophe
models in the context of climate change to asssks associated with “increases [in the]
frequency or severity of extreme weather.” Thigetypf model is also discussed in the
context of climate change assessment by Moss @l 3), and Peterson et al. (2008),

where it is referred to as “a typical risk modetddy the insurance industry.”

Hazard |~

— Vulnerability | Loss

Inventory |

Source: Grossi and Kunreuther (2005)

Figure 3.3 Catastrophe Model

The catastrophe model consists of four componéhtst hazard analysis, (2) an

inventory analysis, (3) a vulnerability analysisdd4) a loss analysis. In the context of
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risk management frameworks (e.g., Figure 3.2),fttus-component risk model could be
viewed as the risk assessment component of riskageament. It is also consistent with
the earlier conceptual discussion of risk as thmlioation of likelihood of an event, and
the adverse consequences of that event. In FRj8rehe event’s probability is
determined in the hazard component; the event’'segurences are determined in the
vulnerability component (i.e., how structures apstems are impacted by the hazard),
and quantified as costs in the loss component.

This section first synthesizes 28 climate chaadggptation frameworks from the
global transportation and infrastructure communifihe synthesis was carried out
specifically to examine: (1) commonalities in addjon framework development and
structure, (2) commonalities in the types of climmpacts assessed, and (3) common
barriers to adaptation experienced by the devetpagencies. This synthesis then
generalizes the risk-based climate change adaptiimework approaches to serve as a
foundation for the development of the risk assessmethodology developed later in

this study.

3.4.1 Frameworks from the Global Transportation Canmunity*

Numerous adaptation frameworks were reviewed ftoenglobal transportation
and infrastructure community to gain an understagoif the current state-of-the-art
practices. All of the adaptation frameworks reveéeMincorporate some element of risk-

based practices into their analysis and manageafi@timate change impacts. Table 3.1

! Substantial portions of this section synthesizisi-based adaptation strategies in transportasgmtor
were previously presented in Wall and Meyer (2013).
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provides a summary of those frameworks that werewed, the countries of origin, and
the originating agency or organization.

Two general categories of risk-based adaptatiandraorks were examined for
this study. The first category of frameworks (shawthe first section of Table 3.1)
addresses general infrastructure system conceuhaddress transportation infrastructure
as part of the broader examination. These framieswoere generally developed by
agencies or governments at the municipal and regiewel, national engineering
societies, or were incorporated into frameworksnfiatersecting fields (e.g., flood risk
management).

The second category of adaptation frameworks Spaliif address transportation
infrastructure and management activities, and \gererally developed by government
transportation agencies, and by independent andtprsector transportation
organizations (e.g., airport, port, and rail opersit While additional risk-based
adaptation frameworks exist in the global transggarh sector, those selected provide a
broad sampling upon which conclusions about theeatistate of practice in the

transportation community can be formed.

Table 3.1 Global Adaptation Frameworks for Transpatation and Infrastructure

Country of

Framework - General Infrastructure Origin Agency/Organization

Climate Change Risks to Australia's Coast - A F&$s Australia Department of Climate
National Assessment Change (2009)
Climate Change Risks for Coastal buildings and Department of Climate
Infrastructure - Supplement to the First Pass Matio | Australia Change and Energy
Assessment Efficiency (2011)
Infrastructure and Climate Change Risk Assessnwent|f Australia Victorian Government;
Victoria CSIRO (2007)
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Table 3.1 (Con

tinued)

Engineers Canada — Publi

a

Adapting To Climate Change - Canada's First Nationa Infrastructure Enaineerin
Engineering Vulnerability Assessment of Public Canada Vulnerabilit Corr?mittee 9
Infrastructure (PIEVC) (2(33108)
Engineers Canada — Publi
PIEVC Engineering Protocol for Climate Change Canada Infrastructure Engineering
Infrastructure Vulnerability Assessment Vulnerability Committee
(PIEVC) (2009)
Ontario Ministry of
Adapting to Climate Change - A Risk-based guide fo Canada Municipal Affairs and
Ontario Municipalities Housing (Bruce et al.
2006)
Adapting to Climate Change - A Risk-based guide for Canada National Resources Cana
Local Governments (Black et al. 2010)
Ahead of the Storm - Preparing Toronto for Climate Canada gﬁgﬁg:ig;g{;lggate
Change Strategy (2008)
Halifax Regional
Climate Change Risk Management Strategy for Halif D nada Municipality (Dillon
Regional Municipality Consulting and de Romilly;
& de Romily LTD. 2007)
Scottish Environmental
The National Flood Risk Assessment Scotland Protection Agency (SEPA
(2011)
Flood Risk Management Strategies and Local Flood Scotland Scottish Environmental

Risk Management Plans

Protection Agency (2011)

Climate Change Adaptation in New York City -
Building a Risk Management Response

United States

New York City Panel on
Climate Change (Major
and O'Grady 2010)

Preparing for Climate Change - A Guidebook for LUpc
Regional, and State Governments

a United States

Framework - Transportation Infrastructure

Country of
Origin

King County (WA)
Executive (Sonover et al.

2007)

Agency/Organization

Impact of Climate Change on Road Infrastructure tralis Austroads (Norwell 2004)
Risk Management for Roads in a Changing Climate - Auropean ERA-NET (Bies et al.
Guidebook to the RIMAROCC Method Union 2010)

. . . Transit New Zealand
Climate Change Uncertainty and the State Highway New Zealand | (Kinsella and McGuire

Network: A Moving Target

2005)

Climate Change Effects on the Land Transport Netw:
Volume One - Literature Review and Gap Analysis

)rNew Zealand

NZ Transport Agency
(Gardiner et al. 2008)

Climate Change Effects on the Land Transport Netw:
Volume Two - Approach to Risk Management

)rNeW Zealand

NZ Transport Agency
(Gardiner et al. 2009)

Scottish Road Network Climate Change Study

Scotland

Scottish Executive
(Galbraith et al. 2005)
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Table 3.1 (Continued)

Scottish Road Network Climate Change Study - Transport Scotland

Scotland

Progress on Recommendations (Galbraith et al. 2008)
Scottish Road Network Landslides Study Scotland Scottish Executive (Winter
et al. 2005)
Department of
. . , United Environment, Food &
* ’
Adaptation Reporting Powers, reports received Kingdom Rural Affairs (DEFRA
2012)
. . United UK Highways Agency
Climate Change Adaptation Strategy Kingdom (2008)
. . United UK Highways Agency
Climate Change Adaptation Strategy and Framework Kingdom (2009)
. . United UK Highways Agency
Climate Change Risk Assessment Kingdom (2011)

Federal Highway
Administration (Federal
Highway Administration
2012)

Assessing Vulnerability and Risk of Climate Change
Effects on Transportation Infrastructure: Pilotlod United States
Conceptual Model**

Federal Highway

Climate Change & Extreme Weather Vulnerability Administration (Federal

United States

Assessment Framework Highway Administration
2012)
Oregon Transportation
Climate Change Impact Assessment for Surface United States Research and Education
Transportation in the Pacific Northwest and Alaska Consortium (OTREC)

(MacArthur et al. 2012)
Transportation Research
Board — National
Climate Change, Extreme Weather Events and the United States Cooperative Highway
Highway System: A Practitioner’'s Guide Research Program
(NCHRP), (Meyer et al.
Forthcoming)

*  Twenty-three agency reports were reviewed utlieDEFRA reporting powers requirement. A full
agency list can be found at: <http://www.defra.gélenvironment/climate/sectors/reporting-
authorities/reporting-authorities-reports/>

** This includes five pilot-program case study refsp some of which revised the framework: MTC
(Nguyen et al. 2011), NJTPA (2011), Oahu MPO (SSRtdrnational 2011), Virginia DOT (2011),
Washington DOT (Maurer et al. 2011)

3.4.1.1 Risk Standards and the Basis for Frame®urkctures

Transportation agencies and organizations genetedhy from existing risk

management practices to inform their adaptatiomémsorks. Independent and private-
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sector transportation organizations (i.e., porharties, airports), reported that enterprise
risk management practices were already a partenf ¢xisting business management
activities, and that climate change adaptationmpfagcould be incorporated into these
practices. Some noted specific standards as hée@eqg used in developing their
enterprise risk management practices. For exartie?ort of Dover (2011) and NATS
(2011) noted that the international stand#) 31000:2009 — Risk Management —
Principles and GuidelinegInternational Organization for Standardizati@92) was
used to develop their risk management programs.

In Canada, the Ontario Ministry of Municipal Affai& Housing (Bruce et al.
2006) and National Resources Canada (NRCAN 201th)deported that the Canadian
standardCAN/CSA-Q850-01 — Risk Management: Guidelines amdlon-Makerswas
used to develop their frameworks; the Halifax RagldViunicipality (Dillon Consulting
and de Romilly & de Romily LTD. 2007) used an earkdition of that standard, as well
asCAN/CSA-Q634-M91 — Risk Analysis Requirements andetines

Frameworks in Australia and New Zealand (Gardined.€2009; Gardiner et al.
2008; Victorian Government et al. 2007) were prehamtly informed by the standard
AS/NZS 4360:2004 — Risk Managemand the superseding standA®/NZS
31000:2009 — Risk management Principles and GuidsliThis latter standard is also
specified by the International Organization forr8lardization a$SO 31000:2009 — Risk
Management Principles and Guidelinegich was used in the development of the

RIMAROCC framework in the European Union (Bies le2810).
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3.4.1.2 Focus of Adaptation Frameworks

The frameworks reviewed focused on three typeslaptation: (1) physical
infrastructure and assets; (2) operations and eraamice; and to a lesser degree (3)
organizational management.

Adaptation of physical infrastructure and assets avarimary focus of the
frameworks reviewed. Generally speaking, this typadaptation seeks to evaluate the
impacts and vulnerabilities of existing physicdlastructure and assets, and then
identify and implement actions that seek to mingriz mitigate climate change
vulnerabilities. This is consistent with the gealetefinition of adaptation offered in the
NCHRP framework by Meyer et al. (Forthcoming) astians taken to reduce the
vulnerability of natural and human systems or iaseesystem resiliency in light of
expected climate change.” Many adaptation planfreageworks examine infrastructure
at the system and corridor levels; however sonmadmorks — for example, the FHWA
Conceptual Framework (Federal Highway Administra®12) and related pilot studies
(Maurer et al. 2011; Nguyen et al. 2011) — evaldat&astructure at the individual asset
level. Additionally, the RIMAROCC framework (Biet al. 2010) from the European
Union was designed to enable adaptation analysipkmning at the system, corridor,
and individual asset levels.

Adaptation of operations and maintenance practi@ssalso a primary focus of
the adaptation frameworks reviewed. This typedafpation seeks to evaluate the
impacts of future climate conditions on operatiand maintenance practices, and
identify and implement strategies to mitigate timpacts of future climate conditions.

An example would be an airport operator purchasmege snow clearing equipment to
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ensure that increases in winter storm events dgigoificantly disrupt airport

operations. Particularly in the United Kingdomvesal of the DEFRA reporting power
agency frameworks (DEFRA 2012) explicitly considecimate change impacts on
operations and maintenance. For example, evergitf}ort operator that submitted an
adaptation report to DEFRA identified significamtgacts of climate induced changes in
weather on airport operations and maintenanceginrgrirom an increasing number of
extreme weather periods (impacting operationdpriger growing seasons for vegetation
(impacting maintenance).

A limited number of frameworks evaluated the broadgacts of climate change
on organizational management. The prime exampleei®)K Highways Agency
(Highways Agency 2011), which considered that iasBs in mean temperature would
affect the amount of energy consumed to heat aabitkeir offices, control centers, and

outstations.

3.4.1.3 Barriers and Limitations of Current Adaiota Frameworks

In discussing the development of their frameworkany agencies reported the
limitations of their risk-based adaptation framek#ras well as barriers — both internal
and external — that could inhibit the frameworkigolementation. Common barriers and
limitations can be characterized by five categori€sese categories can be divided into
two classifications: those that have a high fregyesf occurrence, and those that have a
lesser, or moderate frequency of occurrence. Gat=gl-3 constitute high-frequency;
categories 4 & 5 constitute moderate-frequencytéitiuns and barriers:

1. Data limitations
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2. Treatment of risk
3. Availability of sufficient resources
4. Legal, political, regulatory barriers

5. Uncertain future system demand

Data Limitations: Of the barriers and limitations noted, limitedad&vas the most

prevalent, and applies to two types of data: (frpstructure system and asset data, and
(2) climate data. Primarily three types of linibas apply to infrastructure asset and
system data:

* Unavailable — No inventory or database exists for certain sypieassets (e.g.,
culverts)

* Incomplete/inconsistent -Data does not contain all necessary or relevant
fields (e.g., asset condition), or contains infatiorafor some assets but not
others

* Not easily accessed Necessary or relevant data may be available, but is

spread across multiple departments within an agandymust be coalesced.

The predominant limitation noted for climate dataswhat the projections
available to agencies for planning purposes areloanscaled to a level of detail
sufficient for decision making at the local or r@ggl level. Some agencies also noted
that some types of climate impacts are better cheniaed in projections than others. For
example, port authorities in the United Kingdometbthat changes in wind and fog

conditions could significantly impact their opeaats, yet their projections contain
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significantly more uncertainty than other projectegacts (Gardiner et al. 2011,
Harwich Haven Authority 2011).

Treatment of Risk:The way in which risk is perceived and characesgtiwas the

second most commonly listed limitation or barrigfost significantly, numerous
agencies noted that it is difficult to define adedybe levels or risk, relevant types of
risks, and the critical thresholds of risk. Furthere, in the decision-making process
difficulty was noted in linking the immediate nefed action with risks that are perceived
to be of long-term or distant consequence.

The difficulty in linking risk levels to the decai-making process is further
compounded by what many agencies discussed asidtieatjve treatment of risk. As
noted in the previous section, risk analysis amarpization is primarily conducted using
expert opinion and risk matrices. This qualita@pporoach, although necessitated by
data limitations and uncertainty, was found to pelitically unacceptable” in
determining priorities and infrastructure assdiaality (Nguyen et al. 2011).

Availability of Sufficient ResourcesThe third most commonly discussed barrier

inhibiting framework development and implementatiees insufficient financial and
staffing resources. With respect to financial leas;, agencies noted that sufficient
financial resources were not available to implenaelatptation planning as specified in
the frameworks developed. In addition, severahags noted that sufficient financial
resources were not available to develop furtheetine the adaptation planning
frameworks themselves.

Agencies also noted that they, themselves, oftemodidiave sufficient staff

available to undertake adaptation planning in aaldito their other planning efforts.
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This is closely related to insufficient financiasources, as additional funding would
likely enable additional staff to be hired.

Interdependency & Regulatory Barrieré’hen conducting climate change risk

assessments, it was difficult for agencies to cetepf characterize their own risk
without some knowledge of the climate risks facgdnberdependent agencies. For
example, Mersey Docks (UK) noted that the operatmiitheir facilities are dependent
upon the supply of utilities (e.g., water, gasctleity), the surrounding highway
infrastructure, and adjacent properties leased ftord parties (Gardiner et al. 2011).
However, as climate risks are not fully charactstiwvithin these three interdependent
sectors, Mersey Docks noted that this will havbadfurther addressed over time
through engagement with those organizations witlthvthere are interdependencies”
(Gardiner et al. 2011) to understand fully the dlieirelated risks that they face.
Regulatory barriers also pose a significant chgketo private and independent
transportation organizations, such as airport dpesand port authorities, whose funding
and investment programs must be approved by tegulating agencies. For example,
London Gatwick Airport noted that any plans to “dp, improve and grow the airport”
must be agreed upon by the United Kingdom Civila&in Authority (CAA) and the
airlines for each 5-year investment cycle (GatwAadport Limited 2011). However,
they also noted that this short investment approyele is difficult to reconcile with
long-term climate projections that predict envir@ntal conditions well beyond the
timeframe of the 5-year cycle. This temporal ddpancy makes it difficult to justify
investment in projects whose benefits are uncesmathmay occur well after the current

investment cycle.
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Future DemandThe uncertainty associated with future transpanatiemand

was noted as a difficulty in determining the neadadaptive actions, and forced many
agencies to make assumptions as to future demendrgtances. For example, the
Associated British Ports predicts throughput amgeélows up to the year 2030 in their
master planning process, but noted that “it isdiff to accurately predict the way that
world trade and hence international cargo flows ghbnge.” (Associated British Ports
2011) Therefore, the uncertainty associated withate change-related adaptation needs
is compounded by the uncertainty associated witlréudemand-related needs. Some
agencies, for example the New Zealand Transporhéygedid not consider the impacts

of climate change on travel demand and land usegdsato simplify their analysis and
thus enabled the focus of their analysis to bectiietowards physical impacts on

infrastructure and assets (Gardiner et al. 2008).

3.4.2 Generalizations of the Risk-Based AdaptatioRrameworks®

The common approaches of the frameworks listecalnld 3.1 for evaluating
climate change adaptation needs were generallystenswith practices outlined in the
generic risk standardSO 31000:2009 — Risk Management Principles andi@imnes
standard shown (Figure 3.2). Several of the stegge commonly altered or expanded to
tailor the generic approach to the unique aspdatbroate change planning (e.g., need
for qualitative likelihood).

Step 1 — Establishing ContexThis step generally consisted of defining goald a

objectives, collecting infrastructure inventory gmdjected climate data, and assembling

2 Substantial portions of this section synthesizisg-based adaptation strategies in the transpomtat
sector were previously presented in Wall and Még26d.3).
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expert panels. The use of expert panels, or expgakshops, in the risk assessment
activities (Steps 2 through 4) was nearly univeasabss the frameworks reviewed. This
is a widely accepted method to account for clincii@ge uncertainties in the planning
process (see earlier discussion, Section 3.1.3).

Step 2 — Risk Identificationfhis step commonly consisted of identifying relava

climate change hazards/impacts, identifying vulbiitees within the infrastructure
system or agency’s activities, and identifying lkeonsequences of climate impacts.
This could also include identification of regioietus areas or priorities (e.g., focus only
on coastal sea-level rise, specific regions, ean), critical infrastructure systems.
Agencies often developed matrices to aid in thisreacross multiple infrastructure
types, agency activities, and impact types (Bied.€2010; Highways Agency and
Parsons-Brinkerhoff 2009; MacArthur et al. 201ZEYC and Engineers Canada 2008;
Victorian Government et al. 2007).

Step 3 — Risk Analysisthis step consisted of assigning qualitative (e.g.

low/medium/high) or semi-quantitative (e.g., 1 thgh 5) scores to the aspects of the
climate impact. Typically this was simply the rskkelihood and consequences. In
some cases, the analysis examined at other eleméntexample, the UK Highways
Agency framework (Highways Agency and Parsons-Bathkff 2009) asked experts to
rank (low/medium/high) four specific risk criterigl) uncertainty, (2) rate of climate
change (i.e., time horizon associated with predicteanges), (3) extent of disruption
(i.e., number of locations, extent of network), #tyseverity of disruption (i.e., recovery

time or disruption time). Another example, the Wagton State DOT (Maurer et al.
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2011), examined two elements: (1) impact seveety.( reduced capacity, temporary
failure, complete failure) and (2) asset critigalit

Step 4 — Risk EvaluationGenerally speaking the evaluation of risks ineslv

some type of ranking of the risk analysis resut&léentify priorities for adaptation. Most
commonly this consisted of inputting the scoresfi®tep 3 into a risk matrix to evaluate
and prioritize risks. Risk matrices position tregiables (e.g., likelihood and
consequence, criticality and impact, etc) assodiafiéh a climate change impact on the
x- and y-axis of a Cartesian coordinate systensdhevents in opposite corners receive
higher and lower risk prioritization scores, redpaty. Matrices range from simple
matrices with discrete low/medium/high regions (F&3.4) to much more complex
matrices with less discrete heat map regions (Ei§us), or multi-dimensional matrices

that incorporate additional criteria (Figure 3.6).

Impact
Catastrophic Moderate Minor
Very Likely Med Med
Likely Med Low
Likelihood | Medium Med Low
Unlikely Med Med Low Low
Very Unlikely | Med Med Low Low

Source: (MacArthur et al. 2012)

Figure 3.4 Simple Risk Prioritization Matrix
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Figure 3.5 Complex Risk Prioritization Matrix
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Figure 3.6 Multi-Dimensional Prioritization Matrix

Another common approach to risk evaluation congdisfequantitatively
determining risk scores, or priority rankings. Onetivation for this approach is that it
enables the examination of additional criteria,alihis beyond the capacity of a two- or
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three-dimensional risk matrix. The risk scoreasgyally computed using a simple
equation of the relevant criteria. For example, thK Highways Agency (Highways
Agency and Parsons-Brinkerhoff 2009) assigns loediom, and high criteria ratings
scores of 1, 2 and 3, respectively. These areittprt into the following equation to

arrive at an “indicator score”:

[Rate of climate change] x [Extent of disruption] x [Severity of disruption] x (4 — [Uncertainty])
81

More complicated evaluations of risk did exist, ésample the Virginia DOT pilot study
of the FHWA Conceptual Model (Virginia Departmefiffloansportation 2011)
computed scores by incorporating climate, econodatgrioration, ecological, and
traffic demand criteria into a multicriteria decisianalysis (MCDA) model to evaluate
risks under multiple climate scenarios.

Steps 3 and 4 were frequently combined into a siatgp, called a “risk
appraisal” (Highways Agency and Parsons-Brinker26f9), or a “risk assessment”
(PIEVC 2009).

Step 5 — Risk Treatmeilihe treatment of risk concerns the development,

selection, and implementation of an adaptatioroactiThis step was commonly broken
into two discrete steps: (1) identification, evaioa, and selection of adaptive action
options, and (2) implementation of the selectedonpt

The identification, evaluation, and selection ofaaaptation action generally
consisted of a multi-step options analysis. To idigriable adaptation options, some

frameworks contained tables with generic classeslaptation options (Bies et al. 2010;
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Highways Agency and Parsons-Brinkerhoff 2009), tloéfered examples for certain
types of infrastructure and suggested a site aisdlysthe affected assets (Meyer et al.
Forthcoming).

The United Kingdom Climate Impacts Programme (Wikoand Connell 2003), — which
presents a non-transportation specific risk-baskeghtation framework, classifies
adaptation option evaluation techniques in threesti(1) systematic qualitative analyses;
(2) “alternative methods” (i.e., semi-quantitativafd (3) quantitative and economics-
based methods. They present 26 separate evalumagittrods that might be used to
evaluate adaptation options (Table 3.2). The g®gi$hof adaptation strategies in Table
3.1, however, revealed that the evaluation of adtet options and the selection of a
preferred option most frequently involved a berefist analysis (Bies et al. 2010;
Highways Agency and Parsons-Brinkerhoff 2009; Mesteal. Forthcoming). However,
other selection methodologies included multi-atttédbanalysis (Gardiner et al. 2009), ad-
hoc multi-attribute evaluation matrices (Black etZ®10; Major and O'Grady 2010), or
general recommendations to consider “effectivenass, residual risks and stakeholder
acceptance.” (Bruce et al. 2006) In some cases exaample, New York City Panel on
Climate Change (Major and O'Grady 2010) — the Egaluation step was further broken
down to identify synergies with other agency atia&. For example, the FHWA
framework (Federal Highway Administration 2012)ntlées synergies with several
practices: (1) asset management, (2) emergencyihchanagement, (3) hazard
mitigation plans, (4) transportation planning pobjselection criteria, and (5)

environmental review.
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Table 3.2 General Adaptation Option Evaluation Mehods

Adapted from{Willows and Connell 2003

Tool/technique

Qualitative
methods

Alternative
methods

Quantitative and/or
economics based methods

Consultation Exercises

X

Focus Groups

Ranking/Dominance Analysis

Screening

Scenario Analysis

Cross-Impact Analysis

Pairwise Comparison

Sieve Mapping

X | X | X | X

Maximax, Maximin, Minimax,
Regret

x

Expected Value

Cost-Effectiveness Analysis

Cost-Benefit Analysis

Decision Analysis

Bayesian Methods

Decision Conferencing

Discounting

XX | X[ X[ X [X]|X

Environmental Impact
Assessment/Strategic
Environmental Assessment

Multi-Criteria Analysis
(Scoring and Weighting)

Risk-Risk Analysis

Contingent Valuation
* Revealed performance
« Stated performance

Fixed Rule-based Fuzzy Logic

Financial Analysis

Partial Cost-benefit Analysis

X [ X |[X [X X

Preference Scales

Free-form Gaming

Policy Exercise

X | X | X | X

The second component 8tep 5 — Risk Treatmem to implement the selected

adaptation option(s). In some cases, the impleatientplan and delivery were
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discretized into specific steps and responsibdit{glack et al. 2010; Bruce et al. 2006;
Highways Agency and Parsons-Brinkerhoff 2009).

Implementation frequently included the developnadrd monitoring framework
to periodically collect data on climate, asset periance, and agency activities. It was
frequently noted in the frameworks reviewed (Bieale2010; Federal Highway
Administration 2012; Gardiner et al. 2009; Gardiaeal. 2008; Kinsella and McGuire
2005; Maurer et al. 2011; Meyer et al. ForthcomMiigginia Department of
Transportation 2011; Winter et al. 2005), and elsee (Meyer et al. 2010; O'Har 2013;
Woolston Undated) the importance of linking climaekenge adaptation planning with
transportation asset management (TAM) programdaltiee data-driven nature of those

programs, which could be synergistic with adaptati@nitoring.

3.5 Conclusions and Observations for Development an Assessment Framework
As discussed in Chapter 1, the purpose of thisarebestudy is to develop a risk-

based assessment framework to prioritize at a nktlgwel the risks of highway culvert
assets to climate change impacts, as may be relevarirastructure management
practices (e.g., TAM, strategic planning). Thistg® provides some observations and
conclusions from the preceding synthesis to inftrendevelopment of the risk-based
assessment framework in this study. Observatindsanclusion are in two general
categories: (1) a characterization of the typitaps for climate change adaptation
assessment, and (2) reasonable paths to progeessrtient state-of-the-art in climate

change adaptation frameworks.
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3.5.1 Risk Assessment Framework Structure

In the ISO 31000:2009 general risk managementdveork discussed in Section
3.3 (also, see Figure 3.2), risk assessment enssapshree steps: (1) risk identification,
(2) risk analysis, and (3) risk evaluation. Thetsps were discussed in the context of
climate change adaptation in Section 3.4.2. Intnms$ances, the frameworks developed
were implemented for programming- or network-legm@nning activities. There were
notable exceptions where asset-level analyses cosiducted (Bies et al. 2010; Maurer
et al. 2011; Nguyen et al. 2011), however it appdaat most of these broadly-applicable
frameworks were developed and implemented withcaddowards network-level
programming activities for multiple infrastructuasset types.

The ISO risk management model is generalized fpliegtions to myriad
situations beyond physical impacts to facilities @xample, enterprise goals, future
funding sources, etc). In contrast, the catas&opbdel shown in Figure 3.3 is intended
for assessing loss to physical facilities due tastaophic events. Given the primary
focus of current adaptation planning activitiesassessing and responding to potential
physical impacts to transportation systems, thastaiphe model may offer an
assessment structure that is suited to the netlgegt-assessment of individual asset
types and facilities. Additionally, utilization tfie catastrophe model would not
necessitate significant divergence from the ISO efisgtructure, which, as noted above,
has been more widely adopted within the transportagector for climate change
adaptation assessments. Figure 3.7 offers onemakich the 1ISO standard’s risk
assessment process and the catastrophe modelbsootainbined and reformulated to

assess climate vulnerabilities at an asset-leNeke that in this reformulation, the step
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150 31000:2009

Risk Identification

Risk Analysis

Risk Evaluation

Figure 3.7 Reformulated Infrastructure Asset Concptual Risk Assessment Model

“Establishing Context,” is added. In the ISO skaml, this step occurs prior to the risk
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assessment as part of the larger risk managenaenéwork. Within the catastrophe

model, data collection is implicit within the vami® steps of the process. However, given
the data acquisition and availability difficultiested in the synthesis of existing climate

change assessment frameworks (Section 3.4.1.8J)timg an explicit step to collect and

coalesce climate and infrastructure data for ugkeranalyses is reasonable.

74



3.5.2 Risk Assessment Framework Progress Areas

Numerous similarities among approaches to climasange risk assessment were
noted in Section 3.4.2. Building upon the estélglcsapproaches of the adaptation
frameworks reviewed in the synthesis, this segbia@vides several suggestions to
improve aspects of the framework analysis metheygsergize with other agency
activities, and progress the state-of-the-artimate change and infrastructure adaptation
planning.

Section 3.4.2 noted that several frameworks diszu#ise identification of
synergies with other agency activities and priesitio make climate change adaptation
planning more effective and efficient. Transpooiatasset management (TAM) was
widely noted as a possible area for synergy reletcaongoing infrastructure monitoring.
However, the large volumes of asset inventory dtriibate data that are collected as part
of normal TAM programs could enable a more constst@d complete assessment of
asset risks and vulnerability to climate changeaatg. For example, Khelifa et al.
(Forthcoming) demonstrate how bridge inventory padormance data collected as part
of the National Bridge Inventory (NBI) can be inporated into the FHWA’s HYRISK
model to predict scour vulnerability, failure rigigd costs associated with climate
change induced changes in riverine flow.

It has been noted that bridge management systemS)Bavement management
systems (PMS) and safety management systems (SEISdamon elements of TAM
programs at US state DOTS, but that increasinggye ©OTs are moving to also include
ancillary assets (e.g., culverts, earth retenticuctures, traffic signals) into their TAM

practices (Akofio-Sowah 2011; Akofio-Sowah et #12). The data collected as part of
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ancillary asset management (AAM), in addition to BMPMS, and SMS data could
provide a common point of departure for a more typapplicable adaptation
assessment, as well as offer data collection sastgigs through synergy.

Within the adaptation frameworks reviewed above,gdtojection of future
climate and assessment of impacts largely reliesxpert opinion. When used in case
studies to supplement expert opinion, climate madglredominantly examined the
impacts of sea-level rise and coastal storm suBgery et al. 2012; Nguyen et al. 2011;
NJTPA 2011; SSFM International 2011; Technical Ad kVork Group 2011; Virginia
Department of Transportation 2011), although th&\#s Gulf Coast 2 Study (Choate
et al. 2012), modeled some additional impacts,iiilb@ coastal location.

The literature detailing frameworks that examinlamd climate change impacts is
sparse. There are some examples that examinarftpodpacts to transportation and
infrastructure (Chang et al. 2011; Stack et al.72@ack et al. 2010), however none that
present a broadly applicable assessment framewatlcould be used in assessing asset-
level impacts, or for incorporation into network« decision making and management
programs (e.g., TAM).

As noted above in Section 3.4.2, much of the eiguation step involves the
prioritization of climate impact risks. As statedthat section, and illustrated in Figure
3.6, prioritization was predominantly conductedhgsexpert opinion with the aid or risk
matrices of varying complexity (e.g., 2-dimensiooaB-dimensional) and resolution
(e.g., high/medium/low, scale from 1 to 10). Aldghn Nguyen et al. (2011) noted that
the subjective nature of expert opinion may poskallenge for public decision making,

the subjective nature does enable decision ma&ergigh competing risk criteria and

76



consequential costs of impacts that may be diffimubuantify in monetary terms (e.g.,
environmental impacts, or impacts to wildlife doeatculvert failure).

In contrast to the practice of using expert opiraon risk matrices to evaluate
risks, the Virginia DOT (Virginia Department of Trgportation 2011) case study of the
FHWA Conceptual Model (Federal Highway Administoaiti2012) used a multicriteria
decision analysis (MCDA) framework to evaluate andritize infrastructure assets and
projects according to various criteria. This tgb@approach enables a more quantitative,
objective evaluation of risks while preserving #iglity to evaluate criteria that are not
easily quantified monetarily. In addition, as ¥i@OT case study showed, MCDA can
also be used to assess the sensitivity of clinfsege adaptation priorities to multiple
climate scenarios.

These types of considerations are important togieize in the development of a
risk-based climate change adaptation assessmemdirark. The assessment framework
developed in this dissertation research, whichssu$sed from a methodological
perspective in Chapter 5, seeks to incorporate réthe observations discussed above

into its structure and composition.
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CHAPTER 4
CULVERT MANAGEMENT DATA AND PERFORMANCE

ASSESSMENT RATING FRAMEWORKS

Culverts can be defined simply as structures tbamhvey surface water across or
from the [roadway] right of way,” (AASHTO 1999) htiugh they can also serve other
functions (e.g., utilities, livestock and wildlifassage, land access). Structurally,
culverts differ from bridges in that culverts atestially covered with embankment and
are composed of structural material around theeepgrimeter.” (FHWA 2012)
Hydraulically, culvers also differ from bridgestimat they “are usually designed to
operate at peak flows with a submerged inlet tarawe hydraulic efficiency.” (FHWA
2012) This intentional constriction of waterwagvil has several implications for
maintenance and performance. First, it can ineréaes potential for waterway blockage
and scour (FHWA 2012). Additionally, the intentadrilooding of culvert end structures
and embankments (i.e., upstream ponding) exerysli@blic head pressure on the culvert
and embankment. These factors can contribute oca@ased risk of adverse impacts
(e.g., excess flooding, roadway disruption, embagrknfailure). As discussed in
Chapter 1, the repair and replacement costs assdaigth culvert damage and failure
can be substantial.

Given the potential for increases in extreme piigatipn events associated with
climate change (and thus the potential for incréaseeam flows), there is some cause
for concern that adverse impacts to culvert aseaisresult. Furthermore, the potential

for such adverse impacts will likely be amplifieti@ng those individual culvert assets
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with functional performance deficiencies. Therefan important aspect of adapting
culvert assets to the impacts of climate changa isnderstanding of the condition and
functional performance of existing roadway culveda®etter characterize and prioritize
vulnerabilities.

This chapter first provides an overview of culvadnagement practices in the
United States (Section 4.1). This begins with rmegal discussion of Federal culvert
inspection procedures and then discusses the twstega of culvert management in the
United States. Section 4.2 then presents sevarakfvorks that have been developed to
assess the condition and performance of culvaittese are based upon the inspection
standards presented in Section 4.1, as well asiawiali data items proposed within the
frameworks. The condition and performance assassitaneworks are then briefly
discussed with respect to their possible use matk change impact vulnerability
assessment applications, specifically the assesdmaemework developed in Chapter 5
of this dissertation research. This chapter catesuvith a discussion of culvert failure

modes and potential indicators of vulnerabilityttiveay contribute to such failures.

4.1 Culvert Inspection Data & Management Systems
This section provides a discussion of culvert icsipe procedures and culvert
management systems in the United States. It begthsa discussion of thidational
Bridge Inspection Standards — Culvert Inspectiomi (Arnoult 1986), which
provides a baseline for culvert inspection procedwand influences widely the culvert
performance rating systems discussed in Sectian@ulvert management practices are

then discussed in the context of transportatioetassanagement, which is briefly
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introduced, and the state of culvert managemeirtipeain the United States is

discussed.

4.1.1 National Culvert Inspection Procedures

The National Bridge Inspection Program, establishel®71, created a uniform
inspection system and database for the “strucandlfunctional safety” of bridge assets
(Arnoult 1986). Inspection procedures for thisgyeon and additional guidance were
provided in theBridge Inspector’s Training Manual 7FHWA 2012). Manual 70
distinguishes culverts as structures with sparsstlesn 20-ft. (as measured along the
centerline of the roadway) and bridges as strustuwith spans greater than 20-ft.
However, the recognition over time that some stnes with spans greater than 20-ft.
can have the hydraulic and structural design cheniatics of culverts necessitated
supplemental inspection standards. Thus, the BeHeghway Administration (FHWA)
issued theCulvert Inspection ManudICIM) (Arnoult 1986) to provide guidance for the
inspection and rating of structures that have #sgh characteristics of culverts
(discussed above), but spans greater than the &@fidard. The CIM notes that the
guidelines outlined therein “should also be gerggplicable to culverts with openings
which are less than 20 feet long.” (Arnoult 198@)e FHWABridge Inspector’s
Reference ManugBIRM) (FHWA 2012) also provides a useful supplenat discussion
of the inspection procedures outlined in the CIM.

The National Bridge Inventory (NBI) component cdrah rating guidelines only

provide one item to assess overall culvert conglititem 62 — Culvert and Retaining
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Walls. However, the CIM does note that additiac@idition and appraisal items are
applicable to culverts, and may be useful in euaigaculverts:

1. Item 61 — Channel and channel protection

2. Item 63 — Estimated remaining life

3. Item 64 — Operating rating (maximum permissiblelk)a

4. Item 65 — Approach roadway alignment

5. Item 66 — Inventory rating

6. Item 67 — Structural condition (i.e., with resptxturrent standards)

7. Item 68 — Deck geometry

8. Item 70 — Safe load capacity

9. Item 71 — Waterway adequacy

10.Item 72 — Approach roadway alignment

With the exception of Items 63, 64, and 66, alihef above condition and
appraisal rating items use a numerical scale fram9) where 9 is the best score
possible. Although these items do not directlyasghe structural and hydraulic
condition of the culvert, nor will they necessatiy available for all culverts spanning
less than 20-ft, they may be a useful component@k in-depth, project-level condition
and performance assessments.

NBI Item 62, used to assess a culvert’s overalddam, evaluates “the
alignment, settlement, joints, structural conditiscour, and other items,” (FHWA 2012)
such as end treatments and the embankment (Arb®8&). As discussed, culvert

condition is ranked using a 0 to 9 point scale, tteis the best score. This rating scale
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and accompanying descriptions are shown in Figure However, additional evaluation
guidance is provided in the CIM and BIRM to assispectors in assigning the overall
condition rating. Specific guidance is providecet@luate culvert barrels, which are
generally classified according to structural systegid and flexible (sometimes called,

non-rigid) designs. Guidance is also providedWaterways and appurtenances.

el

ode Description
Not applicable. Use if structure 1s not a culvert.

No deficiencies.

e o 2

No noticeable or noteworthy deficiencies which affect the condition of the
culvert. Insignificant scrape marks caused by dnift.

7 Shrinkage cracks. light scaling, and insignificant spalling which does not
expose reinforcing steel. Insignificant damage caused by drift with no
misalignment and not requiring corrective action. Some minor scouring
has occurred near curtain walls, wingwalls, or pipes. Metal culverts have
a smooth symmetrical curvature with superficial corrosion and no pitting.

6 Deterioration or initial dismtegration, minor chloride contanunation,
cracking with some leaching, or spalls on concrete or masonry walls and
slabs. Local minor scouring at curtain walls. wingwalls, or pipes. Metal
culverts have a smooth curvature, non-symmetrical shape, significant
corrosion, or moderate pitting.

5 Moderate to major deterioration or disintegration, extensive cracking and
leaching, or spalls on concrete or masonry walls and slabs. Minor
settlement or nusalignment. Noticeable scouring or erosion at curtain
walls, wingwalls, or pipes. Metal culverts have significant distortion and
deflection in one section, significant corrosion or deep pifting.

4 Large spalls. heavy scaling, wide cracks. considerable efflorescence, or
opened construction joint permitting loss of backfill Considerable
settlement or nusalignment. Considerable scouring or erosion at curtain
walls, wingwalls. or pipes. Metal culverts have significant distortion and
deflection throughout, extensive corrosion or deep pitting.

3 Any condition described m Code 4 but which 1s excessive in scope.
Severe movement or differential settlement of the segments, or loss of fill.
Holes may exist n walls or slabs. Integral wingwalls nearly severed from
culvert. Severe scour or erosion at curtain walls. wingwalls. or pipes.
Metal culverts have extreme distortion and deflection in one section,
extensive corrosion. or deep pifting with scattered perforations.

(]

Integral wimgwalls collapsed, severe settlement of roadway due to loss of
fill. Section of culvert may have failed and can no longer support
embankment.  Complete undermuning at curtain walls and pipes.
Corrective action required to maintain traffic. Metal culverts have
extreme distortion and deflection throughout with extensive perforations
due to corrosion.

Bridge closed. Corrective action may put bridge back in light service.
0 Bridge closed. Replacement necessary.

Source: (FHWA 2012)
Figure 4.1 NBI Component Condition Rating Guideline for Culverts
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Rigid culverts are those whose structure providegptimary load-bearing
capacity, rather than the surrounding embankmehtideese generally consist of
concrete, masonry, and timber culverts. Sepaaditegrscales are given in the CIM for
the following types of rigid culverts (Appendix Awtains the individual CIM rating
scales for each type listed):

1. Concrete culverts

a. Precast concrete pipe culvert barrels
b. Cast-in-place concrete culvert barrels

2. Masonry culverts

Flexible culverts provide little bending resistarac®l therefore rely on proper
interaction with surrounding soils to support load$iese generally consist of corrugated
pipes (steel or aluminum), structural metal platej plastic pipe culverts. Separate
guidance is given in the CIM for the following typef flexible culverts (Appendix A
contains the individual CIM rating scales for eagbe listed):

1. Corrugated metal culverts

a. Round or vertical elongated corrugated metal pgredbs
b. Corrugated metal pipe-arch barrel
c. Structural plate arch barrels
d. Corrugated metal box culvert barrel
2. Corrugated metal long-span culverts
a. Low-profile arch long-span culvert barrel

b. High-profile arch long-span culvert barrel
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c. Pear shaped long-span culvert barrel

d. Horizontal ellipse long-span culvert barrel

In addition to culvert barrel inspection guidanites CIM also provides guidance
for inspecting culvert end and stream bed featunetyding:

1. The approach roadway (e.g., depressions, cracks)

2. Waterways (e.g., channel alignment and scour, wateadequacy)

3. End treatments (e.g., headwalls, wingwalls)

4. Appurtenances (e.g., energy dissipaters, aprons)
Appendix A contains the individual CIM rating scalegertaining to waterways (Channel
and Channel Protection; Waterway Adequacy); the @tids not provide rating scales
for the other culvert end and stream bed itemedist

Both the CIM and the BIRM note that the overallngtof culvert condition
should not be taken as a simple average of theitger® component ratings. They note
that a very low rating of one critical componentyneantrol the overall rating (Arnoult
1986). Instead, both documents specify that ingpeshould consider the functionality,
safety, and need for repairs or rehabilitationamheculvert when assigning an overall

condition rating consistent with the rating scdlewsn in Figure 4.1.

4.1.2 Transportation Asset Management

Transportation asset management (TAM) is a stratggproach to managing

infrastructure assets and investments of resouftesAmerican Association of State
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Highway and Transportation Officials (AASHTO) cumtly offers the following
definition for TAM:

“Transportation Asset Management is a strategicsystematic process
of operating, maintaining, upgrading, and expangingsical assets
effectively throughout their lifecycle. It focuses business and
engineering practices for resource allocation dilization, with the
objective of better decision making based uponityuiafformation and
well defined objectives.” (AASHTO 2011)

The infrastructure management investments mentiontgds definition of TAM can be
characterized as falling into one of three geneaggories, defined as (Cambridge
Systematics 2006):

1. System Preservationlnvestments in capital projects and maintenance
actions that extend the life of existing facilitisd repairs damage to facilities
that impedes mobility or safety of system users.

2. System Management and Operationinvestments in capital, maintenance,
and operational projects that promote operatioffi@giency and user safety
within the system.

3. Capacity Expansion:Investments that add additional capacity to exgsti
facilities, or that expand capacity through theuasitjon or construction of
new facilities.

As mentioned, these three categories of investiarenapproached strategically and
systematically through the use of performance nreasent and monitoring to inform
decision making and analysis. This performancedyapproach to decision making is
reflected in the “core principles” of TAM offered National Cooperative Highway

Research Program (NCHRP) Report 551 (CambridgeeBwaics 2006):

85



1. Policy-driven: Resource allocation decisions are based on adeéled set
of policy goals and objectives

2. Performance-Based:Policy objectives are translated into system
performance measures that are used for both ddgt@nd strategic
management

3. Analysis of Options and Tradeoffs:Decisions on how to allocate funds
within and across different types of investmenest@sed on an analysis of
how different allocations will impact achievememtelevant policy
objectives and the best options to consider.

4. Decisions Based on Quality Information: The merits of different options
with respect to an agency’s policy goals are ewatliasing credible and
current data.

5. Monitoring Provides Clear Accountability and Feedbak: Performance

results are monitored and reported for both impactseffectiveness.

Historically, TAM in the United States has focuggddominantly on managing
structures (i.e., bridges) and roads (i.e., pavémnaithough the need for its application
to other asset categories has been noted (e.gty $ahtures, facilities) (Cambridge
Systematics 2009). More recently, Akofio-Sowahl(POhas noted that, in fact, many
transportation asset management programs havellbegun to apply TAM practices to
so-called ancillary assets (e.g., lighting, gualsiraulverts), although such applications

are not yet universal among agencies.
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4.1.3 Culvert Management Systems

Since the introduction of theulvert Inspection ManugArnoult 1986)
supplement to the National Bridge Inspection Stesiglanterest in culvert management
systems appears to have been growing incrementall$¥989, McNichol (1989)
developed a computer-based culvert managementisydte2001, the FHWA released a
computerized Culvert Management System (CMS) tlzet developed as part of its Local
Technical Assistance Program (LTAP) (FHWA 2007 oweéver, a 2007 survey of state
DOTs showed that none were using the FHWA CMSpalgh 29 state DOTSs reported
having some sort of culvert management system (FHA@V). Roughly half of these
were developed in-house, while several others tegarsing the bridge management
software PONTIS (FHWA 2007).

Results from several syntheses and survey effAksf(o-Sowah 2011; Najafi et
al. 2008; Wyant et al. 2002) suggest that the pyrtessk of culvert management
systems, consistent with the earlier discussioRAd¥l, is preservatiormanagement
However, practices and culvert management systea@ament vary widely among
DOTs. For example, Najafi et al. (2008) note #2fb of state DOTs surveyed did not
include a condition assessment process, 78% didawa a model to predict service life,
and 83% did not have a decision support system YB5&d in managing maintenance
and repair needs. These findings suggest thaeiedntext of the TAM maturity scale
(AASHTO 2011), culvert management practices rangen fnitial or Awakeningn most
states, téstructuredin only a handful of state DOTSs (e.g., Marylandnhesota).

The developing maturity level of culvert managenmactices in the United

States poses several challenges to studies, sublsathat seek broadly applicable

87



solutions in infrastructure management. One sicgnt challenge is the wide variability
in culvert data collection, inspection standards management practice among state
DOTs and other transportation agencies. With r@gpanspection guidance and data
collection, the Culvert Inspection Manual (ArnoL@86) provides baseline guidance for
large culvert structures (i.e., spans > 20-ft.pwdver, a 2002 survey of transportation
agencies noted that the CIM practices were alsd asguidance by several agencies for
smaller culverts (Wyant et al. 2002). The most swn range of small culverts (i.e.,
smaller than 20-ft span) was found to be from 12arl2-ft. spans (Wyant et al. 2002),
but some agencies reported inspecting up to thieé 2pan distinguished in the NBIS
(Najafi et al. 2008). With respect to nationahstards for culvennanagementhe only
identifiable framework that seeks to nationallynstardized culvert management
practices for smaller culverts (i.e., < 20-ft. sp@rthe FHWA CMS, although as noted
earlier, no states currently employ the CMS, as@dgplication has only been
demonstrated by a small number of agencies in aWA&ldase study (FHWA 2007).

The lack of any recent synthesis studies of culvemagement practices among
state DOTs (the most recent synthesis study quaiiede is 5 years out of date) makes it
difficult to assess the current state of practicthis rapidly developing field. For this
reason, the case study element of this researgbcpis particularly important to aid in
developing a framework that is broadly applicabléhie current, albeit widely ranging,
states of practice among DOTs. Culvert managefoethe case study DOTs is

discussed in greater detail in the Chapter 5.
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4.2 Culvert Condition and Performance Assessment @anRating

Given the generally nascent state and implememntafieulvert management
systems in the United States, it is not surprisinag relatively few broadly applicable
frameworks exist that assess the structural cam#@nd hydraulic performance of
roadway and highway culverts, and that analyze dgath to rank or index culverts for
network-level programming and management activitiésrt and McNichol (1991)
developed an early computer-based ranking systatwits based on user and agency
cost models. These models calculated the econawsts of deficient conditions by
comparing current culvert conditions to agency fgmanditions.” Cost factors examined
included: (1) the vehicle load-bearing capacityhef culvert (as related to detours due to
vehicle loads in excess of capacity); (2) the hylicacapacity of the culvert (as related to
flood detouring and damage); (3) deficiency in emtwvidth (as related to safety,
collision hazard, and damage liability), and (4)mtenance costs and priorities. One
shortcoming of this ranking system is the exclusige of culvert inventory information
(i.e., no condition of functional performance infation is incorporated). Although the

exclusion of performance information likely refle¢he state of culvert management

needs, or likelihood of failure.

The Federal Highway Administration manudjdraulic Design of Culverts,3
Ed. (Schall et al. 2012) discusses the assessmentstingxculvert conditions in its
chapter on culvert repair and rehabilitation. Hattchapter, it references three documents

that provide support for culvert assessment:
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1. FHWA Bridge Inspector’'s ManugRyan et al. 2006); recently updated in
(FHWA 2012)
2. FHWA Culvert Inspection Manual — Supplement to the Britigspector’s
Training Manual(Arnoult 1986)
3. FHWA Federal Lands Highway (FLHJulvert Assessment and Decision-
Making Procedures ManugHunt et al. 2010)
Of the three documents listed above, all providéayce on the inspection and
assessment of culvert structures. However, the fegdrt provides additional specific
guidance on the analysis of collected structurabldeons and hydraulic performance
data in a decision-making framework to determineestive actions (e.g., repair,
replacement, further investigation). In the desigamual Hydraulic Design of Culverts
the FHWA appears to adopt and apply the princifsttas the FLH report. Because of its
analysis component, the FLH framework is applicablthis research study, and is
therefore discussed in greater detail later iniSeet.2.1. Additional literature searches
revealed several additional culvert condition aadfgrmance assessment frameworks,

which are discussed in greater detail in Sectiod4hrough 4.2.6

4.2.1 FLH Culvert Assessment and Decision-MakingrBcedures Manual

TheCulvert Assessment and Decision-Making Procedurasudl (Hunt et al.
2010) was developed by the Federal Highway Adnmatiisin’s Office of Federal Lands
Highway (FLH) to provide “guidelines for assessthg condition and performance of
existing roadway culverts,” and also presents @&sawcmaking framework for “selecting

corrective actions for deficiencies found” durimgpection (Hunt et al. 2010). The
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manual states that the procedures outlined thareispecifically intended for “project-
level rather than programmatic or inventory levet.ti However, it also recognizes that
“the manual and its component tools do easily kednselves to programmatic
applications.” (Hunt et al. 2010)

The FLH manual consists of two primary componefitsthe culvert assessment
tool, and (2) the culvert decision-making tool. eut assessments are conducted at two
levels: Level 1 and Level 2. A Level 1 assessmisnhtended for rapid assessment of a
culvert’s condition and performance.” (Hunt et2010) The outcomes of the Level 1
assessment include the following:

1. No further action — condition and performance are acceptable

2. Level 1 maintenance- clearing or cleaning to restore observed perémre

deficiencies, or to enable further Level 1 assestme

3. Level 1 repair or replacemert — repair of deficient condition of culvert

and/or appurtenances

4. Level 2 assessment Indicators in the Level 1 assessment may idettid

need for a more in-depth assessment of the culvert

The Level 2 assessment is a site-specific, dis@pdipecific investigation of
culvert condition and performance, which is trigggeby a prescribed set of inspection
indicators (these are discussed later). The FLHuaks “Culvert Assessment Tool”
provides guidance for Level 1 assessments (tllsa@issed in greater detail in the next
sub-section). However, given the site-specified@pth nature of Level 2 assessments,

the FLH manual only provides guidance as to the@pate disciplines (e.g.,
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geotechnical, hydraulic, structural, materials,)dttat should be consulted to conduct

Level 2 assessments.

4.2.1.1 Culvert Assessment Tool

The culvert assessment tool facilitates a rapidssssent of culvert and
appurtenance condition and performance. The asgessool consists primarily of a
culvert assessment form (Figure 4.2) and a relatbeert assessment guide. The
manual’'s appendices contain a supplementary phagtbgr guide that illustrates various
levels of condition and deficiency of real-worlderts to assist inspectors in their
assessments.

The culvert assessment tool examines multipler@itelated to culvert condition
and performance. Condition criteria are showrhalottom left table in the inspection
form (Figure 4.1). Condition criteria are assigmating codes using the scale shown in
Table 4.1.

The tool also provides specific guidance and dataccording to culvert barrel
material type: (1) concrete & reinforced concrafeep(2) corrugated metal pipe; (3)
plastic pipe; (4) timber; (5) masonry; and (6) apgoances (e.g., headwall/wingwall,
apron, scour protection). Note that not all ctindicriteria shown in Figure 4.2 are
applicable to every material type (e.g., “mortad amasonry” is only applicable to that
material type). The material-specific rating cgaedance tables are given in Appendix
B. Note that while the ratings in these tablesgamerally qualitative in nature,
guantitative criteria are given in a limited numbémstances; for example, percentage

areas of culvert aprons affected by cracking.

92



FLH CULVERT ASSESSMENT FORM Overall Rating
Notesby e Date: Project: . Gooid
Measurementsby: Time: Fair
Site Information: Poor
Facility Location: e latlong Critical
Milepost: __  ProjectStation: _ GPS Road CL WaypointMo. Unknown
Named waterwsy:______~ DiectonofFlow_____ Performance Problems

Culvert Information:
MNao. of Barrels: __ Barrel Length (approx):__ Barrel Slope: Mild / Steep / __

_ Downstream_____

Approx Cover: Upstream

Skew (0 degrees = perpendicular toroad): e

Barre| Shape (circle one) Circular Box Elliptical Pipe Arch Arch
Diameter: / Span_____x Rise
Pipe Material (circle one): Metal - Concrete /| RCP - Corrugated Plastic - Smooth Plastic - Timber — Masonry

Appurtenances (circle one):
Upstream : Projecting / Mitered / Headwall/ Headwall & Wingwalls / Flared End Section /
Downstream : Projecting / Mitered / Headwall / Headwall & Wingwalls / Flared End Section/ I
Flowing or standing water? N /| Y Depth: _ (ft) Est. FlowVelocity: _ (ft/s) Possible AOP/fish passage? ¥ / N
Utilities Present (list)? ¥ /| N___ Possible historic features? ¥ | N Open Bottom? ¥ / N

Culvert Condition and Performance (circle / check all that apply and provide appropriate explanations below)

Category Rating Performance Problems Requiring Level 1 Action

Invert deterioration Good Fair Poor Crit Unk NIA DebrisNeg Blockage > 1/3 of rise at inlet or outlet e]
Joints & Seams Good Fair Poor Crit Unk MN/A Sediment Blockage 1/3 to 3/4 of rise atinlet/outlet o
Corrosion/ Chemical Good Fair Poor Crt Unk NiA Buoyancy or Crushing-Related Inlet Failure o
Cmss-Section Deform  Good Fair Poor Crit Unk NA Poor Channel Alignment e]
Cracking Good Fair Poor Crit Unk NiA Previous and/or Frequent Overtopping o
Liner ! Wall Good Fair Poor Crit Unk MNA Local Outlet Scour o]
Mortar and Masonry Good Fair Poor Crit Unk MNA Performance Problems Requiring Level 2 Action
Rot and Marine Borers  Good Fair Poor Crit Unk NA Embankment Piping o
Headwall'Wingwall Good Fair Poor Crit Unk MN/A Channel Degradation / Headcut  (orce ane) o
Apron Good Fair Poor Crit Unk NIA Embankment Slope Instability o
Flared End Section Good Fair Poor Crit Unk MN/A Sediment Blockage > 34 Rise at Inlet or Outlet o
Pipe End Good Fair Poor Crit Unk MN/A Sediment Blockage = 1/3 Rise Throughout Barrel o
Scour Pratection Good Fair Poor Crit Unk MN/A Other Problems Requiring Level 2 Action

Mo Access | Ends Totally Buried /| Submerged o

Aggressive Abrasion/Corrosion'Chemical (circis) o

Exposed Footing (Open-Bottom Culvert Only) o
Ehotos (number): _lnlet ___ Ouflet _ _ Roadway (ahead) __ Roadway (back) _ _ View downstream

_ View upstream Others:

Notes | Recommendations:

o Additional notes | Sketches on back of form AZ

Source: (Hunt et al. 2010)

Figure 4.2 FLH Culvert Assessment Form
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Table 4.1 FLH Culvert Condition Assessment GenerdRating Codes

Condition Assessment Rating Codes

Good

Adapted from(Hunt et al. 2010)

Like new, with little or no
deterioration, structurally sound and
functionally adequate

Fair

Some deterioration, but structurally
sound and functionally adequate

Poor

Significant deterioration and/or
functional inadequacy, requiring
repair action that should, if possible
be incorporated into the planned
roadway project

Critical

Very poor conditions that indicate
possible imminent failure that could
threaten public safety, requiring
immediate repair action

Unknown

All or part of the culvert is
inaccessible for assessment or a ra

cannot be assigned

ng

Specific indicators within the culvert conditioriteria can trigger a Level 2

inspection, which necessitates in-depth, site-$§igecssessment (i.e., project-level) of

culvert conditions. For example, if the side dbating is exposed in an open-bottomed

corrugated metal pipe culvert, this condition autinally triggers the need for a Level 2

assessment. For a complete list of all culvertldan criteria indicators necessitating a

Level 2 assessment, see the “Notes” sections indhdition rating code tables in

Appendix B.

In addition to assessing culvert condition, the FiLHvert assessment tool also

assesses culvert and channel performance. THeis using a binary rating scale (i.e.,

the situation exists, or it does not). Two clasdesulvert and channel performance

criteria are assessed: (1) performance problemsrieg Level 1 action; and (2)
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performance problems requiring Level 2 action. Skheriteria are listed in Table 4.2

(Level 1 action) and Table 4.3 (Level 2 actiom).abdition to performance criteria, some

non-performance based criteria can instigate allZz®etion; these additional criteria are

listed in Table 4.4.

Table 4.2 Performance Problems Leading to a Levél Action

Problem

Debris/Vegetation Blockage

Adapted from(Hunt et al. 2010
Field Indicator(s)
Debris/Vegetation blocks 1/3 or more of inlet
opening

Sediment Blockage at Inlet g
Outlet

rSediment Blocks 1/3 to 3/4 of rise, localized &
inlet or outlet only

Buoyancy-Related Inlet
Failure

Inlet barrel raised above streambed

Poor Channel Alignment

Barrel skewed > 45-degrees to upstream chani
with associated damage to embankment or end
treatment

Drift on guardrail

Previous and/or Frequent

Erosion of downstream side of embankment

)

th

nel

Overtopping

Loss of pavement structure

Maintenance history/testimony

Local Scour at Outlet

Undermined culvert, end treatment, or

embankment slope

An overall rating is assigned to culverts basedhencondition and performance

inspection ratings. Ratings are assigned as: ¢bd(x(2) Fair, (3) Poor, (4) Critical, (5)

Unknown, or (6) Performance Problems (see Figwzg 4n the FLH manual, Hunt et al.

(2010) note that generally, “the lowest elemerdtihg for the culvert determines the

overall rating.” However, it is also noted thatcimses where culvert conditions are

determined to be “Good” or “Fair,” the presenceeiftain performance deficiencies

could trigger a Level 1 or Level 2 action. See tHetnal. (2010) for a more detailed

discussion.

95



Table 4.3 Performance Problems Leading to a Levé@l Action

Problem

Embankment Piping

Adapted from(Hunt et al. 2010)

Field Indicator(s)

Settlement or holes in roadway with no significa
joint problems identified in culvert

ANt

Holes in embankment outside of culvert with ng
significant joint problems identified in culvert

Channel Degradation

Perched inlet and/or outlet with adjacent chann
banks vertical or unstable (sloughing)

el

Headcut

Unstable channel drop of 2 feet or more within
sight of culvert

Embankment Slope Instabilit

Failure of upstream embankment with channel
approach angle less than 45-degrees to barrel

?Failure of downstream embankment beyond th
caused by local outlet scour

Sediment Blockage and

Full barrel length blocked 1/3 or more of rise wi
sediment and culvert not an AOP design

Channel Aggradation

Blockage 3/4 or more of rise local to the inlet of
outlet only

Aggressive Abrasion,
Corrosion and/or Chemical
Environment

Poor or Critical condition reached in 5 years or
less

Exposed Footing (Open-

Bottom Culvert)

Side of any footing exposed

th

Table 4.4 Other (Non-Performance) Problems Leadingp a Level 2 Action

Problem Field Indicator(s)

No Access

Adapted from(Hunt et al. 2010)

Condition cannot be adequately
assessed by an end-only inspecti

Access precluded by factors not
remedied by routine maintenance
(e.g., total submergence in water)

DN

Aquatic Organism

Passage (AOP) Culve

rtAny performance problem

Historical Culvert o
Headwalls

r | Any performance problem or

condition rating of Poor or Critical

Open-Bottom Culvert

Any condition rating of Poor or
Critical
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4.2.1.2 Culvert Decision-Making Tool

The Culvert Decision-Making Tool provides “projdetrel decision-making
guidance for post-assessment actions to be takesxifsting roadway culverts” (Hunt et
al. 2010) based upon the outcomes of the culvegsssnent described above. The
decision-making tool consists of a series of vegtaded flow charts that guide users
through the decision-making process. The firsteseoif flow charts guides users to one of
five paths: (1) no further action required; (2) bét maintenance; (3) Level 2 in-depth
investigation; (4) replacement; or, (5) repair.e ®econd series of flow charts then guide
users towards specific actions, and in many cafessrfinally to a series of options
matrices that include unit-cost based metrics amdiderations. For example, the
flowcharts may lead users inspecting a masonryecute the specific action, “repair
with lining,” and then refers users to a liner-tyg@ection matrix that includes type-
characteristics, unit-cost information, limitatioasd other considerations.

The Culvert Assessment Tool component of the FLiHuahis of primary
relevance to this research study as it may be egige for network-level condition and
functional performance assessments. As the Cubesision-Making tool is concerned
primarily with project-level assessments, no furttiecussion of that tool is given. For

further documentation of the Culvert Decision-Makifool, see Hunt et al. (2010).

4.2.2 WTI Rating System for Rural Culvert CrossingRepair and Maintenance
TheRating System for Rural Culvert Crossing Repair BaintenanceBaker
2001) was developed jointly by the Montana Depantno¢ Transportation (MDT) and

the Western Transportation Institute (WTI) at Mora&state University (MSU) as “a
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formalized rating system that proactively addressesepair and maintenance needs of
culverts.” (Baker et al. 2001) There are two pryneomponents in the WTI rating
system: (1) a Culvert Data Collection Guide (Baikeal. 2001), and (2) a Microsoft
Excel-based scoring template.

In general, the WTI rating system assesses spetilvert and site characteristics,
which are then entered into an algorithm that sjgscan overall condition index for the
site. The condition index ranges from 1 (Poor) {&xcellent). Although condition
indexes are determined using site-specific assedstaéa, the generalized nature of the

condition index output lends itself to network-lep&anning and management activities.

4.2.2.1 WTI Culvert Data Collection Guide

The WTI Culvert Data Collection Guide offers guidarfor culvert and site
condition assessments, as well as an assessmarddllaction form (this form is given
in Appendix C) for concrete, metal, and plasticepguiverts. Masonry, wood, and stone
culverts, are excluded from the assessment. Iii@addo general site and culvert
inventory data (e.g., dimensions, material, ete;fsem in Appendix C), nine
condition/performance criteria are assessed angressratings. Three types of rating
scales are used: (1) Yes/No; (2) scale from 0 tnd;(3) percentage-based. The nine
criteria and associated rating scales are showialite 4.5.

To assist inspectors in appropriately assigninglitam ratings, the data
collection guide provides some descriptive and pipatphic examples of field conditions
associated with specific rating levels. For a clatgpdiscussion of WTI culvert

condition ratings and descriptions, see Baker.g¢2801) and Baker (2001).
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Table 4.5 WTI Culvert and Site Condition Data Itens and Rating Scales

Inspection Item Rating Value

Culvert Age

0 -100 years

0 - No indication of outlet scouring

Degree of Scour at
Outlet

1 - Moderate scour

2 - Major scour

Evidence of Major

0 - No evidence of failure

Failure

1 - Visual evidence of failure

0 - No indication of corrosion

Degree of Corrosion

1 - Minor corrosion

(inside or outside)

2 - Major corrosion

0 - No damage to the culvert lining

Invert Worn Away

1 - Minor damage to the culvert lining

2 - Major damage to the culvert lining

Sedimentation of Cros
Section

0 - 100% blockage

Physical Blockage

0 - 100% blockage

0 - No joint separation observed

Joint Separation

1 - Joint separation observed

0 - No physical damage

Physical Damage

1 - Minor physical damage, not inhibiting flov

<

2 - Major physical damage, inhibiting flow

4.2.2.2 WTI Culvert Condition Index Scoring Tentpla

The WTI Culvert Condition Index Scoring TemplataiMicrosoft Excel-based

scaled, whole-number value from 1 (poor) to 5 (éz08.

implementation of an indexing algorithm that udesnine data items specified in Table

4.5 to calculate a culvert condition index. Thedition index, or condition rating, is a

The indexing algorithm was developed by comparmgstimated ordered probit
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model of multiple condition indicators with fielcath gathered and assessed by MDT
personnel (i.e., expert judgment). First, 33 poatipredictors (i.e., condition indicators)
were collected for 460 culverts across 11 MDT nemnahce regions. A probit model

was then estimated using the 33 potential predictord compared to field inspection



ratings for overall condition (i.e., expert judgrmhenndition ratings from 1 to 5) using a
t-test to eliminate predictors that were not fountbé significant at the 95% confidence
level. An initial condition indexing algorithm walsen constructed using the remaining

nine predictors (Table 4.5) and corresponding ssyoa coefficients:

9
y* = 4.65 + Z xiﬁi
i=0

Where:
y = the model output variable
X = the culvert predictor rating value

fi = the model coefficients

The culvert predictor input values, and corresponding model coefficieris,are given
in Table 4.6. The resulting model variable outmitiesy’, are then associated with five
ranges of values, each corresponding to a discud¥ert condition rating values. The
thresholds of these ranges are shown in TableAvérage Daily Traffic (ADT) and
detour-length information was then used as a x&atidicator of facility importance to
adjust the output of the initial condition indexialgorithm. For example, the index
value for culverts with greater ADT or detour-lengare adjusted down (i.e., poorer
condition ratings) to indicate greater importarang] vice-versa. The algorithm

development process is discussed in greater detd@hoon et al. (2002).
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Table 4.6 Statistical Model Parameter Input Valueand Coefficients

Adapted from Adapted fronfCahoon et al. 2002)

Parameter \ Input (X;) Coefficient (by)
Intercept n/a 4.65
Culvert Age Integer Years -0.0149
Degree of Scour at Outlet 0,1,0r2 -0.513
Evidence of Major Failure Oorl -0.897
Degree of Corrosion 0,1,0r2 -0.481
Invert Worn Away 0,1,0r2 -0.49
Sedimentation of Cross

Section 0 to 100% -0.0207
Physical Blockage 0 to 100% -0.0155
Joint Separation Oorl -0.472
Physical Damage 0,1,0r2 -0.406

Table 4.7 Condition Ratings and Associated Model @put Ranges

Adapted from(Cahoon et al. 2002)

Condition Rating (y;) ‘ Model Output Ranges

1 y*<0

2 0<y*<1.16
3 1.16 < y*< 2.26
4 2.26 < y*< 3.98
5 y* > 3.98

The WTI rating system developers note that in seituations where only one
deficiency exists, even when that deficiency waeldder the culvert inoperable, the
condition rating may provide an unrealistic ratiogthe culvert (Cahoon et al. 2002).
The example given is that a culvert with 100% sexhitation (i.e., a significant
functional performance deficiency), but no othemditional deficiencies, would receive

a condition rating of 4 (Good).
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4.2.3 Ohio DOT Culvert Management Manual & ORITE Rsk Assessment and

Update of Inspection Procedures for Culverts

The reportOhio Risk Assessment and Update of Inspection Buves for
Culverts,(Mitchell et al. 2005) is the product of an Ohio DGponsored research project
conducted by the Ohio Research Institute for Trartagion and the Environment
(ORITE) at Ohio University. The primary researdijeztive was “to reduce the risk of
structural failure of short-span [i.e. < 10-ft.]\eerts serving major highways in Ohio.”
(Mitchell et al. 2005) In practice, the projechsss as an update to the culvert inspection
and assessment methodology developed in the OD@vert Management Manual
(CMM) (ODOT 2003). It also suggests additionalvemt assessment items and develops
a risk/vulnerability assessment with these iteffise culvert assessment methodology
from the ODOT CCM is first discussed, followed bgliacussion of the ORITE risk
methodology. The July 2013 update to the ODOT QONAOT 2013) is used for this
discussion (as opposed to the 2003 edition us#eiORITE study). Primary

differences between the two are minor (e.g., ine@png known errata, etc).

4.2.3.1 ODOT Culvert Management Manual

The ODOT Culvert Management Manual (ODOT 2013) mles guidance for the
collection of culvert inventory data and the asses# of culvert condition and
performance for structures with that span less ¢ha-ft. Of particular interest are the
condition rating guidelines, which assess 16 itpersaining to culvert, channel, and
roadway approach performance. Each item is sa@redrding to an item-specific ten

point scale (0-9) similar to that in the FHWA Culivenspection Manual (Arnoult 1986).
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lllustrative descriptions of conditions for eachnt are included in the CCM. The specific
items assessed are shown in Table 4.8. Sevara ltave multiple rating scales specific

to various material types.

Table 4.8 Ohio DOT CMM Culvert Condition Rating Items

Item Number Inspection Category Category Notes, Sub-ltems
Culvert
Separate scales for: Metal; Concrete; Masontry;
Plastic
1 General « Deterioration to barrel material or footing
» Cracks

* Dents and Localized Damage

2 Culvert Alignment Separate scales for: Masonry; all other material types

Flexible Culverts Only

3 Culvert Shape .
Separate scales for: Corrugated Metal; Plastic
Separate scales: Corrugated Metal Multi-plate

4 Seams or Joints structures; Corrugated Metal, Concrete, Plastic Pipe
& Masonry

5 Slab Slab-top culverts only (excluding precast structureg)
Slab-top culverts only (excluding precast structures)

6 Abutment

Separate Scales: Slab-top; Masonry

Includes: headwalls, endwalls, and wingwalls
7 Headwalls Specifies: projections, mitered ends, pipe end sections
Pipe End Sections

Includes: catch basins, inlets, manholes, junction

8 End Structure chambers, other structures associated with storm
sewer
Channel

9 Channel Alignment

10 Channel Protection

11 Culvert Waterway

Blockage Percentage of culvert cross-sectional area blockage
12 Scour Based on depth of scour holes, footing exposure.
Approaches

Cracking, spalling, potholes, settlement, pavement or

13 Pavement embankment failure

14 Guardrail Sagging, rotation, misalignment

15 Embankment Rutting, erosion encroachment, failure

16 Level of Inspection | Non-entry, manned entry, video inspection
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Culverts are then assigned an overall “Generalr&ippl Rating” and an
“Operational Status.” The General Appraisal Ratsngased on the lowest rating from
Items 1-7 or 12 (Items 7 and 12 are only considériedpectors judge a culvert to be
scour-critical). The Operational Status is asgediavith any restrictions necessitated by

a culvert’s conditional deficiency (e.g., load-gamg capacity restriction).

4.2.3.2 ORITE Risk Assessment and Update of IngpeProcedures for Culverts

The Ohio Research Institute for Transportation wedEnvironment (ORITE)
Risk Assessment framework (Mitchell et al. 2005)dsuupon the ODOT CMM
condition assessment framework and introduceskaagsessment component. It should
be noted that the ORITE risk-assessment compornigetsdrom the definition of risk
discussed earlier in Chapter 3; it does not intcedau consequence component. For the
purposes of this study, the ORITE method may beerappropriately discussed as an
assessment aulnerability, rather than risk.

The ORITE study evaluates and builds upon the O@TM framework in
several ways. First, it proposes additional culperformance items for culvert
condition or risk (i.e., vulnerability) assessmen&econd, it conducts statistical analyses
of inventory and performance data items to: (1)fye¢he validity of the ODOT CCM
framework items, and (2) to identify relevant itefram the proposed ORITE framework
items. Third, it develops a series of equatiors #ssign culverts overall average rating
(OAR) scores. OAR scores are determined from t@lODOT CCM inspection
framework items and from the ORITE proposed franmévitems. These OAR scores are

then adjusted given additional, region-specifiddes identified as significant in the
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statistical analysis to produce the ORITE adjustegtall rating (AOR) scores associated
with the risk assessment. The data items collaatdte ORITE study, and proposed
rating scales, can be found in Appendix D. Foatebdf the statistical analyses, see
Mitchell et al. (2005).

Two series of OAR equations were developed in tRETE study: (1) those
based on the ODOT inspection items, and (2) thasedon the ORITE inspection items.
Within each series, separate equations were dex@lapcording to culvert material type.

Equations 4.1 to 4.4 calculate the OAR scores basdgtle ODOT inspection items:

OAR = (GR+ CA+ SJ + CS)/4 Metal Culverts Ed 4
OAR = (GR + CA +J)/3 Concrete Pipe & Ellipticaiilverts Eq. 4.2
OAR = (GR+ CA+S + A)/4 Concrete Slab on Top &Boulverts Eq. 4.3
OAR=(GR+CA+CS +J)/4 Thermoplastic Pipe @uts Eq. 4.4

Where: GR = General Rating; CA = Culvert Alignmeaf; = Seams and Joints; CS =
Culvert Shape; J = Joints; and A = Abutment. Asdssed earlier, the ODOT CMM
(ODOT 2003; ODOT 2013), bases its General Apprasding on the lowest score of
inspection items 1-7, and 12 (Table 4.8). Howelwethe equations above, note that the
OAR is calculated as an average of select inspedems. Therefore, the OAR and
General Appraisal Rating are not equivalent ratings

Equations 4.5 to 4.8 calculate the OAR scores basdtie ORITE proposed

inspections items:

OAR = (MP + HA + SJ + CS + SS+ CD)/6 Metal Cutger Eq. 4.5
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OAR = (CM + HA+ SS + J)/4 Concrete Pipe & Ellgal Culverts Eq. 4.6

OAR = (CM+ SS+ HA)/3 Concrete Slab on Top & Bowlverts Eq. 4.7
OAR = (CB + HA + SJO + SJC + DE + DI + SS)/7 Haitipe Culverts Eq. 4.8

Where: MP = Metal Plate; HA = Horizontal Alignme®&J = Seams and Joints; CS =
Culvert Shape; SS = Slope and Settlement; CD =&Zuleflection; CM = Culvert
Material; J = Joints; CB = Cracking and Buckling(s= Seams and Joints Opening; SJC
= Seams and Joints Cracking; DE = Shape Observatdlection; and DI = Shape
Observation Distortion.

The OAR scores are then adjusted into AOR scaresh account for regional
variability in factors such as drainage flow abvasiess and water pH. The AOR

modifier equations are:

AOR = AOR= Mi* M2* M3*M 4* (OAR) Metal & Concrete Culverts Eq. 4.9

AOR= Ms* (OAR) Plastic Pipe Culverts Eqlra.

Where: M = culvert age modifier; M= water pH modifier; M= drainage flow
abrasiveness modifier; and;M modifier based on the Height/Rise ratio. Maafifi
values are given in Table 4.9. Height to rise (Héios are associated with driver-
safety; lower ratios are associated with increaisédto motorists (Mitchell et al. 2005).
The ORITE study calculated and compared OAR and A€drRes for a sample of
60 culverts of various materials and configuratiohsmost cases, the AOR scores were
found to be lower than the OAR scores (i.e., intiiigapoorer conditions in the adjusted

scores). A comparison of AOR scores based on D@ Dinspection items with those
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based on the ORITE inspection items found stronglaiities in the calculated AORs
between the two inspection systems. Scores wepredlly the same, or deviated by 1
point (on a 0-9 point scale). There was no apgbré&end in over- or under-prediction

of AORs between the ODOT and ORITE-based inspesystems.

Table 4.9 Adjusted Overall Rating (AOR) Equation Modifier Values

Adapted fromMitchell et al. 2005)

Culvert Age Concrs/taehlj\godlfler Metal Modifier Value
< 20 years 1.0 1.0

20 - 40 years 0.95 0.9

40 - 60 years 0.9 0.85
> 60 years 0.85 0.8

pH Modifier Value
>7.0 1.0
5.0-7.0 0.95
<5.0 0.9

Condition Abrasiveness Modifier Value
Abrasive 0.9
Non-Abrasive 1.0
H/R Ratio H/R Ratio Modifier Value
>5 1.0
25-5 0.9
<25 0.85

4.2.4 Utah DOT Condition and Performance Assessmen
The Utah DOT research repa@tondition Assessment of Highway Culverts and
Determination of Performance Measui@écGrath and Beaver 2004), developed a

“system of qualitative and quantitative measureastgess both short- and long-term in
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situ performance of highway culverts and stormragdi The study focused on culverts
with spans from 2-ft. to 5-ft. (approximately haffthe culverts in Utah fall within this
range). Short-term performance is primarily conedrwith performance measures
during construction, and immediately after condtac Long-term performance is then
concerned primarily with performance measures @ty culverts, which is of greater
significance to this research study. Culvert panfance is assessed using two general
performance categories: waterway performance, angllperformance. Waterway and
barrel performance are rated using a ten poineg€a9) similar to that in the FHWA
CIM (Arnoult 1986). Separate barrel performancdes are provided according to barrel
material type. lllustrative descriptions of gen@@nditions are provided for each rating
level in Appendix E.

Overall waterway performance ratings are basedh@metcategories: (1)
alignment, (2) scour, and (3) obstructions/roadstaytture. However, guidance for
considering additional factors is provided; thislies (1) roadway and side slope
condition, (2) channel and channel protectiongf8) treatments and appurtenances, and
(4) soil and groundwater.

Culvert barrel performance ratings are based otipheifactors that are specific
to the culvert barrel material. Separate ratirajescare provided for (1) round/vertical
elongated corrugated metal pipe barrels, (2) coaqipe barrels, and (3) plastic pipe
barrels. In addition to the primary factors usedssess barrel performance, guidance is
also provided for considering additional factorevant to each primary factor. Table
4.10 shows the primary culvert barrel rating fast@s well as the additional

consideration factors, organized by culvert bamaterial type.
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Table 4.10 Utah DOT Culvert Barrel Performance Raing Criteria

Culvert Barrel  Primary Rating Additional Rating Criteria
Material Criteria
« Shape; Deflection
» Seams and Joints; | Seam Defects in Fabricated Pipe
e Metal Longitudinal Seam Defects in Structural Plate
Culverts
Metal Dents and Localized Damage
Misalignment
Joint Defects
Durability (wall deterioration)
« Alignment; Misalignment
* Joints; Joint Defects
' é%?\%rig:)en) Longitudinal Cracks
Concrete Circumferential Cracks
Spalls
Radial Tension Failure
Diagonal Tension Failure
Durability
* Shape anq Deflection
Alignment;
* Joints Local Buckling
. Cracks
Plastic Seam Defects
Misalignment
Joint Defects
Durability

The overall culvert performance rating is takenhaslower of the two
performance category ratings. This overall culv@drformance rating is then modified
using a multiplicative “Importance Modifier.” Threeodifiers are used, one each for
culvert size, roadway importance, and waterway.typlee Importance Modifiers are
shown in Table 4.11. Note that modifiers less th&nadjust ratings to indicate greater

importance (lower overall ratings are associatdtl giieater performance deficiency).
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Table 4.11 Utah DOT Culvert Rating Importance Modfiers

Roadway Class Modifier

UCD Roadway Class

r

UDC Drain Type

Description

Function Description Importance Modifie
1 Rural Interstate System 0.91
2 Rural Other Principal Arterials 0.91
6 Rural Minor Arterial System 1
7 Rural Major Collector 1.1
8 Rural Minor Collector 1.1
9 Rural Local System 0.91
11 Urban Interstate System 0.91
12 Urban Other Freeways & Expressways 0.91
14 Urban Other Principal Arterials 0.91
16 Urban Minor Arterial System 1
17 Urban Collector System 1
19 Urban Local System 1.1

Culvert Purpose Modifier

Importance Modifi

er

Minimum Span or

typically not under roadway
Barrel Span and Rise

Maximum Span or Rise

Main Under the roadway 0.91
Edge Runs parallel to roadway, may be under 1
shoulder lane, supports embankment
Lateral Drains land adjacent to roadway, 11
typically not under roadway
Slope Drains a slope adjacent to the roadway, 11

Importance Modifi

Rise

0 ft. 2 ft. 1.1
2 ft. 4 ft. 1
4 ft. 10 ft. 0.9

Once an adjusted rating is determined using theitapce Modifiers, the Utah
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with batched ranges of the culvert performancegatiand are similar to the

DOT framework then assigns Maintenance Ratingsintdaance ratings are associated

Low/Medium/High rating systems discussed in thetewiof risk analysis in Chapter 4.

Culvert adjusted performance ratings from 9 to.&. (better condition) constitute low



priority ratings; 5 to 3 constitute medium priorigtings; and 2 to 0 constitute high
priority ratings. Complete maintenance rating desions, general courses of action, and

descriptors of immediacy are provided in Appendix E

4.2.5 Engineering Forensics Research Institute Lge Culvert Sufficiency Rating
The Large Culvert Sufficiency Rating (LCSR) was eleped by the Engineering
Forensics Research Institute at the Rose-Hulmditutesof Technology as part of a
research experience for undergraduates (REU) sumragram (Billingsley et al. 2004;
Wissink et al. 2005). The LCSR framework utilizes current culvert inspection
procedures of the Indiana DOT, which first ratesr&bection items on a scale from 0 to
9, similar to the FHWA CIM (Arnoult 1986). A sesi®f weighting factors are then
applied to adjust the culvert inspection items pratiuce an overall culvert sufficiency
rating. The weighting factors were developed tplyagreater weighting to items that
may be indicators of six primary causes of culV@ittire identified in the study:
corrosion, erosion, blockage, shape loss, det¢iwor,egand other. Weighting factors are

applied using equation 4.11 (Wissink et al. 2005):

O XwT;
k= X wi

+C Eq. 4.11
Where,R = the overall culvert sufficiency rating; = weighting for each factor, r; =
rating for each factor; an@d = calibration constant. The culvert inspecti@ms and
corresponding weighting factons,, are shown in Table 4.12. Note that weighting

factors are not evenly apportioned. That is|okeer three factors are 1 (Not Important),
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Table 4.12 LCSR Inspection Items and Weighting Fdor Codes

Inspection Area Inspection Item Weighting Factor, w;
Road Alignment 1
Pavement/Wearing Surface 2

Roadway Shoulders 2
Embankment/Side Ditches 6
Guardrail/Concrete Barrier 1
Barrel/Box 25

Type 1 - Culverts | Headwalls/Anchors 6

& Pipes Wingwalls
Settlement 3

Type 2 - Concrete Slab 25

Structures Beams/Girders 25

(Superstructure) | coping/Headwalls 6
Caps 3

Type 2 - Abutments 25

Structures Wingwalls 6

(Substructure) Footings 6
Pilings 3
Channel Alignment 1

Channel Bank Erosion 6
Channel Scour 6
Drift/Sediment 6

2 (Low Importance), and 3 (Marginal Importanceg thgher factors are 6 (Very
Important) and 25 (Crucial).

The LCSR recognizes the need for “inspectors fiopiporate their own
judgment into the final overall rating” (Wissink &t 2005), particularly when the
calculated rating may not accurately reflect thiifa risk of a culvert. The example
given is when an individual critical factor is sificantly deficient (e.g., a Barrel/Box
rating = 2), indicating a structurally poor conditj but the remaining factors are within

acceptable ranges. For this reason, a seriesitg factors were developed for use at the
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inspectors discretion when individual items aregassd ratings from 0 to 3. These rating

factors are shown in Table 4.13

Table 4.13 LCSR Ciritical Item Alternate Weighting Factors

In;[;%(r:]téon Critical Weighting, w, Extremely Critical Weighting, w;
0 1350 2700
1 450 900
2 150 300
3 50 100

The general approach of the LCSR may prove ussfiildevelops a rating
procedure that utilizes data collected by existinlyert inspection procedures.
However, the LCSR lacks sufficient justificatiorn fiow weighting factors were
selected. Additionally, only a basic comparisomxikting Indiana DOT rating
procedures and the LCSR were conducted. This cosgpaindicated that the LCSR
rated lower those culverts with high (i.e., goaat)rrgs, rated higher those culverts with
middle ratings (e.g., 4 or 5), and rated roughlyadhose culverts with lower (i.e., poor)
ratings (Wissink et al. 2005). However, whethenot the LCSR offers an improvement

over the existing Indiana DOT culvert rating systiernclear.

4.2.6 Midwest Regional University Transportation @nter Basic Condition
Assessment (BCA) for Culverts

The Midwest Regional University Transportation @r{iMRUTC) developed a
condition assessment protocol for culverts andhdige structures to evaluate their

overall condition and to “provide a base for cutvenewal decision-making process.”
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(Najafi et al. 2008) The condition assessmentqmatconsists of two condition
assessment models: a Basic Condition Assessmet) (@ an Advanced Condition
Assessment (ACA). The BCA is intended for geneudfert inspection to determine a
performance score that classifies culvert perforreaas (1) critical, (2) monitored (i.e.,
middle-rating), or (3) satisfactory. The ACA iganded for project-level inspection of
culverts found to be “critical” during the BCA tetrmine what immediate actions
should be taken. Given the ACA’s project-leveludscit is not discussed further in this
dissertation.

The BCA consists of a series of 6 “Modules.” Thstfthree modules collect
general information, site information, and culvdentification information, respectively.
These data types are listed in Table 4.14. Moftwlecollects and rates condition
assessment data. Condition is assessed for suduadl culvert components using a
scale from 1 (Failure/Critical) to 5 (Excellenffhe culvert components assessed include
(complete descriptions of each condition assessiteantare provided in Appendix F):

1. Invert condition

2. End protection condition (headwall, wingwall)

3. Roadway condition

4. Embankment condition

5. Culvert footing condition

6. Overall culvert condition

Modules five and six weight the six condition compots and calculate an

overall culvert performance score. Weighting valuere calculated using analytic
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Table 4.14 MRUTC Basic Condition Assessment (BCAhventory Data

Adapted fromNajafi et al. 2008)
Inspection Module Data Item
State code
County Code

Place Code
Culvert Identification
Number

Year Built

Date of Inspection
Inspector's Name
Maintenance Responsibility
Inspection Season
Climate

Type of Inspection
Type of Stream

Water Level

pH of Water

Soil Resistivity
Vegetation

Natural Hazards
Shape

Material

Number of Cells

Type of End Treatment
Geometric Dimensions

Module 1 - General
Information

Module 2 - Site
Information

Module 3 - Culvert
Identification Information

hierarchical process (AHP), which involves a paisaxcomparison of the individual
condition components to one another in a matrimedr The comparison matrix is
populated with values from 1 (of equal importanioed (of extremely greater
importance) for each component, and these valgethan normalized. The normalized
values for an individual component are then avatdggroduce that component’s
weight. Weighting factors are calculated for indual culvert, or sets of culverts. The
final weighting factors calculated for the culveaise study set in the MRUTC project are

shown Table 4.15 to give a general sense of thagnitude. See Najafi et al. (2008) for
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more details on the AHP calculation of weightingtfes. The component condition
ratings are then combined with the relative compomesights (Table 4.15) to calculate
culvert performance scores using equation 4.12fofPeance scores above 3.5 are
classified as “Satisfactory (Safe);” scores frol-3.5 are classified as “Monitored
(Intermediate),” and scores below 2.5 are clagh#ig “Critical (Danger).” Those
culverts found to be rated as “Critical’ by the B@#e then examined at the project-level

using the Advanced Condition Assessment (ACA),(bkzgafi et al. 2008).

Table 4.15 BCA Component Weighting Factors

Source(Najafi et al. 2008)

Component Type Relative Component Weight
Condition of Inverts 0.3888
Condition of End Treatments 0.2196
Condition of Footings 0.1404
Condition of Roadway 0.1299
Condition of Embankment 0.0583
Overall Culvert Condition 0.063

Culvert Performance Score = Y, (Condition Rating X Relative Weight) Eq 4.12

4.3 Culvert Data and Condition Assessment Discussi

The culvert condition and performance assessmamtdgworks reviewed in the
previous section constitute the current state-efdtt for network-level culvert
assessment in the United States. Despite thdismmti variability among data collection
and assessment methodologies, some relevant cammdian be synthesized. These are

discussed below.
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4.3.1 Inspection Data Ratings

All inspection and assessment frameworks utilizeeséorm of subjective
numerical rating scale to evaluate various conadifiod performance indicators. In some
cases, these scaled ratings are supplemented evitbrjgage-based ratings (e.g.,
sedimentation as a percentage of cross-sectioga).aimhe 0 to 9 rating scale established
in the FHWA Culvert Inspection Manual (Arnoult 1986 widely used [ODOT CMM &
ORITE (Section 4.2.3), Utah DOT (Section 4.2.4Y] &&SR (Section 4.2.6)], although
truncated rating scales (e.g., 1 to 5, or shoaex)also used [FLH (Section 4.2.1),WTI
(Section 4.2.2), and MRUTC (Section 4.2.6)]. Th&NA CIM rating scale may serve
as a reasonable baseline for culvert performardieator inspection ratings. However, it
is also possible that the higher resolution of Htatle (10 points, as opposed to fewer)
may suggest a level of detailed condition knowletthge: belies the uncertainty inherent
in subject inspections of surface conditions.s possible that less detailed scales (e.g.,3

or 5 points scales) will suffice for network-lexadsessments.

4.3.2 Condition and Performance Criteria

There is much similarity among the condition andgrenance criteria included
in the frameworks reviewed. Much of this is likelye to the influence of the FHWA
CIM and the guidance it provides for data collectemd assessment. Some of the
frameworks discussed apply statistical analyseketermine relevant performance
criteria and weighting factors [e.g., WTI (Sect2.2) and ORITE (Section 4.2.3)],

whereas others apply engineering and expert judgfean, FLH (Section 4.2.1),
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MRUTC (Section 4.2.6)]. In the case of the EFRigeaCulvert Sufficiency Rating
(Section 4.2.5), it is unclear how the weightingtfes were chosen.

There is value in criteria selection based botlexqrert judgment and statistical
analyses. In fact, the statistical analyses weguiently used to validate the significance
of the myriad condition criteria ratings given suijve overall ratings assigned by
inspectors. Particularly given the somewhat sulwemature of the performance and
condition rating scales, it seems likely that tke of criteria derived from both statistical

and expert judgment methods would be advisablesessing culvert vulnerability.

4.3.3 Culvert Size and Material Focuses

The FHWA Culvert Inspection Manual states thafffic@lly provides guidance
for culverts that span greater than 20-ft., howekermrating systems therein may be
useful for assessing shorter-span culverts (Arnt@®6). In contrast, the ODOT CCM
and ORITE frameworks (Section 4.2.3) were primaiidyeloped to assess culverts
spanning 10-ft. or less, and the Utah DOT framew8sction 4.2.4) was primarily
developed to assess culverts spanning 2-ft. to B-f6 possible that these frameworks
developed for smaller culverts may be useful iressisig general vulnerability of all sub-
20-ft. culverts, but the efficacy of this will reige further consideration.

Several of the assessment frameworks also prowéejeadrate rating scales and
assessment criteria based on culvert material gpdsonfigurations. In considering
this level of specificity during the developmentaotlimate change risk assessment

framework, it will be important to strike a balanoetween network-level assessment and
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project-level assessment, the latter of which maghle more appropriate level for

material-specific considerations.

4.3.4 Assessment Outcomes

In all of the condition and performance assessritanteworks reviewed, the
final outcome is some overall culvert conditionngtthat reflects its level of deficiency
or vulnerability. However, in several cases [eFdLH (Section 4.2.1) and Utah DOT
(Section 4.2.4)] these outcomes are intended algsalicate maintenance needs. In the
case of the Utah DOT framework, the indication @fimenance needs is an additional
analysis step beyond overall condition rating. ldeer, in the case of the FLH
framework, the maintenance need is determinectindf an overall condition rating.
Whether or not maintenance need ratings can rebsob@ used as surrogate indicators
of overall condition or vulnerability requires fher consideration. However, it is
possible that culvert maintenance ratings, ortispection criteria upon which they are
based, could be useful information for assessimigerability in a risk prioritization

framework.

4.4 Culvert Failure and Potential Indicators of Falure
The culvert condition assessment frameworks preddantSection 4.2 and
discussed in Section 4.3 are intended to assesotitition and functional performance
of culvert assets for infrastructure managemenp@egs. However, these assessments
may or may not provide reasonable indications bfextivulnerability to increased flow

conditions, or potential for failure. In discusgistructural inspection and repair, the
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FHWA'’s Hydraulic Design of Highway Culvertaanual (Schall et al. 2012) notes that
“what appears to be significant physical deterioramay not necessarily translate to
performance issues, and may not even warrant teépdinerefore, it is necessary to
better understand the nature, common modes, anchoarnauses of culvert failure to
better identify those inspection criteria that npagvide a better indication of
vulnerability or failure potential. For the purgssof this discussion, failure may be
defined simply as any adverse impact to a culveehabankment that disrupts travel on
the roadway traversed or drained by a culvert.s TAinges from overtopping to
embankment failure and washout.

This section first reviews the relatively spanserdture on culvert failure to
discusses and synthesize common culvert failureesiadd causes. It then considers the
culvert failure literature in the context of thevart assessment frameworks reviewed
above (Section 4.2) to select several criteriattingy be useful as indicators of
vulnerability to increased flows or failure potextti

By definition, culverts are structures that areualyy covered with embankment
and are composed of structural material arouneiiee perimeter.” (FHWA 2012) As
will be seen, culvert failure often stems from pewhs associated with the interaction of
the culvert structure and the surrounding fill miate particularly flexible culverts which
rely on interaction with the surrounding soils $dructural support. Many of the failure
causes discussed below result from what Tenbusah @009) discuss as the “failure of

the soil/pipe structure.”
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4.4.1 Piping and Seepage

Piping is defined as the “removal of soil matetrabugh subsurface flow of
seepage water that develops channels or ‘pipebimtihe soil bank,” (Schall et al. 2012)
and is widely recognized as a contributor to thieife of culvert structural support
(Stuhff 2007; Thompson and Kilgore 2006; Van Kam@éal; WisDOT 2004). This
transport of material away from the culvert baorelates a loss in structural support that
can lead to bending, deformation, or collapse efdivert structure.

In addition to water seepage along the exterighefculvert barrel, piping can
also be caused by water infiltrating from voidshe culvert barrel itself. Separation of
culvert barrel joints allows water to enter thersunding fill material and can lead to
piping by removing or washing out of the supportitignaterial (WisDOT 2004).

Voids can also develop in culvert barrel matehabtigh other mechanisms. Corrosion,
the “chemical or electro-chemical reaction betwt#ensoil and/or water and the culvert,”
(Schall et al. 2012) can cause holes in the cubamtel (predominantly metal culverts).
This removes “the soil protection provided by thgepmaterial for the structural fill,”

and can consequently remove the fill itself (Terdbust al. 2009). Abrasion, the
“removal of material due to entrained sediment, azedebris rubbing against the [culvert
barrel]” (Schall et al. 2012) can also cause htdedevelop in the culvert barrel.
Significant cracking (~1/4”) in concrete culvertsyraso allow significant infiltration or

exfiltration and voids,” (Schall et al. 2012) leadpiping and removal of fill materials.
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4.4.2 Scour and Embankment Erosion

Scour is the “erosion of streambed or bank matedualto flowing water,” and
can be caused by constricted flow or other conustiguch as flow around a bend (Schall
et al. 2012). With respect to culverts, scour asshcommon at outlets where “increased
water velocity can cause streambed scour and rasioa,” (Schall et al. 2012) or
“‘undermining” (Van Kampen 2011) of the culvert @itl It is noted that this scour-
induced erosion of the embankment can, in extreases; eventually “remove the entire
embankment and culvert.” (Tenbusch et al. 2009ndme minor instances, the loss of
structural fill due to scour and embankment erasamd therefore loss of structural
support, can contribute to joint separation angcstiral cracking of the culvert barrel.
These factors, as discussed in Section 4.4.1,aatnilcute to piping and infiltration or
removal of structural fill in the embankment.

Scour can also occur at culvert inlets (Schall.2@l12). Poor alignment of a
culvert’s longitudinal axis with the flow channedrccontribute to inlet erosion and scour,
particularly scour of headwall/wingwall structuofings (Thompson and Kilgore 2006).
Significant upstream or inlet ponding can, in thseof flexible culverts, lead to
buoyancy issues (Stuhff 2007) wherein a submergkeut inlet is lifted due to buoyant
forces associated with air trapped inside the ctiMBuoyancy can contribute to barrel
seepage along the barrel exterior (Van Kampen 2@ht) therefore degradation of the
embankment fill material.

Overtopping of culvert embankments due to streamdlin excess of a culvert’s
capacity can also contribute to embankment erq8chall et al. 2012). Other adverse

impacts associated with overtopping conditionsdsseussed in the next section.
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4.4.3 Blockage and Hydrostatic Pressure

Blockage of culvert barrels constricts the flownadter and can cause a culvert to
“fail to perform as designed” by decreasing itsifloapacity (Schall et al. 2012). A
culvert barrel can become blocked due to the actatron of debris (e.g., wood,
vegetation, trash), sedimentation, or significaarrél distortion (cross-sectional
deformation).

The FHWA notes that debris accumulation “may resuérosion at culvert
entrances, overtopping and failure of roadway erkivemts” (Bradley et al. 2005) due to
blockage and increased scour. As discussed ipréhous section, embankment
overtopping due to blockage or constricted flow cantribute to embankment erosion.
Additionally, debris accumulation and constrictem can exacerbate scour around
structural elements (Bradley et al. 2005), and edumyant uplift of the culvert inlet
(Schall et al. 2012). For this reason, it is intpot that debris is removed during
maintenance activities, or that debris controlcttrces are in place to mitigate debris
accumulation.

Sedimentation is the deposition and buildup ofeedits along a culvert barrel
that are moved by the stream as a natural paltabf geomorphology. When
sedimentation blockage is relatively low (< 1/3loé culvert rise), “sufficient invert
slope and periodic high flows...will likely cleantthe blockage as a self-cleaning
mechanism.” (Schall et al. 2012) The FHWA notesyéver, that skewed culvert barrels
and multiple-barreled culverts can increase sediatiom, and also that storm events can

accelerate erosion and sedimentation when streathgland velocities are increased
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(Schall et al. 2012). Flanagan (2004) also obsettvat “larger streams trigger a greater
proportion of sediment-related failures.”

In addition to the issues of overtopping-relatatbankment erosion associated
with blockage, Tenbusch et al. (2009) notes thatkzge can also contribute to
surcharge hydrostatic pressure. That is, unaatiegpupstream ponding (due to blockage
or stream flows in excess of the culvert’'s capaaan apply additional hydrostatic and
hydrodynamic loads to the structure, structurébfid the embankment. In the case of
deteriorated embankments (i.e., due to piping, Is@ia.) these increased loads may

contribute to the failure or removal of the embarkin

4.4.4 Synthesis of Failure Modes and Potential Inchtors

Given the discussion of culvert failure literatumeSections 4.4.1 to 4.4.3, several
criteria emerge as potential indicators of culveitherability to increased flows and
potential failure. Examining the various indicaaliscussed in the literature, it appears
that they can be categorized generally as: (1) ekrbant-related indicators, and (2)
blockage-related indicators. The indicators artdgarizations are shown in Table 4.16.

Within the embankment-related indicators, Itemrbdigh Item 3 (shown in bold)
provide direct, observable indications of embankineendition. These are termed here
as “explicit indicators.” Item 4 through Item Iigwever, indicate conditions that may
lead to embankment deterioration, but do not diyewctlicate that deterioration is
occurring. These are termed here as “impliciteathrs.” For example, joint separation
may allow water to enter the embankment and rerstrvetural fill material, but does

not necessarily provide a direct indication th@imy is occurring.
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The same is true for blockage-related indicatorBable 4.16. Item 12 and Item
13 (shown in bold) are explicit indicators thatdXage is occurring in the culvert barrel.
Item 14 (deformation), however, does not necessedicate that flow capacity is
reduced, which may only occur in extreme casesfdrchation such as partial collapse

of the barrel; it is thus classified as an impliodicator.

Table 4.16 Potential Indicators of Culvert Vulneraility or Failure Potential

Piping

Embankment erosion

Inlet or outlet scour

Joint separation
Substantial barrel cracking
Substantial barrel corrosion
Substantial barrel abrasion
Seepage

Poor channel alignment
Evidence of buoyant uplift
11.  Previous overtopping

12. Sedimentation blockage
13.  Debris blockage

14.  Barrel deformation

XN O RWNE

=
o

Several of the indicators shown in Table 4.16 atipsely with the performance
and condition criteria from the culvert assessnfimmeworks discussed in Sections 4.2
and 4.3. For example, all of the Level 1 Mainterea@riteria (Table 4.2) in the FLH
Culvert Assessment and Decision-Making Procedurasudl (Section 4.2.1), are
reflected in Table 4.16. Similarly, the WRhting System for Rural Culvert Crossing
Repair and Maintenancgsection 4.2.2) criteria (Table 4.5) is strondig@ed with those

in Table 4.16 (only culvert age is not considereceh
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One possible challenge in using the vulnerabihtyicators listed in Table 4.16 to
broadly assess culvert vulnerabilities is thatdhwert performance and condition items
collected by state DOTSs are likely non-uniform fretate to state, or incomplete within
each state's records. This may create difficultgaveloping an assessment framework
that is broadly applicable among states and juwigxdis (some additional thoughts on this
are discussed in Chapters 6 and 7). In the cadg pbrtion of this dissertation research,
it may be necessary to limit culvert vulnerabibitiyalysis only to those state-collected
criteria that overlap with the indicators in Talld6. While this may create a non-
uniform analysis from state to state, it will ndmess aid in identifying culverts that are

vulnerable to increased flows, or that have a grgadtential for failure.

4.5 Studies of Climate Change Impacts to Culvert gsets

Highway culvert assets have received relativetielattention from the
transportation infrastructure adaptation communidgspite the mention of culverts in
numerous studies as infrastructure assets vulreetalbthe impacts of climate change
(Arisz and Burrell 2006; City of Keane 2007; Kinsehnd McGuire 2005; Maurer et al.
2011; Meyer 2008; Noehammer and Capano 2011; Sthetal. 2013; Shen and Peng
2011), only a very limited number of studies haveused specifically on culvert climate
vulnerability and adaptation [for some exampleg, Bekson (2011); Stack et al. (2007);
Stack et al. (2010)].

Among the studies that do specifically addressni@kclimate change impacts
to culvert assets, the primary approach has beeorntduct project-level case studies of a

small number of culverts within a single waters(®tack et al. 2007; Stack et al. 2010)
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or municipality (Dickson 2011). Stack et al. §Z0 and Stack et al. (2010) applied
similar analytical frameworks to examine sampls sdtculverts in two separate
watersheds in New Hampshire. The framework indtstsdies compared culverts’
design flow capacities with those that would beurssggl for mid-century (i.e., 2046-
2075) precipitation projections (25-year, 24-horgqipitation events). Projections were
determined for two climate scenarios (Alb, and AlEsing output from one GCM (the
Geophysical Fluid Dynamics Laboratory, or GFDL migde

Dickson (2011) applied the general infrastructum@ate vulnerability assessment
protocol developed by Engineers Canada (PIEVC 2@08yaluate a sample-set of three
culverts in Toronto, Canada. This study examinedtipie projected mid-century (i.e.,
2040-2049) climate impacts (e.g., extreme tempegafineavy precipitation, drought,
etc.) on multiple aspects of culvert condition amahagement (e.g., roadway, utilities
operation/maintenance, surrounding area, drairgigggm corridor, natural features).
General risks associated with each impact type Wiusteassessed for the three culverts
using expert panel input. More in-depth enginagestudies of each culvert were then
conducted for the higher-risk climate impacts.

In each of these three culvert-specific climateneuhbility studies, the primary
focus is project-level assessment, as evidencedebgulvert-specific engineering-design
focus of the studies. In all instances, in-dejitih\gsits were conducted to obtain
relevant data, yet apparently the culvert condiirdarmation was neither systematically
collected, nor explicitly considered in the anal/sénstead, the primary metric for

vulnerability was deficient hydraulic design giverojected climatic conditions. In some
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instances, restricted flow conditions and strudtdediciencies were noted, but not
systematically factored into the analysis.

Focused, design-based studies that examine culvierabilities to the impacts
of climate change have significant value, howekieytdo not readily interface with
network-level infrastructure management, or culasdet management programs. This
research study seeks to address the currentlywdocus of culvert climate change
studies by developing an assessment framework mielihgy (see Chapter 5) that
enables the network-level assessment of culvenaté change risks. Such a framework
will enable a network-level prioritization of clirtearisks among culvert assets, and may
serve as somewhat of a screening process to notlesper project-level assessment of

high-risk assets.
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CHAPTER 5
ASSESSMENT FRAMEWORK DEVELOPMENT AND

METHODOLOGY

The objective of this dissertation research isewetbp a risk-based assessment
framework to prioritize at a network-level the atidn needs of roadway culvert assets
as a result of the climate change-related impdatstoeme precipitation. This chapter
discusses the development and structure of thesssat framework. This consists of a
detailed discussion of the individual componentthefassessment framework, data and
data sources, and analysis methods. It also dissube case-study implementation of
the framework developed to evaluate its efficacg aBmate change assessment tool.

The assessment framework (hereafter referred ticeasulvert climate adaptation
assessment framework, or CCAAF) seeks to completheniroject-level, engineering
design-based culvert adaptation assessments desicinsSection 4.4 and enhance the
existing toolkit for culvert assessment. Specificat is intended to provide a network-
level assessment that could be used to assisia®eaomakers in prioritizing programming
or management activities. This has the poterdialdo better inform infrastructure
managers in deciding where to best target prog@att or engineering design-based
adaptation studies (such as those discussed ilo&dc#) to those culverts that have
been identified as higher-risk through network-leagsessments.

Two core principles underlying the developmenthaf CCAAF are replicability
andflexibility. Seeking to increase the replicabiliy the framework will enable

transportation professionals and practitionerdfier@nt regions to conduct similar
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assessments. This, in turn, may enable greatepaagon among regions and also
facilitate knowledge-sharing related to implemantabr further development. Also,
should federal funding become available for clinatange adaptation activities in the
future, a broadly replicable assessment frameway emable a more equitable
competition for such funding among agencies froffedgnt regions. To facilitate
replicability in the framework, national datasdtattare freely available to practitioners
are used. This includes climate change projectaiasets and other transportation
infrastructure datasets.

Seeking to increase flexibility in the frameworksha primary motives. First, it
recognizes that although the assessment must bdlprapplicable, it must nonetheless
be able to account for differing interests and ficas among agencies conducting the
assessment. For this reason, weighting factorbualeinto the prioritization process
wherein agencies can tailor the assessment touhmjue interests. Second, flexibility
also enables the framework to adapt to new datasngs they become available in the
future. For example, as RCP-based climate pragestieplace SRES-based projections
in the future, their integration into the framewaslcrucial. For this reason, the climate
projection method used in the CCAAF, for exampmantended to be sufficiently general
as to enable flexibility in its inputs.

This chapter begins by discussing the general agprand development of the
CCAAF, as well as the case studies used to denadedtre framework in this
dissertation research (Section 5.1). It then dises the individual components of the
CCAAF,; specifically, their structure, data inpuasalysis method, and outputs (Section

5.2 to Section 5.5). It concludes with a discussibthe prioritization of culverts by
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combining the constituent outputs of the CCAAF comgnts into a series of Culvert
Asset Prioritization (CAP) Indices (Section 5.6tthAre used to produces the final Robust

Culvert Asset Prioritization (R-CAP) Index.

5.1 General Approach and Framework Development

The development of the culvert climate adaptatramework (CCAAF) in this
study uses as a foundation the findings of theditee review of existing risk-based
climate change adaptation practices (Chapter B r&view in Chapter 3 found that
adaptation frameworks from the global transportatiad infrastructure community were
predominantly built around (or were consistent \vitle principles outlined in the risk
standard|SO 31000:2009 Risk Management — Principles andl@ines,(Figure 3.2).
Therefore, the CCAAF is developed to accomplismarily the risk assessment steps
outlined in ISO 31000:2009, namely: (1) risk idé@oétion, (2) risk analysis, and (3) risk
evaluation.

As discussed in Chapter 3, risk is traditionallfirtkd as a function of an adverse
event's likelihood (i.e. probability) and conseqoen As has been noted, it is difficult to
assign climate change impacts any quantitativelbyso likelihood of occurrence.
However, this study proposes using other measarsgdcify a qualitative likelihood,;
specifically exposure and vulnerabilit{Exposure can be viewed as an indication of
whether or not an asset within a defined regiog. @ographical grid square) will be
exposed to climate impacts, and the magnitudeasfelmpacts, across a number of
climate scenarios (both emission scenarios andattpaeframes). For example, if all

climate scenarios under consideration indicategkfieme precipitation intensity will
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not increase in the coming years, exposure maydweed as low. If all or several
climate scenarios indicate that extreme precipitatintensity will increase significantly
in the coming years, exposure may be viewed ashighhis is consistent with the
discussion in Section 3.1.1 of scenario analysisrabust solutions.

Vulnerability addresses the question of whetharatran asset that is exposed to
climate change impacts will be negatively affedigdhose impacts. Throughout the
discussion of culvert management and rating syster@apter 4, all inspection
methodologies sought to make a determination afectitondition and performance, and
assign a rank or index based on the deficienciasdo As the condition and functional
performance deficiencies of a culvert system wdnddubjected to greater stress during
extreme precipitation and flooding conditions, @yrbe reasonable to view various
culvert condition and performance criteria as iathes of vulnerability. For example,
culverts that have greater cross-sectional blockagenbankment deterioration (i.e.
lower performance ratings) would be mechanisticaltye susceptible to failure under
increased stress conditions, and therefore moresvaible to impacts.

The other aspect of risk, consequence, addresseslue lost due to an asset’s
disruption. Much of the complexity of addressimmsequence is in adequately bounding
the myriad interests and stake-holders involvedos& and Kunreuther (2005) address
the consequence aspect of risk in their catastraphessment model by examining
criticality. For example, in the context of a transportatietwork, this may be how
critical an asset is to the core functions of dMaetwork based upon several specified

criteria. Asset criticality is a common measuréghie transportation infrastructure sector
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when considering vulnerability or risk [for exampéee Department of Homeland
Security (2009) and AASHTO (2002)].

The framework described in this chapter seeks tinesd these three aspects, or
"dimensions," of climate change impact risk (clismahpact exposure, asset
vulnerability, and asset criticality) in assessamgl prioritizing culvert asset adaptation
needs. Section 5.1.1 introduces the general steieind work-flow of the assessment

framework, as well as its evaluation.

5.1.1 Framework Structure

The structure of the CCAAF is modeled on that ef ¢htastrophe model (see
Figure 3.3) presented by Grossi and Kunreuther§g@&hd to a lesser degree, the
FHWA'’s conceptual model (2012), both of which paeiwork-flows that seem well
suited to assessing risk in specific classes oastfucture assets. The catastrophe model
(Figure 3.3) is also noted as being well suitedgdospatial analysis using GIS software
(Botzen and Van Den Bergh 2009), which is a key itothe CCAAF process. The
CCAAF structure is shown in Figure 5.1.

The general approach of the CCAAF is to evaluath e&the individual
components of climate change impact risk (climatpact exposure, asset vulnerability,
and asset criticality), and assign each culveelative rating (i.e., low/medium/high),
called an Index value, for each of the three rmkponents. The three index values are
then combined into a Culvert Asset Prioritizati@AP) Index that represents the
relative, network-level climate change impact @sisociated with culverts in the analysis

area for a specific emission scenario and timefrafifeese CAP Indices are then
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Figure 5.1 Culvert Climate Change Assessment Fram@rk (CCCAF)
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combined for to create Robust Culvert Asset Praiion (R-CAP) Indices that consider
CAP indices based on multiple emission scenariosdch timeframe. Briefly, the
specific steps of the CCAAF are as follows:

Step 1 — Culvert Asset Dateollects and organizes culvert asset managenatat d
for the evaluation area. The culvert inventoryadate used in the spatial analysis of
culvert precipitation exposure (Step 2), and tHgeati performance data are used in the
vulnerability analysis (Step 3). The culvert aststh component is analogous to the
inventory component of the catastrophe model. $tefCulvert Asset Data is discussed
in greater detail in Section 5.2.

Step 2 - Precipitation Exposure Analysenducts a spatial analysis of
regional climate change impacts to identify theasype of assets to changes in extreme
precipitation for multiple timeframes (mid-centugnd-of-century) and emission
scenarios (B1 — Low, A2 — Mid-high), and to detarenPrecipitation Exposure Index
values. The precipitation exposure analysis isogaais to the hazard component
(hazard analysis) of the catastrophe model. Teeiptation exposure analysis is
discussed in greater detail in Section 5.3.

Step 3 and Step 4 constitute the risk analysis comt of the CCCAFStep 3 —
Vulnerability AnalysigSection 5.4) combines culvert condition and pentance
information (Step 1) with geospatial elements @f pinecipitation exposure information
(Step 2) with to assess culvert vulnerability tgiomal changes in extreme precipitation
impacts. Multiple vulnerability analysis methods ased to then assign each culvert a
Vulnerability Index value. Separate Vulnerabilitglex values are assigned to each

culvert: one for each combination of climate chatigeframe and emission scenario.
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The vulnerability analysis is consistent with thenerability component of the
catastrophe model.

Step 4 — Culvert Criticality Assessmeramines various socioeconomic,
operational, and network aspects the roadways achwhe culverts are located to
determine the relative criticality of the assetultiple dimensions of criticality are
combined to determine the Combined Criticality badier each culvert. This is
analogous to the consequence component of theidraali definition of risk as a relative
measure of the asset’s importance to network fancand is analogous to the loss
component of the catastrophe model. The assetatity assessment is discussed in
greater detail in Section 5.5

The final stepStep 5 — Asset Prioritizatipeombines the outputs of the Exposure
Analysis, Vulnerability Analysis, and Criticalityssessment to produce multiple Culvert
Asset Prioritization (CAP) Indices. CAP Indicdslo2 or 3 are associated with risk-
prioritizations of low, medium, and high, respeetix These CAP Indices are then
combined into Robust Culvert Asset Prioritizati®CAP) Indices, which represent the
timeframe-specific risks of culverts to extremeqggpéation across multiple emission

scenarios. The Asset Prioritization step is disedsn greater detail in Section 5.6.

5.1.2 Case Studies

To evaluate the efficacy of the CCAAF, the framekvsrimplemented in a series
of case studies using data provided by four st@d® State DOTs were selected by
first conducting a literature review of ancillarys&t and culvert asset management

practices (Akofio-Sowah 2011; Akofio-Sowah et &12; FHWA 2007) to identify
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several states that maintain culvert asset datab&ecommendations were then
solicited from the FHWA Office of Asset Managemdp&vements, and Construction, to
identify additional state DOTs (Gaj and Pan 2012¢veral state DOTs were contacted
and four agreed to participate in the study angtéwide culvert asset data:

1. Minnesota DOT (MnDOT) (Peterson 2012)

2. New York State DOT (NYSDOT) (Allen and Koptsev 2013

3. Oregon DOT (ODOT) (Trevis 2012)

4. Washington State DOT (WSDOT) (Beebe 2012)

Significant differences exist in the type, extemtd completeness of culvert data
collected by the four participating state DOTs.e3& are discussed in greater detail in
Section 5.2, which characterizes the inventoryattnibute data recorded among the
DOTs, as well as the extent of their inventories.

Additional state-specific data were required to ptate the analyses described in
the following sections of this chapter. The soarard types of data are noted in the
relevant sections. Whenever possible, nationasdts were used (particularly in
determining precipitation exposure and asset atityg, but in a limited number of cases,
state-specific data were solicited from the DOThese are also noted in the following

sections.

5.2 Culvert Asset Data
The first step in the CCAAF is to collect and asbknthe culvert asset data

(Figure 5.2). This is consistent with the “invelytcomponent” of the catastrophe model
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(Figure 3.3) used to inform the structure of theA&E. Item 1 in Figure 5.2, collection
of the culvert data, was described earlier in $ach.1.2. The culvert asset data
collected can be classified as one of two typesinidentory data, and (2) condition and
performance (attribute) data. The culvert inveyttata and geo-locating (Items 2 and 3)
are discussed in section 5.2.1 for each of the-sagly DOTs. The culvert performance
and condition data (Item 4) are discussed in se@&id.2 for each of the case-study

DOTs.

Step 1. Culvert Asset Data

1. Collect
Culvert Data

2. Inventory Data

V!

3. Spatial inventory of
culverts

4. Performance Data
(where available)

Figure 5.2 Culvert Asset Data Step

The spatial extent and completeness of culvertritorees vary among the four
participating case-study DOTs. The culvert invee®in Minnesota and New York
State maintain relatively complete statewide coyeffar all major roadways (and some
local roadways). Statewide coverage files wereigex by these DOTSs for use in this
dissertation research. The culvert inventory irsWiagton State has statewide coverage,

however four selected highways were provided bW#&DOT for use in this study. The
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four highways were selected on the basis of pragi@i representative cross-section of
roadway types (i.e., state route, interstate highwan-interstate national highway) and
climate and terrain types (i.e., coastal, farmlanduntainous, arid, etc). The culvert
inventory in Oregon covers selected segments atertgin state routes, however all
records maintained by ODOT were provided for usihis study.

It should be noted that culvert inventory and httteé data are collected with
various levels of completeness among the four 1&1€ datasets. Generally, inventory
data are consistently and completely collected;dw@r, performance and condition data
items are frequently incompletely recorded. Exangrhe four datasets, the pattern by
which items are omitted appears to be random. Driasions and incomplete data

recording are discussed further in Section 5.4

5.2.1 Culvert Inventory Data

In the context of asset management, inventory datéains information about
individual assets that, generally speaking, do¢€imange over time due to deterioration
and use. Examples of inventory data include: naoeation, dimensions, jurisdictional
data (e.g., ownership, responsible managemenygratde, material, etc. AASHTO
(2011) provides a detailed list of sample inventaya for multiple asset types and
categories.

All four of the case-study DOT culvert inventorytalaases contain similar
inventory data. Primary types of relevant culweventory data among the four
participating DOTs are summarized in Table 5.1.siMelevant to the CCAAF are the

location data and the route data information. Nio&t in the data provided, all DOTs
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indicate culvert location using linear referenc{ng., route and mile-markers), however
Minnesota, New York, and Washington provided XY mhioate (latitude, longitude), but

Oregon did not.

Table 5.1 Summary of Case-Study State DOT Culvetthventory Data

Culvert Inventory State DOT
ltem Minnesota Washington

Identifier X X X X
Status X X X X
Age/Date Built X X
Date Discovered X
Last Inspection Data X X X
Route System X X X X
Route Number X X X X
Route Reference (Mile Post) X X X X
XY Coordinate X X X
County/District/Region X X
Inspector X X
Department/Owner X
Roadway Lane Configuration X
Material X X X
Shape X X X
Span Length X X X
Abutment Dimensions X
Cover Dimensions X
Number of Barrels/Sequencing X X
End Treatment/Type X X
Bank Protection X
Stream Bed Material X

The asset inventory data for each state were ireganto ESRI ArcGIS 10.1®
(the GIS software used throughout this researdy¥tio develop state-wide point-
feature maps of the culvert assets. With the eiaepf Oregon, the XY coordinate

systems were used to geo-locate the culvert aske@regon, the linear-referencing
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system was used in conjunction with a statewidaway network layer map obtained

from the ODOT GIS FTP website

5.2.2 Culvert Performance and Condition Data

Condition and performance (attribute) data contaifemation about the
functional performance and conditional deterionaid assets. Generally speaking,
condition and performance data is information alasuasset that changes over time due
to aging and deterioration, both through normabesaear and tear, and natural
environmental interaction. Common examples in exdlinventories are: scour,
embankment erosion, pipe invert condition, cormsahannel alignment, etc.

WSDOT does not currently maintain performance adltion data records for
the culverts in its inventory. Remote video-ingpmtrecordings are available for
selected culverts on a project-by-project basieffge2012), but such data is not widely
available nor particularly useful to a network-leassessment.

ODOT maintains limited performance and conditiotadar the culverts in its
inventory. These data are limited to three iteersgmning to flow restriction and barrel
blockage (Trevis 2013):

1. Vegetation Obstruction Rating— Rates the vegetation obstructing the inlet
and outlet of the culvert, including (a) vegetatammtumulation to cross
sectional area of the culvert, (b) restrictionlofif due to vegetation
obstruction, and (c) larger vegetation such aslétghes or trees that are

causing damage to the structure

3 ftp://ftp.odot.state.or.us/tdb/trandata/GIS_data/
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2. Drift Rating - Rates debris on or near the water surface thekéthe inlet
or interior of the culvert
3. Inside Blockage Rating— Rates blockage inside cross sectional areaeof th
culvert, such as accumulation of silt, sand, grametoadway material inside
the culvert
These three items are assigned ratings on a soatelf (critical) to 4 (good), which
correspond to the percentage blockage of the estsenal area of the culvert barrel at
the worst section. Table 5.2 shows the ratingsamsdciated cross-sectional area

percentages used for ODOT culverts.

Table 5.2 Oregon DOT Culvert Blockage Ratings by & centage of Cross-Sectional
Area Blocked

Blockage Rating Rating Value
ltem 1 2 3 4
Inside Blockage >75% | 30% - 75% 10% - 30%)| 0% - 10%
Rating
Drift Rating >75% | 50% - 75%25% - 50%| 0% - 25%
Vegetation >75% | 50% - 75% 25% - 50%| 0% - 25%
Obstruction Rating

Both MNnDOT and NYSDOT maintain comparatively moxree@sive records of
culvert performance and condition data. Genesglgaking, both states maintain data
that rate various structural, roadway, embankmaard,channel items according to
condition and performance. Complete listings ofd¢berdition and performance data are
given for Minnesota in thelydinfra Inspection ManugMnDOT 2013), and for New
York State in the&Culvert Inventory and Inspection ManudYSDOT 2006). It should
be noted that the NYSDOT maintains two separatgbdaes, depending on the size of
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the culvert. The large culvert database contaicenaplete inventory of culverts with a
maximum width greater than 5 ft. The small cuhdatabase contains a partial (although
nonetheless extensive) inventory of culverts witkkimum widths of 5 ft. or less.

Culvert condition and performance data items devaat in this study to
assessing a culvert’s vulnerability to climate ircigg(increased precipitation) and
potential for failure as a result of these impadikis is accomplished in the Culvert
Vulnerability Analysis (Section 5.4) portion of tiikiCAAF. Relevant culvert condition
and performance rating items are discussed ingreéatail in Section 5.4, and are

therefore not listed here in their entirety.

5.3 Precipitation Exposure Analysis Component

The Precipitation Exposure Analysis component ef@ICAAF (shown in Figure
5.3) determines the spatial extent of changestie®e precipitation across an analysis
region. This allows for differentiation of impa@&mong specific areas within the region.
Generally, the precipitation exposure analysis Ive® first processing raw 24-hour
precipitation projection data into annual maximuragpitation amounts for a prescribed
time period (i.e., several decades). These datthan used to calculate the expected 24-
hour precipitation amounts for events of a presctiteturn-period (e.g., the 10-year
event), and compared with historical precipitaavents with the same return period to
determine relative changes in precipitation amauttesns 1 and 2 in Figure 5.3, which
gather the relevant climate data, are discussenhbal Section 5.3.1. Item 3, which
develops projections of future climate is discussefection 5.3.2.1; and Item 4, which

develops the historical baseline of climate coondsiis discussed in Section 5.3.2. The
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comparison of historical and projected climaten(itg) is discussed in Section 5.3.2.3.
The final ensemble projections of precipitation @qre (Item 6) are discussed in Section

5.3.3.

Figure 5.3 Precipitation Exposure Analysis
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One unique aspect of this approach is the usegbihifrequency extreme events
as indicators of areas where projected changesiierge precipitation events may be
greater. This use of indicators is due to lim@as in the types of projected precipitation
data (i.e., uncertainty) that are available andhied to examine particular impact
timeframes.

The most commonly available precipitation projectioeflect cumulative 24-
hour precipitation amounts for individual spatialdgsquares. In hydrology and
meteorology, n-year events are commonly calculbiefitting a probability distribution
(i.e., approximating various distribution paramstir a given dataset) to the maximum
annual precipitation events over a given time-pkffor example, see Bedient and Huber
(2002)]. In projecting climate change impacts, boer, there is a need to examine
relatively short time-periods (e.g. 30 years) toggate projections for relevant time-
frames (e.g. mid-century, end-of-century). As lfsegquency extreme events (e.g. the
100-year) occur near the tail of the probabilitytdbution, they are more sensitive to
small changes in the distribution parameters thghen-frequency extreme events (e.qg.
the 10-year event) that occur nearer to the midfitee distribution. Thus, given the
need to approximate distribution parameters fraatikely short time-periods, using a
higher-frequency event as andicator of projected changes in extreme events should
provide more consistent results than the use oétdvequency events that are more
sensitive to slight changes in estimated distrdsuparameters. A comparison of the
calculated 10-year event and the 25-year evendashington State is presented and
discussed in Section 5.2.4 to further supportubes of high-frequency extreme events as

indicators.
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5.3.1 Climate Data Types and Sources
Two primary types of climate data are used in thedysis: (1) projected future
precipitation data, and (2) historical precipitatdata. Downscaled climate change
projections for the United States are publicallgifable through the United States
Geologic Survey (USGS) Geo Data Portal (GDP) (UZG13) as downloadable
Network Common Data Format (netCDF) files. At pr&s users may select climate data
from eight datasets containing historical climaa¢ad statistically downscaled climate
projections, and dynamically downscaled climatggmtons at various temporal
resolutions (e.g., daily, monthly, seasonal; thesg with dataset). Within each dataset,
users must define several attributes:
1. The GCM(s) used to generate the dataset’s restilistp 13 models, varies
with dataset)
2. The SRES scenario(s) for the selected climate marttldataset (available
scenarios vary with dataset)
3. The analysis timeframe of interest (typically prasgay to 2100, ranges
varies with dataset),
4. Climate impact/stressor, typically: maximum tempera (Tmax, °C),
minimum temperature (Tmin, °C), and precipitatiomg/day)
5. The area of interest, defined either through a ggagcal user interface, or by

uploading an ESRIshapefile

The climate projection dataset used in this stuahsists of downscaled climate

projections for the contiguous United States (CON&I®I Alaska, developed by Stoner
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et al. (2013) using a modified statistical asynalongs regression downscaling method
(Stoner et al. 2013). This statistical downscahmgthod is also discussed further in the
Southeast Regional Assessment Project report (deranal. 2010). The data’s spatial
resolution is 1/8(~12km) grid squares for the CONUS, and g2 Alaska; the temporal
resolution is daily records for a 365-day year. (igap years are treated as regular years).
Climate projection data were downloaded for two SREenarios — A2 (high-mid) and
B1 (low) — each driven by modeling runs from 11laepe GCMs. Each SRES-
scenario/GCM dataset contains two data subsets,aeaesponding to two 30-year
analysis time periods (mid-century, 2040-2069; eadtury, 2070-2099). In total, this
projected climate data consists of 44 individuaOig- data files (two timeframes, two
SRES scenarios, 11 GCMs) containing gridded daggipitation data for the study area.
The second type of data used in the analysis tsrfgal precipitation data (1950-
1999), which provides a baseline for analysis tdrielimpacts. These data, developed by
Maurer et al. (2002), provide daily gridded obséores of temperature (maximum,
minimum, average), average daily precipitation (og), and average wind-speed (m/s)
at 1/8 grid spatial resolution for the contiguous Unitedt8s (the spatial grid in this data
aligns with the spatial grid in the projected datatiscussed above). These data are also
made publically available through the USGS-GDP diesd above (USGS 2013) as
netCDF data files. Within this dataset, users ndefine the area of interest and the
climate impact/stressor of interest. This studgdusnly the observed historical average
daily precipitation data (mm/day) in the study am@ad examined the entire historical

period (1950-1999).
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5.3.2 Climate Data Processing

The general approach to data processing in thilyssuto determine the
magnitude of precipitation in each grid squaredorevent with return period, for two
future time periods (mid-century and end-of-cenfuayd then to determine the
difference in magnitude as compared with base(ire2, historical) conditions. This

section discusses the individual steps in datagsing in greater detail.

5.3.2.1 Multi-Model Projected n-Year Event Prot®ess

Then-year maximum cumulative 24-hour precipitation amtas determined by
converting the daily precipitation projections atk grid square for the 30-year period
into peak annual 24-hour precipitation values. peak annual precipitation values at
each grid square for the 30-year period are thtedfio the generalized extreme value
(GEV) distribution to estimate the locatiqr),(scale §) and shapeZ parameters. The
cumulative distribution function for the GEV takie following form (Kotz and
Nadarajah 2000) to evaluate the precipitation evahte,x (i.e., peak annual daily

precipitation in mm):

F(x|p0,8) = exp [— [1+¢ (x - u)]—l/fl

o

The precipitation value associated with an annadljrobability of occurrence
corresponding to the-year event is then calculated using the estimatéd @arameters.
This approach is similar to that used in deterngrmpeak event-based stream flow rates in

surface hydrology, which can use various statisticsributions (Bedient and Huber
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2002). The GEV distribution was selected as itlheen widely used in approximating
expected precipitation maxima under current cood#i(Bonnin et al. 2011) and also
under climate change (Fowler et al. 2010; Kharid Zwiers 2005; Millington et al.
2011; Russo et al. 2010).

The methodology to approximate the GEV distribui@mameters for each grid
square within the evaluation area is implementéuigusiathWorks MATLAB R20133
to evaluate the netCDF files. The MATLAB scriptis individually for each of the 44
individual netCDF files (each corresponds to a coaioon of SRES scenario,
timeframe, and GCM). This evaluation produces ddasponding new netCDF files
containing the gridded precipitation associatedhwhen-year maximum cumulative 24-
hour precipitation for each SRES scenario, timegaamd GCM combination.

The MATLAB® script estimates the GEV distribution parametegsand¢ for
the 30-year period of projected peak annual pretipn at each grid square using 95%
confidence intervals. In a limited number of cag€s018%), the distribution parameters
estimated for a given grid square could not bereged with 95% confidence given the
annualized 30 year data set. In these instarfoes;ytear precipitation estimate for the
given grid square, within that individual netCDFefiis eliminated from further analysis
(i.e., projected grid square precipitation in sarase may be based on fewer GCM

outputs than the full 11 sets).

5.3.2.2 Historical n-Year Event Processing

The methodology used to project tiigear maximum cumulative 24-hour

precipitation is also used to determine historideline peak-year precipitation. The
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MATLAB ® script is run for the gridded daily observed priatjon dataset discussed
above, for the entire 50 year period (1950-1999)us, the key difference is that the
baseline data processing fits the GEV distributab0 annual maximum cumulative 24-
hour precipitation values, instead of 30 as indage of projected precipitation.
Additionally, the baseline data processing doesequire the evaluation of multiple

input files.

5.3.2.3 Comparison of Projected and Baseline Bitation

The netCDF files containing the projectegiear event precipitation data are then
compared to the baselimeyear event precipitation to determine for each gqdare
whether a positive change (increase), negativegeh&tecrease), or zero change in peak
n-year precipitation magnitude is projected to occlinis is done for each of the 44
netCDF files. This comparison is implemented irRE&rcGIS 10.f by importing each
of the netCDF files as single-band raster layard,then using the ‘Raster Calculator’
tool to calculate the arithmetic difference betweerresponding grid squares, which are
then saved as new raster layers.

The raster layers containing the projected changeecipitation are then
combined for each SRES scenario and evaluatiorframe by calculating the simple
mean for each grid square across the 11 GCMs. stégsis implemented in ArcGtS
using the ‘Cell Statistics’ tool to produce a sketour new raster layers, each
corresponding to an SRES scenario and evaluatimeframe combination, which
contain the maximum projected 24-hour precipitatialues from the multi-model

average.
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5.3.3 Climate Data Processing Expectations and Gugmes

Roadway drainage assets, such as culverts, amallypilesigned to account for
flow conditions associated with the 25-year to }@@r event, depending on the size of
the culvert. For example, the Minnesota DOT usg8-gear design frequency for minor
culverts £€48” diameter), and a 500-year design frequencyrfajor culverts (>48”
diameter), although the 100-year frequency is sonast allowable (MNDOT 2000).
Similarly, the Washington State DOT considers lb#éh25-year and 100-year storm in
culvert design (WSDOT 2010). However, the useuwi-frequency events (e.g., the 100-
year storm) in the procedure outlined above mag teajuestionable results. These low-
probability/low-frequency events are located atttikeof the GEV distribution, and are
therefore likely to be more sensitive to small demin the estimated location, shape and
scale parameters of the distribution. Therefdnmay be more appropriate to examine
medium- to high-probability events (e.g., the 1@ystorm) as these events are located
nearer the center of the distribution (and aregfoee less sensitive to parametric
changes). As discussed at the beginning of tltisose these medium-frequency events
are then treated as indicators of projected chamgestreme precipitation events.

Grid squares are assigned to discrete precipitaategories associated with
specific ranges of precipitation change. This sédlects an approach used widely in the
risk analysis and evaluation steps of the risk-haskaptation frameworks discussed
above. That is, general climate risks are typycafisigned qualitative (e.g.,
low/medium/high) or semi-quantitative (e.g., 1 )aiSk scores, as opposed to absolute
guantitative values, to facilitate comparison. igssg grid squares to discrete

precipitation ranges also regionalizes the preaijoibh changes within a study area.
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In this study, the 10-year precipitation evenswsaaluated as an indicator of
projected regional changes in major precipitatioangs (this selection is discussed in the
next section). Changes in daily precipitation égem Washington State (which showed
the widest range in precipitation changes of the tmse-study states) for the 10-year
event typically ranged between -41mm (i.e., drégg) 110mm, depending on SRES
scenario and timeframe, although the majority af gguares exhibited precipitation
changes between Omm - 30mm. Thus, the followwg fanges were selected for this
study:< Omm; 0 — 10mm; 10 — 20mm; 20 — 30mm; ar@0mm. These ranges are
selected for illustrative purposes only; furthesearch is required to determine ranges
that would provide more meaningful insight in impsiudies.

To assign Precipitation Exposure Index valuesctheert inventory datasets
(which contains geospatial location data) for eaicthe case-study DOTs were overlaid
with the range-assigned 10-year precipitation outiata, and spatially joined. Four
Precipitation Exposure Index values are assignedth culvert (according to Table 5.3):

one for each combination of time-frame and emissmenario.

Table 5.3 Precipitation Exposure Indexes and Corisgponding Precipitation Ranges

Change in 10-year Event  Precipitation Exposure

Precipitation Index
<0mm
0—-10mm
10 — 20mm
20 — 30mm
>30mm

Plwin @
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5.3.4 Comparison of Event Frequency Calculation Qcaomes

In the previous discussion, the 10-year event kas lised as the primary
indicator of areas where extreme precipitation &/emy be more likely to occur in the
future. As discussed, the 10-year event is usateéad of lower-frequency/higher-
intensity events (e.g. the 25-year, or 50-year g\anit is less sensitive to slight changes
in the distribution parameters (locatign scaleg; and shapei) estimated using the 30-
year time period datasets, and should therefotd ynere consistent results.

To test this, however, the 10-year and 25-yearipitaton events (both are return
periods commonly used in engineering design) waleutated using the procedure
described above for Washington State, and compdfeplire 5.4 shows the 10-year (left)
and 25-year (right) precipitation events for botil+tentury and end-of-century
timeframes, for both the B1 (low) and A2 (mid-higimission scenarios. Although some
similarities are evident between correspondinggmtopns of the 10- and 25-year
precipitation events, note that the changes inipitation for the 10-year event form
somewhat more distinct regions than do the pra@astfor the 25-year event.

A likely explanation for this has to do with theatgh of the data record used in
the analysis (30-year periods) and the precipitadient return period. The 10-year
event, by definition, has an annualized probabditpccurrence of 0.1 (i.e., once every
10 years). It can therefore reasonably be expgotedcur multiple times within the 30-
year record period. Conversely, the 25-year eweitit, an annualized probability of
occurrence of 0.04 (i.e., once every 25 years) noayccur within the 30-year record
period, or may occur only once. The greater uaadst in the prediction of the 25-year

event from the 30-year record (as opposed to thgedd event from the 25-year period)
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A2 Scenario, End-Century, 10-Year Event A2 Scendtial-Century, 25-Year Event

C J<omm | >0-10mm [ >10-20 mm [ >20- 30 mm [ > 30 mm
Figure 5.4 Comparison of Projected 10-year and 2§ear Precipitation Events
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results in greater uncertainty, and therefore Ydrig, in projected precipitation

amounts. In other words, the 10-year event habehefit of being less sensitive to
changes in the parameters that define the probadisitribution, and also contains less
model uncertainty given the relatively short 30+ygi@jected precipitation record used to
estimate distribution parameters. Evaluating thed& event may thus yield less
variability in approximating real-world conditioggven the shorter projected
precipitation record, and therefore increase regidefinition.

One apparent solution to the greater variability ancertainty in lower-
frequency events using this method would be torekthe projected climate record
period. Admittedly, the use of a relatively sh@@;year record of projected precipitation
limits accuracy in fitting the GEV curve to appromate real-world conditions. A longer
record period, 100 years for example, would enbdsle uncertainty in projecting the 25-
year event (which reasonably could be expected¢¢aramultiple times in a 100 year
period). The challenge with this solution is thaequires stationary mean climate
conditions, but under climate change, mean clinsat®n-stationary. Thus, to evaluate
relevant future impact timeframes (e.g., mid-ceptend-of-century), record periods
must be necessarily truncated into representative period for each impact horizon
(e.g., a 30-year period from 2035 to 2065 to ewal@2@50 impacts). With this method, a
simplifying assumption must then be that mean diems stationary within the evaluation
time-period, which, although likely untrue, is ntmeless an unavoidable statistical

assumption.
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5.4 Culvert Vulnerability Analysis

The Culvert Vulnerability Analysis component of t6E€AAF (Figure 5.5)
examines the culvert asset data (Section 5.2)njuaation with the precipitation
exposure analysis output (Section 5.3) to deternmae/ulnerability or failure potential
of culverts that are exposed to projected incressestreme precipitation.
Vulnerability, as defined by the (IPCC 2007) “ifuaction of the character, magnitude,
and rate of climate change and variation to whislgsgem is exposed, its sensitivity, and
its adaptive capacity.” In this analysis, vulneligbis primarily assessed excluding an
assessment of adaptive capacity, which would liketyuire project-level assessments of

culvert design adequacy and a network-analysisaifable detour routes.

Step 3. Vulnerability Analysis

1. Vulnerability Method 1: Exposure

Only Rating
} —
By: - Emission scenario
- Analysistimeframe
N 2. Vulnerability Method 2: General

Culvert Rating

3. Vulnerability Method 3: Condition-
and Performance-Based Rating

Product 2: Vulnerability Index =

Figure 5.5 Culvert Vulnerability Analysis

The Culvert Vulnerability Analysis builds upon tescussion of culvert

inspection rating systems (Section 4.2) and culfe@tire (Section 4.4) do determine a
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relative measure of culvert vulnerability, the Vedability Index. The culvert
vulnerability analyses in this study employ threparate potential methods of
determining vulnerability, each with increasingéd&s/of detail. This allows for a relative
comparison of the apparent gains in outcome froraypng various levels of
vulnerability analysis and data collection (theseatusions are discussed in Chapter 7).
It is recognized that the three culvert vulner@pissessment methods developed
in this section to define the Vulnerability Indene asimplified measures of vulnerability.
They build upon the discussion of culvert failuredas and mechanisms discussed
earlier in Section 4.4 (particularly the generalssification of indicators as either
embankment-related indicators, or blockage-relatdatators) to develop a broad
measures of vulnerability as relevant to networlel@ssessments. Although project-
level investigations of specific sites may prova#eper insight into individual culvert
vulnerabilities, the network-level methods develbpelow may be used to motivate

such project-level investigations at specific sites

5.4.1 Method 1 — Exposure Only Rating

The first method, “Method 1 — Exposure Only Ratirdpes not explicitly assign
culvert a Vulnerability Index rating. Insteadrelies solely on the Precipitation
Exposure Index values (Section 5.3) assigned tw@iohaal culverts to provide location-
specific indications of climate impact. This isclissed in greater detail in the context of
overall culvert prioritization in Section 5.6. Thgclusion of a relative measure of
vulnerability in favor of sole reliance on exposig@ecessitated in applications where

culvert asset data is limited to inventory date.(ino condition or functional performance
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data are collected). Among the case-study DOTD@W/Bis an example of an agency
for which this method is necessary due to inventtatg only. However, the Method 1

approach will be applied to all four case-study B@3dr comparison purposes.

5.4.2 Method 2 — Overall Culvert Rating

The second method to determine culvert vulnergtititincreased flows,
“Method 2 — Overall Culvert Rating,” bases culwéuinerability Index ratings on the
overall condition of a culvert, as assigned dufielyl inspection. Of the four case-study
DOTs, MnDOT and NYSDOT assign some form or overaiidition/performance
rating; Minnesota records an “Overall Conditiontimg and New York State records a
“General Recommendation” rating for all culvertgheir inventories. In light of the
discussion of data collection completeness in 8e@&i2, it should be noted that General
or Overall ratings are among the few items for \Wwhialues are consistently assigned in
the MNnDOT and NYSDOT databases.

Washington State excludes condition and performaritaria from its culvert
inventory, and Oregon examines some performantarieri but does not assign an
overall condition rating. Therefore, Method 2 idyoapplied to MnDOT’s and

NYSDOT's culvert inventories, as discussed below.

5.4.2.1 NYSDOT and MnDOT Overall Culvert ConditiBatings

The NYSDOT (2006) notes that the inspection iteneti€&al Recommendation
For Culvert” is an “assessment of the overall cbadiof the culvert...[giving] maximum

weight to items of most importance such as sparebabutment & pier, scour, etc.” It
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also notes that “the general recommendation shaatithe lower than the lowest rating
given to any individual item,” and that the geneedlommendation never be specified as
“not applicable,” or “unknown.” (NYSDOT 2006) TidYSDOT assigns General
Recommendation values using a scale from 1 to &doagon the narrative descriptions

shown in Table 5.4.

Table 5.4 NYSDOT General Recommendation For CulvéRating System

Adapted from(NYSDOT 2006)

Rating Rating Value Description

Value

7 Culvert is in like-new condition with no deterioi@t. No work needed other than routine
maintenance.

6 Only minor deterioration is present. May requireyvainor repairs to pavement, guide rail
shoulders, etc.

Span barrel and abutment & pier are in good camditioad capacity is not reduced.
5 Headwalls and wingwalls may require minor repaitay require removal of light vegetatio
growth around culvert openings. Scour may have ssgobut not undermined, footings.

>

Span barrel and/or abutment & pier have moderatrideation but do not yet need extensive
reconditioning. Load capacity is not substantiafigfuced. Headwalls and wingwalls may
4 require significant repair work. Pavement may regjuéplacement with the addition of

backfill material to correct minor roadway settlethproblems yet the structure shows no
signs of deformation. There may be some minor sutisire undermining. Minor channel
work may be required.

Span barrel and/or abutment & pier have considerdéterioration. Steel members have

considerable section loss. Slight deformation titesaent of the structure may exist.

3 Concrete members are spalled with rebar exposugelarge portions of their surface area,
The culvert may no longer be able to support oafitesign loads. Load posting may be

needed. Extensive footing undermining may have wedu Extensive work on the culvert ig

required. Replacement could be considered a Hettgrterm option.

Span barrel and/or abutment & pier are extensigetgriorated. Replacement of the structure
may be necessary due to serious deformation asdttdement. Short-term, remedial actior
such as pavement replacement or installation otiaddl backfill material may be required
2 The culvert can no longer safely carry originaligedoads. The culvert may still be open t
traffic but with a posted load restriction. Tempgrahoring or bracing may be necessary.

Replacement of headwalls and/or wingwalls may beired. Water flow may be greatly
restricted by constriction or obstruction of théveut opening. Scour and undermining may
be extensive enough to threaten the stability efcthivert.

O

Deterioration is so extensive that partial or tat@lapse is imminent. There is little or no liye
1 load capacity and the structure may be closedaftidr For the culvert to remain open to

traffic, substantially reduced load posting andpenary shoring are necessary. Structure
may be in danger of failing due to extensive undeimg.
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The MnDOT assigns Overall Condition Ratings bagmohia five point scale
from O to 4 to describe the structural integritytloé culvert system (MnDOT Undated).
MnDOT rates most condition and performance itenisgua simple Y/N (i.e., yes/no)
notation, which it terms an item “inspection flagiye Overall Condition rating is based
upon several of these flags. For a complete fisigpection flags affecting the Overall
Condition rating, see (MnDOT Undated). It is imiamt to note that the General
Condition rating does not consider any inspectiagd associated with barrel blockage,
or the need for cleaning (e.g., plugging, sedimsgitit,etc.) (MnDOT 2013; MnDOT
Undated). Instead, the MNnDOT Overall ConditioniRgg are associated repair needs, as

specified in Table 5.5.

Table 5.5 MnDOT Overall Condition Rating System

Adapted fromMnDOT Undated)

Rating . I .
value Rating Value Description Repair Necessary
1 Excellent - Like new condition No - Pipe like newost inspection flags are "N"
5 Fair - Some wear, but No - Pipe may be worn, but functionally okay;
structurally sound minor condition problems
3 Poor - deteriorated, consider forYes - Repairs needed, but road won't fail

repair or replacement

Yes - Repairs needed very soon, roadway may be
4 Very poor - serious deterioration in danger from loss of fill or from piper
deterioration

(blank) - Pipe is submerged, buried, or out of

0 Not able to rate, not visible )
sight

5.4.2.2 Method 2 - Overall Condition Rating Vedability Index Development

To determine Vulnerability Index values using Matt) the overall condition

rating values used by NYSDOT and MnDOT (Table %d &able 5.5, respectively) are
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translated into low/medium/high vulnerability vasueA Vulnerability Index value of 3
indicates high vulnerability; a Vulnerability Inderlue of 2 indicates medium
vulnerability; a Vulnerability Index value of 1 irghtes low vulnerability.

The MnDOT assigns some culverts a value of O dureadoilities to complete
inspection (e.g., pipe is submerged), effectivelynating overall condition. For these
culverts, no Vulnerability Index is assigned, ahelit database entries are flagged.
Additionally, although the NYSDOT states that cutvgeneral recommendations must
never be assigned values corresponding to “unkricwrinot applicable” (9 and 8,
respectively), in practice, some culvert generabnemendations are assigned these
values. Similarly, these culverts are also assigreVulnerability Index rating, and their
database entries are flagged.

The assignment of overall condition ratings towa,lmedium, or high
vulnerability classification is based upon the dssion of blockage-based indicators and
embankment-based indicators of failure in Sectidn44 as well as the narrative
descriptions of overall condition provided by th®Ds, and supplemental discussions in
the respective inspection manuals (MnDOT 2013; MiDdhdated; NYSDOT 2006).
The assignment of Vulnerability Index values toveuls to corresponding overall
condition ratings are shown in Tables 5.6.

The Vulnerability Index values corresponding to NDXGT General
Recommendation values are further reinforced byrthigection frequency requirements
given in the NYSDOTCulvert Inventory and Inspection Manuhht group various
general recommendation ratings into need-base@dtigm frequencies General

Recommendation ratings of 1 and 2 (poor) requireiahinspections; General
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Recommendation ratings of 3 or 4 (fair) requirenbial inspections; and General

Recommendation ratings of 5, 6, or 6 require quades inspections.

Table 5.6 MnDOT and NYSDOT Rating Scales and Corigponding Vulnerability

Indices
Vulnerability =~ Vulnerability MnDQ_T Over_all NYSDOT G_eneral .
Index Descriptor Condition Rating Recommendation Rating

Values Values

3 High 4 1,2

2 Medium 3 3,4

1 Low 2,1 56,7

0 (Flagged) | Unable To Rate 0 8,9,0r0

5.4.3 Measure 3 — Condition and Performance Critéa-Based Rating

The final measure of culvert vulnerability to inased flow, “Measure 3 -
Condition and Performance Criteria-Based Ratingsigns Vulnerability Index values to
culverts based upon the individual culvert conditamd functional performance data
provided by the case-study DOTs. The three DOa&srtlaintain some record of culvert
condition and performance (MnDOT, NYSDOT, and OD@®&llect similar types of
data, with some common data items. This allowsafoommon foundation in developing
a performance-based Vulnerability Index for eaettest However, sufficient differences
in specific items, and the scales used to rate theguire some DOT-specific variation in
developing a condition- and functional performabesed Vulnerability Index. The
state-specific scales are described in the follgvsiections.

The common foundation of the state-specific pertoroe-based culvert
Vulnerability Index measures is the discussionul¥ert failure modes and indicators of

vulnerability or failure potential from Section 4.Zhe categorization of potential failure
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criteria as either embankment-based or blockageeb@ee Table 4.16) is an important
distinction and suggests that criteria from bottegaries (when available) should be
included in the measure.

The network-level focus of the culvert vulneralilnalysis, in conjunction with
the somewhat general nature of the culvert condgied functional performance data
collected by state DOTSs, places several limitatimmshe development of a performance-
based measure. First, it is difficult to assigatree weights to any of the indicators of
vulnerability or failure potential. Weighting ofish items would require more in-depth,
site-specific knowledge of conditions, and alsodbmpounding effects of multiple
conditions. In this research study, all critena weighted equally, with the
understanding that weighting should be addressédtune research.

A second limitation is data completeness withinhestate DOT'’s inspection
database. In many cases, certain criteria are nwrgstently assessed and recorded
than others. While some of the criteria contaimetthese databases may provide more
appropriate measures of vulnerability or failurégndial, many must be excluded from

the analysis due to poor data completeness of tleaseds in the inspection databases.

5.4.3.1 Performance-Based Vulnerability Index: Miaota DOT Culvert Data

The MnDOT culvert condition and performance craesiere first reviewed to
identify items that provide both explicit and imgatiindication of culvert embankment
and blockage conditions, consistent with the disicusof explicit versus implicit
indicators in Section 4.4.4. These items are showlrable 5.7. The explicit indicators

were then reviewed in the database to identifyghibat were most consistently recorded,
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and thus better candidates for use in determinuigéfability Index ratings. Items 1, 2,
4,5 and 6 (bold text in Table 5.7) were selectddch provide two blockage-related

indicators, and three embankment-related indicators

Table 5.7 Selected MNnDOT Culvert Condition and Pdormance Criteria

Rating Item Rating Category \ Rating Type Rating Scale

1. Sediment Percentage Blockage Primary Percentage
2. Plugged Blockage Primary Yes / No

3. Deformed Blockage Secondary Yes / Nd

4. Erosion Embankment Primary Yes / No

5. Piping Embankment Primary Yes / No

6. Inslope Cavity Embankment Primary Yes / No

7. Void In Roadway Embankment Primary Yes / Ng

8. Infiltration Embankment Secondary Yes / NoO

9. Barrel Misalignment Embankment Secondary Yes / Np
10Joint Separation Embankment Secondary Yes / No
11 Holes Embankment Secondary Yes / N¢

MnDOT rates sediment blockage percentage numeyiaalb percentage of the
cross-sectional area of the culvert. For all ottwerdition and performance criteria,
MnDOT uses a binary (Yes / No) scale to indicatethr the condition exists or not, but
does not provide any indication of the extent ef ¢bndition. This prevents
incorporating any assessment of condition severitya performance-based
Vulnerability Index for MNDOT culverts. Also, atated earlier, it is beyond the scope of
this study to identify any interrelationships amdhg criteria as that would likely require
a more detailed, project-level assessment of sitelitions.

The “Sediment Percentage” ratings were convertedlid¢low) to 3 (high) rating

scale based upon guidance from thalraulic Design of Highway Culvertaanual
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(Schall et al. 2012) and tid.H Culvert Assessment and Decision-Making Proceslur
Manual (Hunt et al. 2010). These documents suggesttitais and vegetation
blockages should be noted if they “reduce the apparea by roughly 33% or more.”
(Hunt et al. 2010) Further, sedimentation blocledges than 1/3 of the rise of the culvert
will likely clear out “as a self-cleaning mechanisrand blockages “greater than or equal
to 1/3 but less than or equal to 3/4 of the risthefbarrel” should be noted for
maintenance and cleaning, as “self cleaning mayoadr.” (Hunt et al. 2010)

Therefore, culverts with a Sediment Percentagethess 33% were rated 1 (low); those
with Sediment Percentages between 33% and 75%rnatext 2 (medium); those with
Sediment Percentages greater than or equal to #®nated 3 (high).

The four binary-rated items were assigned valuds(édw) to correspond with a
“No” rating, and a value of 3 (high) to correspomith a “Yes” rating. As no additional
information is provided, ratings of 2 (medium) cahhe assigned, therefore the
restriction to only high and low values is a neaegsimplifying assumption. However,
the use of multiple criteria for each both ratimgegories may enable some assessment of
intermediate conditions. For example, culvertsghgiping is rated “Yes,” but Erosion
and Inslope Cavity are both rated “No,” may suggesbndition where embankment
deterioration is moderate, but not high.

One additional value, termed here as the “CertdRaing,” is calculated to
provide some insight into the relative reliabildfythe Vulnerability Index given the often
incomplete nature of condition and performancesdatrecording. The Certainty Rating
simply reflects the number of criteria for eachveunt (from the five criteria used in the

vulnerability assessment) for which there is a lesdhtabase entry, thus excluding blank
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or erroneous entries. For example, a culvert foicivall five records have a value
recorded would receive a Certainty Rating of 5ifiating higher reliability).
Conversely, a culvert for which only Erosion an@iRg values are present in the
database would receive a Certainty Rating of 2.

The overall culvert Vulnerability Index is then calated by summing the five
individual criteria ratings and then normalizing ttesult to a value from 1 (low) to 3
(high), and assigning that value to a Vulnerabilitgiex rating using the scale shown in

Table 5.8.

Table 5.8 MnDOT Culvert Vulnerability Index Scale

Low Medium High
<1.6 1.6-2.3 <23

5.4.3.2 Performance-Based Vulnerability Index: Néwk State DOT Culvert Data

The NYSDOT condition and performance criterialdoth large culvert and
small culvert datasets were first reviewed to idgriems that provide both explicit and
implicit indication of culvert embankment and blagle conditions. These items are
shown in Table 5.9. The explicit indicators werert reviewed to identify those that
were commonly recoded in both large culvert andllscodvert databases, and also to
identify those that were most consistently recondétin the two individual databases.
One blockage-related and one embankment-relatetion were selected as common to
both datasets, and also as more consistently tedledthin each dataset: items 1, 3, 8,

and 9 (bold in Table 5.9).
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Table 5.9 Selected NYSDOT Culvert Condition and Réormance Criteria

Rating Item Rating Category @ Rating Type Rating Scale

Small Culverts

1. Channel Opening Blockage Primary lto7
2. Channel Silt/Debris/

Vegetation Blockage Primary ltov
3. Channel Scour Embankment Primary lto7
4. Roadway Settlement Embankment Primary lto7
5. Roadway Embankment Embankment Primary lto7
6. Structural Span Embankment Secondary lto7
7. Channel Alignment Embankment Secondary 1to7

Large Culverts

8. Channel Waterway Opening| Blockage Primary lto7
9. Channel Erosion and Scour Embankment Primary lto7
10. Approach Settlement Embankment Primary lto7
11. Approach Embankment Embankment Primary lto7
12.Channel Stream Alignment Embankment Secondafy 1to7/

NYSDOT rates all culvert condition and performaiteens using a scale from 1
(poor/potentially hazardous) to 7 (good/as-new d@nd; values of 8 (not applicable)
and 9 (unable to rate) are also available. The7lratings for the channel opening and
scour condition criteria identified in Table 5.2 assigned to a 1 (low) to 3 (high) rating
scale using the same system discussed in SectidhBfor overall condition ratings (see
also Table 5.6). As stated before, the conversmm a 1 to 7 scale to a 1 to 3 scale is
based upon the inspection frequency requiremenengn the NYSDOTCulvert
Inventory and Inspection Manutilat group rating values into need-based inspection
frequencies that likely reflect the urgency of ciods; ratings of 1 and 2 (poor) require
annual inspections; ratings of 3 or 4 (fair) reqrennial inspections; ratings of 5, 6, or

7 (good) require quadrennial inspection.
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As with the MnDOT condition and performance dataadditional value, the
“Certainty Rating,” is calculated to provide insighto the relatively reliability of the
Vulnerability Index given inconsistent recordingaaindition and performance criteria.

In the case of the NYSDOT data, the Certainty Rpateflects the number of criteria for
each culvert, from the two used, for which thera isseable database entry. This
excludes entries that are blank or erroneous @ueside the rating range), as well as
values equal to 8 (not applicable), or 9 (unableate).

The overall culvert Vulnerability Index is then calated by summing the two
individual criteria rating values and then normialgzthe result to a value from 1 (low) to
3 (high), and assigning that value to a Vulnergblhdex rating using the scale shown in

Table 5.8.

5.4.3.3 Performance-Based Vulnerability Index:doreDOT Culvert Data

ODOT culvert databases contain three types of fonat performance data, all of
which are blockage-related indicators of vulneiibdr failure potential: (1) the Inside
Blockage Rating, (2) the Drift Rating, and (3) ¥egetation Obstruction Rating. All
three ratings are assigned values from 1 to 4, hwbicrespond to percentages of the
culvert’s cross-sectional area blocked (Table 5T})ese blockage-based values were
assigned Vulnerability Index values of 3 (highjnZedium), and 1 (low) by associating
them with cross-sectional percentage obstructidmegausing the ranges shown in Table
5.10. Note that the percentage ranges associatied/ulnerability Indices of 1 and 2
differ among the three criteria; this is due to OD€differing definitions of percentage

ranges for each item, as given above in Table 5.2.
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Table 5.10 Oregon DOT Culvert Blockage Rating RargAssignment to
Vulnerability Index Values

Blockage Rating Corresponding Rating Value

Item 1 2 3

Inside Blockage o . 20 0 0 0
Rating 0% -30% | 30%-75% >75%
Drift Rating 0% - 25% 25% - 75% > 75%
Vegetation on D=0 on 720 0
Obstruction Rating 0% -25% | 25% - 75% > 75%

The Vulnerability Index ratings shown in Table 54dr@ based upon guidance
from theHydraulic Design of Highway Culverteanual (Schall et al. 2012) and fRieH
Culvert Assessment and Decision-Making Procedurasudl (Hunt et al. 2010),
explained earlier in Section 5.4.3.1 in referercthe MNDOT sediment percentage
performance criterion.

The Method 3-based Vulnerability Index values asgned to ODOT culverts
by considering each of the individual percentageeldablockage rating values (ranging
from 1 to 3) given in Table 5.10. Culverts areigssd a Vulnerability Index
corresponding with the worst (highest) blockagetatalue from the three items listed
in Table 5.10. For example, a culvert with andedblockage rating of 3, but drift and
vegetation obstruction ratings both equal to Issgned a Vulnerability Index of 3.

The decision to assign culvert Vulnerability Indiceccording to the worst of the
three criteria ratings is based upon the judgnmfeattany cross-sectional constriction of
flow, independent of the obstructing material-typél reduce the culvert’s flow
capacity. Any reduction in flow capacity coulddet® overtopping, increased hydro-
static pressure on the embankment, and increassther Absent a more in-depth,
project-level inspection to better understand taiire of the blockages, how they may or
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may not compound one another, and other aspett® allvert condition and functional

performance, the worst blockage rating approacht suffice.

5.5 Culvert Criticality Assessment
The previous steps in the CCAAF have sought tordete plausible future
scenarios for climate impact exposure, and theivelaulnerability of culvert assets to
those impacts. The culvert asset criticality assent component of the CCAAF (Figure
5.6), builds upon these earlier analyses by sgeki determine the relative criticality or
importance of culvert assets based upon sevegdtsdl criteria. This is analogous to the
consequence component of the general definitiorsbf(Section 3.3), or the loss

component of the catastrophe model (Figure 3.3).

Step 4: Culvert Criticality Assessment

4.
System-
critical?

1. Agency determined list
of system-critical
infrastructure

2. Determine criticality

criteria, 5. §|n;$Ie a[tgil\:,\;e Product 3:
weightin -
anaigysisffculvert >| Combined

3. Agency criteria O

weighting, w; criticality components Criticality Index

7]

Figure 5.6 Culvert Criticality Assessment Sectiomf CCAFF

For this discussion, the criticality assessmentrisegith Item 2 (Sections 5.5.1 to
5.5.3) to determine relevant criteria of assetaaiity. Criteria weights are then

determined in Item 3, which applies locally-detarad weighting factors to the criticality
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criteria determined in Item 2, enabling the assessio recognize unique local interests
and values (Section 5.5.4). These criticalityeci& and weighting factors are then
combined in Item 5 (Section 5.5.4) to produce a Gioed Criticality Index for each
asset. Iltems 1 and 4 in Figure 5.6 provide agsmnith a means to further incorporate
local knowledge into the assessment process amdismessed in Section 5.5.5.

The determination of asset criticality can be a pl@x endeavor, which is often
dependent upon varying goals and the interestauttipte stakeholders, in both public
and private sectors (May and Koski 2013). In thstplecade, much of the infrastructure
asset criticality research in the transportatiari@ehas focused on security and terroristic
threat risks [see, AASHTO (2002); Department of ltand Security (2009)], although
evaluation of asset criticality in response to othgacts (e.g., climate change impacts,
earthquakes, tsunamis, other natural disastergdlbagprogressed [for example,
Antelman et al. (2008); Barami (2013); ICF Interoaal and Parsons-Brinkerhoff
(2011); Khaled et al. (2013); Lu et al. (2013)].

This study recognizes the complexity associated wléntifying critical assets,
and therefore seeks to introduce a simplifiedaaliiy assessment component. The
simplified assessment is intended to demonstratesuech an analysis can be integrated
into climate change risk assessments, with therstateding that future research is
required to broaden the scope of any criticaliseasments.

The criticality assessment component in the CCAAEsLas a guide several
outcomes from the FHWA-sponsorédilf Coast Study, PhasgiZF International and
Parsons-Brinkerhoff 2011), hereafter referred nopdy as ‘Gulf Coast 2.” Gulf Coast 2

assessed urban transportation infrastructure aitiyan Mobile, AL in the context of
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climate change impacts and adaptation. Specwicidlidentified 10 criticality criteria

divided among three criticality assessment categaglevant to highway network assets,

shown in Table 5.11.

Table 5.11 Gulf Coast Study, Phase 2 Asset Critility Criteria

Criticality Category Criticality Criteria

Socioeconomic

Locally Identified Priority Corridors

Functions as Community Connection

System Redundancy

Serves Area Economic Centers

Operational

Functional Classification

Usage

Intermodal Connectivity

Health & Safety

Identified Evacuation Route

Component of the Disaster Relief and
Recovery Plan

Component of the National Defense Systé

'm

Provides Access to Health Facilities

A key outcome ofulf Coast 2s the identification of three “Criticality

Categories,” shown in Table 5.11. These critigaddtegories form the basis of the Asset

Criticality Assessment in the CCAAF. As the CCAAg&eks to implement a simplified

criticality assessment, three criteria are selefdedse in critical asset assessment; one

criticality criterion is selected from each of tteee criticality categories, although

socioeconomic criticality is re-characterized asreenic criticality. These three

criticality criteria, their context, and their assment are described in the sections below.

5.5.1 Economic Criticality

The four socioeconomic criticality criteria used Faghways inGulf Coast 2

require an in-depth, ad-hoc analysis of local agianal factors in relation to
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infrastructure systems. In that study, such aralysere frequently conducted through
expert panel discussions. For example, locallyified priority corridors were
identified in a discussion between the study teaththe local MPO'’s Climate Change
Working Group (CCWG). However, in its general dission of socioeconomic
criticality factors,Gulf Coast Zliscusses an additional criterion that is appleab
highway networks: whether or not infrastructura isomponent of the
national/international commerce system. Consistétht this criterion, this dissertation
research uses roadway freight movement (part ofdtienal and regional commerce
systems) as a simplified measure of economic afitic The social aspect of
socioeconomic criticality, as tieulf Coast 2demonstrated, is perhaps best addressed
through expert panel discussions. For this reab@nsocial aspect of socioeconomic
criticality is omitted from this analysis and theatiation of socioeconomic criticality in
these case studies is more accurately an evalugtesonomiccriticality only.

Freight transportation is a significant contributoreconomic productivity (Jones
2007). Highway truck freight is the “dominant doshe freight mode” in the United
States in terms of both volume and value (Dobbired.€2007); 64 percent of domestic
commodities are carried by truck (Ross et al. 20@A¥ruption of highways due to
culvert failure, or other impacts, could therefbeae serious adverse implications for
regional economic activity. In Washington Statg,dxample, the disruption of Interstate
5in 2007 due to flooding impacts caused an estich@500-$850 in additional costs per
truckload due to detouring (Ilvanov et al. 2008egRnally, the three-day interstate
closure caused an estimated $24.87 million in tieonomic impacts, with an

additional $22.21 million in indirect and inducedpacts (Ilvanov et al. 2008). A three-
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day closure of a major interstate may constitutexdreme case of economic disruption,
but it serves to underscore the significant rediesanomic impacts associated with

disrupted freight movement.

5.5.1.1 Freight Analysis Framework and Highwayi®enance Monitoring System

To determine freight movement on the case-studgwags, roadway network
and truck volume data from the FHWA Freight AnadySramework (FAF) were used, in
addition to truck volume data from the FHWA HighwRgrformance Monitoring System
(HPMS) contained within the FAF datasets.

The FAF consists primarily of two datasets: the A¥dtwork dataset, and the
FAF Output dataset. The FAF Network dataset iateonal roadway network model
maintained by the FHWA Office of Freight Managemantl Operations. It contains
447,808 miles of primary and secondary roadwaykeriJnited States (Sprung 2011).
The FAF Output assignment dataset is a flow mdul ‘estimates commodity
movements by truck and weight for truck-only, lahgtance moves...based on
geographic distributions of economic activity.” (AFA 2013) However, Meyer and
Miller (2001) note that freight travel is predomirtly regional or local (95% of truck
travel is distances less than 200 miles), and thexdocal and regional trucking must
also be considered; hence, HPMS data is also cenesid

In addition to the FAF model outputs, the FAF datadso contains truck volume
estimates for all links in the FAF network that &estimated using a combination of
HPMS 2008 database, State truck percentage, antidnal class specific defaults,”

(FHWA 2013) and not limited to long-distance trugi The HPMS is maintained by
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the FHWA in compliance with Federal law (23 U.S502(h)) to provide a “conditions
and performance estimate of the future highwaystment needs of the nation...”
(Office of Highway Policy Information 2013). Onsepeect of this is maintaining a
database of truck volumes for the full extent & Mational Highway System (NHS).
However, the HPMS truck volume minimum reportinguiges only sample or summary
volumes for non-NHS roadways and roadways with ldrectional classifications
(Office of Highway Policy Information 2013). Fdri$ reason, the FAF dataset
supplements HPMS truck volume data with the Statektpercentage and functional
classification specific defaults to provide a meament-based, complete-network

estimate of roadway truck volumes.

5.5.1.2 FAF Data, HPMS Data, and GIS Processing

Data from the most recent version of the Freightlfsis Framework, FAF 3.1, is
published online by the FHWA Office of OperatioRseight Management and
Operations Division (FHWA 2013). The data contans€ESRI ArcGIS shapefile of the
FAF roadway network for the contiguous United Stafdaska, and Hawaii. The
roadway network is based upon the National High§wgstem Version 2009.11
(delivered to the FHWA in October 2010). This datas commonly referred to as the
FAF Network Data.

The FHWA also publishes a dBase data file contginiarious freight volume
data for each link in the FAF Network dataset. sTdataset is commonly referred to as
the FAF Output Data, or the FAF Assignment DataleRRant to this study, the FAF

Output Dataset contains the “AADTTO07” data fieldhiah is the “year 2007 Truck
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Volume estimated using a combination of HPMS 208&lase, State truck percentage,
and functional class specific defaults,” (FHWA 2D48 assigned to each FAF network
link (volume/day/route).

The FAF Network and Output datasets were firstgdim ArcGIS and then
clipped and exported into four separate shapefies,for each state in the case study.
For each state, the FAF Network layer was ovemlaill the state’s culvert layer, and the
culverts were associated with the FAF Network lagadway links. A visual inspection
of each state’s data revealed that not all cuheeedocated on FAF Network links. Non-
FAF Network culverts were first identified by cresferencing roadway route numbers
in the FAF Network with roadway route numbers ia tulvert layers. A visual
inspection and judgment of the culvert and FAF Nekntayers then identified additional
culverts that were not associated with the FAF Nekwe.g., culverts located ~1000 ft.
from area roadway links). This visual inspectiomsvonly necessary for the MNnDOT and
NYSDOT culvert datasets, which are much more exterthan the ODOT and WSDOT
culvert datasets. Roadway culverts were then &dedcwith individual links in the
roadway network layer by executing a ‘Spatial JomArcGIS. This assigned the

AADTTO7 freight volumes for each roadway link teetbulverts located along that link.

5.5.1.3 Freight Truck Volume Classification

Freight volumes are classified and assigned to &@oonCriticality Index (EC
Index) values correlating to low/medium/high cidity. Three general classification
schemes were considered to assign freight volumesssifications:

1. Static volume-based intervals
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a. Based on national freight volume ranges
b. Based on state-specific freight volume ranges
2. Frequency of link-based statewide volume intervals

3. Frequency of culvert-based statewide volume interva

The first scheme, static volume-based classifioatisimply chooses intervals
based upon the nation-wide range of AADTT valulésr example, AADTTs above
10,000 are classified as high, volumes below 2d@@lassified as low, and intervening
values are classified as medium. However, onéfgignt issue with this scheme is that
it may introduce bias towards more urbanized loceti Figure 5.7 shows annual freight
tonnage (tons/year), with the red lines represgrttie highway mode. Note that
generally more freight volume is moved via highwacking in eastern and southern
states than in western states. For example, ghesi-volume truck link in New York
State has an AADTT of ~71,000, whereas the highelstave truck link in Washington
State has an AADTT of ~21,000. If freight volumeshis analysis were assigned to
discrete intervals and applied nationally as aifcatdr of economic criticality, the
analysis would likely show bias towards eastertestavhere volumes are generally
higher.

The second option for a static volume-based intewa@e is to use state-wide
volumes instead of national volumes. This may esklthe bias associated with using
nation-wide freight volumes to define intervalswawer it does not address the issue of
selecting sufficient interval boundary values, wiweould require additional research

and likely result in state-specific definitionglehlly, interval boundary selection would
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be tied to some measure of statewide economic iinpéawever, as the primary metric
available in the FAF Output dataset is volume eigint trucks, and not value of freight,

it is difficult to assign meaningful boundariesrfrdghe data available.

Annual Freight Tonnage by Mode

== National Highway System
~— U.S. Class | Railroad
— Inland Waterways

Volume Scale (Tons/Year)

250,000,000 125,000,000 62,500,000

Source: (FHWA 2012)

Figure 5.7 Domestic Annual Freight Tonnage for 200

The second two approaches seek to define inteloyadxamining the frequency
of AADTT volumes in the datasets, and visually ystematically determining natural
break points within a freight volume histogram. eThist approach plots the frequency of
link-specific volumes (i.e., how many links withine network have a particular
AADTT) for an entire state. Figure 5.8, for examm@hows the histogram of link
volumes in New York State by assigning volumes@G®@§gual-interval bins. The second
approach plots the frequency of culvert-specifituwtes (i.e., how many culverts are
associated with a particular AADTT, recognizingttiveany or culverts may be located
on any given link). Figure 5.9, for example, shdtes histogram of culvert-specific

volumes in New York State by assigning volumesG®§gual-interval bins.
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Figure 5.9 Histogram of Culverts by AADTT in New York State

While both Figure 5.8 and 5.9 show similar trenddish greater numbers of
roadway links and roadway culverts associated lwitrer freight volumes, the tails of
these distributions differ significantly. The hagt truck volume link in New York State

has an AADTT of 71,082. However, no culverts a@ated on that link, or similarly
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along many of the few other high-volume links; thghest volume link containing a
culvert in New York State has an AADTT of 14,688dditionally, most highway links
(Figure 5.8) appear to have AADTT values less ti2M,000, whereas most culverts
(Figure 5.9) appear to have AADTT values less tha®00.

The fundamental question in deciding between theseschemes is whether the
AADTT associated with the culvert or the roadwanklis the relevant concern. Both
methods have advantages and disadvantages. lihkh®ADTT is the primary concern,
then selection of interval break points is basethenmportance of the individual links
with respect to disruption, independent of whetirenot a culvert is located on any given
link. This has the advantage that additional au$/eonstructed or inventoried at some
point in the future do not require any recalculatod intervals — culverts are simply
assigned to the interval based on the volume dlitkaipon which they are installed.
However, inconsistent lengths of roadway links wattine network, or parts of the
network, could introduce bias. For example, if éaswolume areas of the network are
constructed out of significantly more links thaglner-volume areas of the network, it
could skew the histogram towards lower volumes (acd versa).

The underlying purpose of the CCAAF is the ordimatwork-wide comparison of
climate risk to culverts. Therefore, in comparggpnomic importance it makes some
sense that the AADTT associated culverts themselvesld be the primary concern, not
that associated with the link. However, complessnef the culvert inventory must be
considered. The four case study states have @ifféevels of completeness in their
culvert inventories. MnDOT and NYSDOT have relatiwcomplete inventories of their

culverts, whereas ODOT has inventories along setetes, and WSDOT, for this study,
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provided inventories for select routes. In statbsre inventories are mostly complete,
the use of AADTT associated with culverts may bma-issue with respect to inventory
completeness. However, in states where culvernitovees are under development,
culvert-based freight volume intervals would reguiecalculation as additional culverts
(and therefore, additional AADTT values) are adttethe analysis.

Just as the size of links within a network wassaue above, the number of
culverts located on any given link (and therefassociated with the same AADTT) is a
similar issue. Consider two roadway links: onewli® culverts and one with one
culvert. In either case, if one culvert fails, grdire link is disrupted irrespective of the
condition of the remaining nine culverts. Therefdhe remaining nine culverts may
become irrelevant to the analysis. On the othedhi could be argued that the link with
10 culverts has 10 points where failure (and tloeggfdisruption) is possible, as opposed
to only one, as is the case with the link contagronly one culvert.

As stated, both link-based AADTT and culvert-ba8&dTT histograms have
advantages and disadvantages. For the purposies GICAAF, the culvert-based
AADTT was selected under the reasoning that cudyexdt roadway links, are the assets
under analysis. In studies that compare the cémaks across multiple asset types, it
may be advantageous to consider link-based AADTlieggiven that method’s
independence from the number of assets within Bgeh However, as the CCAAF
limits its comparison of risks only to a singleetsslass, the culvert-based AADTT is

appropriate.
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5.5.1.4 Culvert-Based AADTT Classification and émdAssignment

Freight volumes for each state are assigned te ttlessification intervals: low,
medium, and high. Intervals were determined seéplgréor each state based upon the
frequency of culvert-based AADTT in each statediasussed in the previous section.
Culvert data for each state were organized accgitdinheir individual associated
AADTT values and three intervals were defined basedatural breaks data
classification optimization. Natural breaks (JefR§7) is an optimization method that
classifies data by minimizing variance within clessbut maximizing variance between
classes. Table 5.12 shows the SE Index assignrbgistate and freight volume, as

determined by natural breaks optimization condutde@ach state.

Table 5.12 SE Index Classification Intervals for Qlvert-Based AADTT

\ AADTT Value Ranges by State

SE Index SE

Value  Description | Minnesota | New York ‘ Oregon Wazfg;r:ge;ton
3 High <6641 < 5527 <2321 <4154
: 2246 - 1919 - 942 -
2 Medium 6441 5507 2391 1482 - 4154
1 Low 0 - 2245 0-1918 0-941 0-1481

5.5.2 Operational Criticality

To assess a culvert asset’s operational criticahiy roadway Functional
Classification criterion was selected. This crderwas one of the operational criticality
measures used (Bulf Coast 2and was also considered in the Utah DOT culvert
assessment framework discussed in Section 4.2i4ctiBnal Classifications are
assigned to highways and streets “primarily basedhotor vehicle travel characteristics

and the degree of access provided to adjacent piegpé (AASHTO 2011) Functional
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Classifications have historically been divided in&parate classification schemes for
rural and urban highways (see Table 5.13) (AASHDD1). However, recent
reassessment of the Highway Performance Monit@ysjem has provided interim
guidance that condenses Functional Classificaiimiesnon-location specific

designations (FHWA 2010) as shown in Table 5.14.

Table 5.13 Highway Functional Classifications (Loation-Specific)

Rural Urban

Rural Interstate 1 Urban Interstate 11
Rural Principal Arterial 2 Urban Freeway or Expreag | 12
Rural Minor Arterial 6 Urban Principal Arterial 14
Rural Major Collector 7 Urban Minor Arterial 16
Rural Minor Collector 8 Urban collector 17
Rural Local Road 9 Urban Local Road 19

Table 5.14 HPMS Interim Guidance on Functional Clasification

Functional Classification Code Functional Classification
Interstate

Other Freeways & Expressways
Other Principal Arterial
Minor Arterial

Major Collector

Minor Collector

Local Roadway

N[OOI WIN -

Functional Classifications are designated accortbrrglative traffic volumes and
roadway mileage. Relative traffic volume is measguas the roadway’s VMT, taken as a
percentage of statewide VMT. Roadway mileagenslarly measured as the roadway’s
mileage, taken as a percentage of statewide roilgage. Current guidance specifies
(FHWA 2010):
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“All Arterials and Collectors combined — maximum38 percent of

statewide route mileage. (Rural Minor Collectoreatie and VMT does

not contribute, but it is included here as "Colbest because the existing

extent guidance does not break out any separateme for them.) All

Arterials and Collectors combined — between 70¢@rand 80 percent of

statewide VMT. Related to NHS apportionment: R&nahcipal Arterials

— maximum of 4 percent of statewide route mileage lzetween 30

percent and 55 percent of statewide VMT. Urbandfpal Arterials —

maximum of 10 percent of statewide route mileage lzatween 40

percent and 65 percent of statewide VMT.”

Although Functional Classification does not provaddirect measure of actual
facility usage (e.g. AADT), it does provide an icalion of the network-wide operational
significance of the roadway, as well as an indarabf relative usage of the roadway in
comparison to the system. As the purpose of tissedation research is to conduct a
network-level assessment that compares relatitdaislimate change across a region,
the use of Functional Classification as a critefmmoperational criticality seems
appropriate.

Highway Functional Classifications were first sgiieci in the 1968 National
Highway Functional Classification Study Manual, daigr legislatively required under
the Federal-Aid Highway Act of 1973 (FHWA 1989) s A federally required statewide
highway classification system, (i.e., nationallplreable) functional classification is well
suited as a measure of operational criticalityhis tissertation research.

The four case-study state DOTs have provided, ve béherwise published,
functional classification data as ESRI shapefiteg tan be analyzed in ArcGIS. The
Functional Classification data gathered from, avpted by, the four case study state

DOTs were not yet updated to the new classificasidreme, but instead adhere to the

urban/rural classification scheme shown in Tabl&5.
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To translate functional classifications into relatmeasures of operational
criticality, the CCAAF assigns each of the stateTDunctional Classification codes to a
CCAAF Operational Criticality Index, or OP IndeXhe OP Index assignment used here
is consistent with the simplification scheme usadrbadway Functional Classification in
Gulf Coast 2. The coded designation schemes for MNDOT, NYSDOQDOT and
WSDOT are shown in Table 5.15. In the criticafityalysis, culvert assets are assigned
the OP Index value associated with the functiotessification of the roadway upon

which they are located.

Table 5.15 State DOT Functional Classification Coel Scheme

CCAF
Functional Functional Urban  Operational
Classification Classification Code Criticality
Index
Rural Interstate 1 Urban Interstate 11
Rural Principal Arterial 2 LR [PHEENED @ 12 3
Expressway
Rural Minor Arterial 6 Urba_n Principal 14
Arterial 2
Rural Major Collector 7 Urban Minor Arterial 16
Rural Minor Collector 8 Urban collector 17 1
Rural Local Road 9 Urban Local Road 19

State roadway network GIS data containing FunctiGhassification information
for Washington State and Oregon are published e tBDOT GeoData Distribution
Catalog websifeand ODOT GIS FTP websReespectively. Functional Classification

GIS data for Minnesota and New York State are mbliphed on the respective state

* http://www.wsdot.wa.gov/mapsdata/geodatacataldgidehtm
® ftp://ftp.odot.state.or.us/tdb/trandata/GIS_data/
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DOT websites, however Functional Classification G&work data were provided by the
relevant offices at MNnDOT and NYSDOT upon request.

The state Functional Classification roadway netwaatasets were first overlaid
with the corresponding states culvert layers. Ra@gdculverts were then associated with
individual links in the state functional classifiican network layers by executing a
‘Spatial Join’ in ArcGIS, which assigns each cutwie functional classification of the
associated roadway. Functional classificationm@s@or each culvert were then updated
to reflect the OP Index values shown in Table Jyj &xecuting a series of SQL queries

in Microsoft Access for the GIS databases.

5.5.3 Health & Safety Criticality

To assess a culvert asset’s health and safé@talty, the Gulf Coast 2
criterion “Component of the National Defense Systeras selected Gulf Coast 2
somewhat simplistically divides roadways into tvategories: Interstate and non-
Interstate. The former of these are then desidgreeart of the National Defense
System, and assigned higher criticality. Howetleg,Department of Defense (via the
United States Army) identifies that numerous noteiistate routes are also important to
national defense interests, and therefore desig@ateore extensive national defense
network: the Strategic Highway Network (STRAHNEUn(ted States Army 2009).
STRAHNET “is a system of public highways that..\ypd®s defense access, continuity,
and emergency capabilities for movements of perslosamd equipment in both peace and

war.” (FDOT Undated)
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STRAHNET consists of the Strategic Highway Netwarkd STRAHNET
Connector Routes, which typically link STRAHNETItoportant off-network facilities
(e.g., ports, military installations, etc) (FDOT dated). In total, 44,376 miles of
interstate highway and 15,015 miles of non-intéesteéghway in the continental United
States are part of STRAHNET.

In the CCAAF, Health and Safety Criticality is ag®d to culverts by designated
them as either: (1) located on STRAHNET highwayg2¢ not located on STRAHNET
highways. STRAHNET highway designations in thisdstwere determined by
conducting a geospatial analysis of the culvert @hBRAHNET highway locations using
ESRI ArcGIS 10.1. Although the National Highwaymhing Network (NHPN)
(maintained by the FHWA) has multiple designatitorsSTRAHNET roadways (e.qg.,
STRAHNET Priority 1 Connector, Priority 2 Connegtetc) designations were
condensed in this study into two categories: pBTRAHNET, and not part of
STRAHNET.

ArcGIS shapefiles of the NHPN for each of the foase-study states were
obtained from the FHWA NHPN website (FHWA 2013)ul¥&rts were then associated
with STRAHNET highway links by conducting a ‘Spati@in’ in ArcGIS (similar to the
process described for FAF assignment in Sectiord 8§ and updating the Health and
Safety Criticality Index (HS Index) field in thesaxiated culvert data tables for each
state. Those culvert assets located on STRAHNEGHRways were assigned an HS
Index value of 3 (indicating greater criticalityfiose culvert assets located on non-

STRAHNET highways are assigned HS Index values(ofdicating lesser criticality).
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Note that in the HS Index analysis, a roadway’susion in the STRAHNET is a binary

distinction, and therefore no middle, or mediunticaiity value (i.e., 2) is assigned.

5.5.4 Combined Culvert Asset Criticality

The culvert criticality assessment, as part ofléinger CCAAF framework,
assigns an overall criticality value to culvertslled the Combined Criticality Index.
This index combines the economic, operational,leadth and safety criticality index,
and assigns a combined criticality value of 1 (lo#&§medium), or 3 (high). In practice,
component criticality values are combined usingptgnadditive weighting (SAW) (Yoon
and Hwang 1995). As different rating scales aeglissmong the three component
criticality scores, the scores must first be norneal. They are normalizedtoa Oto 1
scale by dividing each component index score bgethiScores are then combined

through SAW using the following equation:

n
Vi:ZWjTij, i=1,...,m
j=1

where:V; is the combined criticality score
w; is the weighting factor for each criticality coomnent

rj is the component criticality score for the ingewith valuei

This equation creates a range of possible overtitality scores from one to
three, which is subdivided into Low, Medium, andjihsub-ranges. A similar approach

was used to calculate combined criticality scongSulf Coast ZICF International and
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Parsons-Brinkerhoff 2011); the subdivision of dicality range into Low, Medium, and
High regions is also similar in approach to thenglie change risk evaluation
methodology in Maurer et al. (2011), as shown earnfi Figure 3.5. The Low, Medium,
and High combined criticality values are then assthCombined Criticality Index scores
of 1 (low), 2 (medium) and 3 (high) according te tlanges in Table 5.16. These
Combined Criticality Index scores will be usedhe tulvert prioritization component of

the CCAAF, described in the next section.

Table 5.16 Combined Culvert Criticality Score Rang and Sub-Ranges

Low Medium High
1 | 1.333] 1667] 2 | 2333 266 3

The weighting valuey;, in the SAW equation above provides a mechanism by
which agencies can incorporate local knowledgeee&pce, and values into the asset
criticality determination. For example, if regidifi@ight projections indicate a
significant future increase in roadway freight mmeant, agencies or DOTs may seek to
increase the relative weight of the freight volutoenponent of economic criticality.
Weighting factors should be applied to individuaficality criteria as opposed to the
overall criticality categories shown in Table 5.11.

In this application, the three component criiigadriteria were equally weighted
(i.e.,w; =1 for all components}). Local stakeholder involvement is required tdtar

develop agency weighting schemes and is an ardattoe research.
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5.5.5 System-Critical Asset Determination

The Culvert Criticality Assessment component of @@AAF framework (Figure
5.6) contains a decision-making mechanism tha¢ssgthed to enable the greater
incorporation of local knowledge and experiencéhmculvert prioritization process.
Specifically, Figure 5.6 contains a decision predést allows practitioners to compile a
list of links or culvert assets that are “systemical.” These are assets for which any
disruption is a wholly unacceptable outcome fronoparational, health and safety, or
economic perspective. For example, if a large camity is primarily served by one
highway system, local officials and decision malensducting the analysis may choose
to designate that link a “system-critical.” Synsteritical assets are automatically
assigned a Combined Criticality Index score of & bypassing the determination of
Economic, Operational, and Health and Safety @Gilitic Indices (Section 5.5.1 to 5.5.3).

Any agency or organization conducting the culvérate change assessment
should prepare a list of critical assets prioreégibning the CCAAF evaluation process to
mitigate bias in criticality determination. Cortsist with practices iGulf Coast XICF
International and Parsons-Brinkerhoff 2011), ariterd [for example, Maurer et al.
(2011); Nguyen et al. (2011); Parsons-Brinkerha@Q9)], this may best be facilitated by
convening expert panels of local stakeholders.

This research study does not seek to determinésasghin the case-study areas
that are “system-critical.” However, its incorpboa into the assessment process should

be further investigated in future research conogytine implementation of the CCAAF.
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5.6 Culvert Asset Prioritization

The Culvert Asset Prioritization step is the fisp in the CCAAF. It combines
the Precipitation Exposure Index (from the Preaimin Exposure Analysis), the
Vulnerability Index (from the Vulnerability Analys), and the Combined Criticality
Index (from the Culvert Criticality Assessment)aran overall Culvert Asset
Prioritization (CAP) Index. The CAP Index repretsethe relative, network-level climate
change impact risk associated with culverts inraadysis area, according to climate
impact timeframe (i.e., mid-century, end-of-cenjuand emission scenatrio (i.e., B1,
A2). The determination of the CAP Index scoresingilar to the risk-evaluation step of
risk management (see Section 3.4.2, or Figure 8rit) combines elements from the
Hazard, Vulnerability, and Loss components of tastrophe model (Figure 3.3) to
help identify risk priorities.

Combination of the Climate Exposure, Vulnerabilapd Combined Criticality
Indices employs the general notion of a risk matsilich in itself is a form of simple
additive weighting (SAW). Risk matrices are a commmeans of evaluating risks in
climate change adaptation studies (see SectioR)3.Each of the three indices may be
viewed as three separate “dimensions” of risk, theessitating the use of a multi-
dimensional matrix similar to that used by Majod@'Grady (2010) in Figure 3.6.
Regions of the three-dimensional risk matrix arenéel as “high,” “medium,” and
“low,” depending upon various combinations of seoi@ the Climate Exposure,
Vulnerability, and Combined Criticality Indices.

CAP Indices are determined separately for eaclysisaimeframe (i.e. mid-

century, end-of-century) and for each emissionagerfi.e. B1, A2), resulting in four
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CAP Index scores for each culvert. These scorethar own, may provide useful
information to decision-makers and infrastructur@agers. However, a Robust Culvert
Asset Prioritization Index (R-CAP Index) score lsocadetermined for each of the two
timeframes by combining the two emission scengpeegic CAP Index scores for each
timeframe. The R-CAP thus provides additional infation about the timeframe-based
climate impact risk associated with each culverbse multiple climate scenarios. Thus
the CAP Indices should be viewed as intermediatecooes, and the R-CAP Indices
should be viewed as final outcomes of the CCAAF.

The use of three separate methods to determines¥ability Index scores
(Method 1 - Exposure-only; Method 2 — Overall Caiaei Rating-based; Method 3 -
Performance-based) is also considered. Within satbf timeframe- and emission-
specific indices, separate sets of CAP and R-CAlR&s are determined. MnDOT and
NYSDOT culverts are assigned three separate s&s#Bfand R-CAP Indices for the
mid-century and end-of-century time periods (bas@the three Vulnerability Index
methods). ODOT culverts are assigned two setsAdf @nd R-CAP Indices for each
time period (Method 2 is excluded as ODOT doesassign overall culvert condition
ratings). WSDOT culverts are assigned one setAd? @rd R-CAP Indices for each time
period (Method 2 and Method 3 are excluded as WSD&i& collection is limited to
inventory information.)

The sections below discuss the calculation of tidevidual CAP Index scores
using the three-dimensional risk-matrix theory, afgb the determination of the R-CAP

Index scores.
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5.6.1 Individual Culvert Asset Prioritization (CAP) Index Score

This section discusses the calculation of the Q#d@X scores using each of the
three Vulnerability Index methods. The CAP Indeare calculation methods described
below were applied identically to all relevant casedy DOT datasets (e.g., WSDOT
was excluded from Method 2 and Method 3, as diszlabove); therefore discussion is

generalized to all.

5.6.1.1 CAP Index Method 1

The first CAP Index calculation excludes the Vuéislity Index value (as
discussed in Section 5.4.1) and instead calcutage€AP Index solely as a function of
the Precipitation Exposure Index and the Combinetic@lity Index. This is the only
available CAP Index calculation for state DOTSs tth@amnot collect culvert condition and
functional performance data (e.g., WSDOT), howdtvisrcalculated here for all
participating case-study DOTSs for comparison puegos

Determination of the Method 1 CAP Index uses thé&imahown in Figure 5.10,
which assesses the summation of the Combined &ifyidndex and the Precipitation
Exposure Index. CAP Index scores equal to 6 allithin the “high” risk region (red,
upper right) and are assigned a CAP Index of 3escequal to 4 or 5 fall within the
“medium” risk region (yellow, middle diagonal barah)d are assigned a CAP Index of 2,
scores less than 4 fall within the “low” risk regi¢green, bottom left) and are assigned a
CAP Index of 1. Note that the bottom row of thesllask region is cross-hatched. This
row is associated with Precipitation Exposure ladiequal to 0. Precipitation Exposure

Indices of O imply regions where climate projeci@uggest either a zero change, or a
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decrease in 24-hour high-precipitation event magieis. They are included in Figure
5.10 as “low” risk (as there is always some possfof an impact), but culverts rated in

this bottom row assigned a CAP Index equal to O.

Precipitation Exposure Index
N

0

_

Combined Criticality
Index

Figure 5.10 Method 1 CAP Index Matrix

CAP Index scores were calculated using this methodulverts in all four case-
study DOT databases. Separate sets of CAP Indieescalculated with this method,
corresponding to each of the two emission scenf@bsand A2) and timeframes (mid-

century, end-of-century) for each culvert.

5.6.1.2 CAP Index Method 2 and Method 3

Calculation of the CAP Index using Method 2 and ek 3 VVulnerability Indices
employ the same theory and method, and are therdfscussed here together. Both

Method 2- and Method 3-based Vulnerability Indeluea are determined using the
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theoretical construct of a three-dimensional maffigure 5.11), similar to that proposed
by Major and O'Grady (2010). The three axes ohtla¢rix are the three constituent
Indices — Precipitation Exposure, VulnerabilitydaDombined Ciriticality — determined
by the analyses discussed in Sections 5.3, 5.45 &ndespectively. Those culverts with
higher-value combinations of the three componediices fall within or nearer to the
“high” risk region (red, upper middle), and thosghwower combinations of component

indices fall nearer to the “low” risk regions (bjue

[

Precipitation Exposure Index

Figure 5.11 Three-Dimensional CAP Index Matrix

In practice, CAP Index scores determined using bethand Method 3
Vulnerability Index scores are calculated as tharsation of the three consistent

component indices. For Method 2 CAP Indices, tletidd 2 Vulnerability Index (i.e.,
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based on the overall culvert ratings) is usedttierMethod 3 Cap Indices, the Method 3
Vulnerability Index (i.e., performance-based rasing used. Summation values of the
three component indices can fall along a scale f3qtow) to 10 (high). Those culverts
with summation values greater than or equal tee8lasignated as “high” risk and are
assigned a CAP Index equal to 3; culverts with satron values of 5, 6, or 7 are
designated as “medium” risk and are assigned a [@B4€x equal to 2; culverts with
summation values of 4 or less are designated &s fisk and are assigned a CAP Index
equal to 1. As with the calculation of Method Iséd CAP Indices, any culvert with a
Precipitation Exposure Index value equal to O (ymg a zero change or decrease in
precipitation) is assigned a CAP Index equal to 0.

Method 2 CAP Index scores were calculated for atgvia the MNnDOT and
NYSDOT databases, as both DOTs assign overall dulzngs. Method 3 CAP Index
scores were calculated for culverts in the MNDOYSDOT, and ODOT databases, as
all three DOTSs provide some performance-based da¢parate sets of Method 2 and
Method 3 CAP Indices were calculated correspontbreach of the two emission
scenarios (B1 and A2) and analysis timeframes @eittury, end-of-century) for each

culvert.

5.6.2 Robust Culvert Asset Prioritization (R-CAP)Index Score

The R-CAP Index score is intended to combine CAfeXnscores from common
time periods to illustrate the robustness of ac@uke across two emission scenarios. R-
CAP Index values are determined by summing CARcesland evaluating the simple

matrix shown in Figure 5.12. Culverts with A2 @tl Emission Scenario-based CAP
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Indices (within the same analysis timeframe) sungma5 or 6 fall within the “high”
risk region (red, upper right), culverts with CAflices summing to 4 fall within the
“medium” risk region (yellow, diagonal band); cuteewith CAP Indices summing to 3

or less fall within the “low” risk region (greergwer left).

A2 Emission Scenario CAP Index
N

1
1 2 3
B1 Emission Scenario CAP
Index

Figure 5.12 R-CAP Index Matrix

Calculation of the R-CAP Index does not excludevexis with CAP Indices
equal to 0. Instead, the true summation of the GAlex values is taken. For example, a
culvert with a B1 Scenario CAP Index of 0, but a& @cenario CAP Index of 3 is
assigned an R-CAP index of 1. This enables batteounting of climate risks for
culverts that lie within regions where low emissgmenario projections suggest dryer
conditions, but mid-high emission scenario projatsi suggest wetter conditions (or vice

versa).
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Separate R-CAP Indices are calculated for eactediylone associated with each
vulnerability analysis method. Additionally, segi@ sets of R-CAP Indices are
calculated for each of the two time periods. Th&ults in a total of six R-CAP Indices
for each culvert in the MNnDOT and NYSDOT databagms; R-CAP Indices for each
culvert in the ODOT database (Method 2 is excludad)l two R-CAP Indices for each

culvert in the WSDOT database.
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CHAPTER 6

CASE STUDY RESULTS AND DISCUSSION

This chapter presents the results of the four sasgly analyses conducted using
the CCAAF methodology described in Chapter 5. Resue presented in several
sections, with each section corresponding to ticeessive steps of the CCAAF. Section
6.1 presents the results of the Climate Exposui@yais; Section 6.2 presents the results
of the Vulnerability Analysis; Section 6.3 presettits results of the Criticality Analysis;
Section 6.4 presents the results of the CulveredBsgoritization. Section 6.5 then
discusses the significance of these results wgheaet to the assessment of climate
change impact risks to culverts and the methodotddglye CCAAF.

The results in each section are discussed for efdtie case study DOTSs,
including a comparison of results among the DORslets. Additional results and data

are also contained in Appendices G through K, &sdcim the sections below.

6.1 Climate Exposure Analysis
The climate analyses described in Section 5.3 eifgttation Exposure Analysis
were conducted for the four case-study statesh Btate was analyzed for the B1 (low)
SRES emission scenario, and the A2 (mid-high) SBEBSsion scenario. Additionally,
each SRES emission scenario was analyzed for nmiigeprecipitation projections
(2040-2069) and end-of-century precipitation progts (2070-2099). The results from
each state’s analysis are presented in the sedt@as/ showing just the climate

projection data. The assignments of Precipitaizposure Indices to individual culverts
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within the respective states are then summariz&eation 6.1.5. The full output of
maps containing the geospatial distribution of @ctgd climate overlaid with the culvert
datasets are given in Appendix G.

The 10-year 24-hour precipitation event is usedramdicator of potential
changes in the spatial extent and magnitude ofdugmMtreme event precipitation events.
The values associated with changes in precipitatiagnitude given in the sections
below should not be interpreted as the absolusetal changes in precipitation event
magnitude, but are instead associated with relatinges of precipitation event exposure

(i.e., no change, low, medium, high) as discusseskction 5.3.

6.1.1 Minnesota 10-Year 24-Hour Precipitation EvenProjections

The results of the Minnesota precipitation exposurayses are shown below in
Figure 6.1 through 6.4. Figure 6.1 shows the 1&-gd-hour precipitation ensemble
projection using the B1 SRES emission scenaridhiemid-century (2040-2069)
analysis timeframe. Figure 6.2 shows the 10-yednd4 precipitation ensemble
projection using the B1 SRES emission scenaridhie@rend-of-century (2070-2099)
analysis timeframe. Figure 6.3 shows the 10-yednd4 precipitation ensemble
projection using the A2 SRES emission scenariglfermid-century (2040-2069)
analysis timeframe. Figure 6.4 shows the 10-yednd@4 precipitation ensemble
projection using the A2 SRES emission scenarialferend-of-century (2070-2099)
analysis timeframe.

Note that both mid-century projections generallgdict less change in the

magnitude of the 10-year 24-hour precipitation ¢v¥lkean do the end-of-century
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Figure 6.2 Minnesota 10-yr Precipitation, B1 Scenao, End-Century (2070-2099)
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Figure 6.4 Minnesota 10-yr Precipitation, A2 Scenao, End-Century (2070-2099)
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projections. This is generally consistent with éx@ected impacts of climate change in
North America discussed in Chapter 2. In both gedtury projections, the maximum
precipitation range in the map extent is the 10420fmedium) range whereas in the end-
of-century projections, the maximum precipitatiange in the map extent is the 20-
30mm (high) range (in Figure 6.3 and Figure 6.4 gguares associated with that

highest ranges are located outside of the statedzoies).

6.1.2 New York State 10-Year 24-Hour PrecipitatiorEvent Projections

The results of the New York State precipitation@syre analyses are shown
below in Figure 6.5 through 6.8. Figure 6.5 shtlwes10-year 24-hour precipitation
ensemble projection using the B1 SRES emissioresiefor the mid-century (2040-
2069) analysis timeframe. Figure 6.6 shows thed&-24-hour precipitation ensemble
projection using the B1 SRES emission scenaridhi@rend-of-century (2070-2099)
analysis timeframe. Figure 6.7 shows the 10-yednd4 precipitation ensemble
projection using the A2 SRES emission scenarialfermid-century (2040-2069)
analysis timeframe. Figure 6.8 shows the 10-yednd4 precipitation ensemble
projection using the A2 SRES emission scenarialferend-of-century (2070-2099)
analysis timeframe.

All ensemble climate change projections exhibitisinspatial trends in the
distribution of climate impacts. Generally, albfctions also indicate both a mid-
century and end-of-century increase in event prtipn across New York State in the

0-10mm (low) and 10-20mm (medium) ranges, howengy the A2 end-of-century
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ensemble projections (Figure 6.8) suggests thamabincreases in the 10-year 24-hour

precipitation event magnitude may reach the 20-3Qingh) range.
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Figure 6.6 New York 10-yr Precipitation, B1 Scenan, End-Century (2070-2099)
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Figure 6.8 New York 10-yr Precipitation, A2 Scenan, End-Century (2070-2099)

6.1.3 Oregon 10-Year 24-Hour Precipitation Event Rijections
The results of the Oregon precipitation exposuadyeses are shown below in
Figure 6.9 through 6.12. Figure 6.9 shows the d@r24-hour precipitation ensemble

projection using the B1 SRES emission scenarighiemid-century (2040-2069)
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analysis timeframe. Figure 6.10 shows the 10-ydandur precipitation ensemble
projection using the B1 SRES emission scenarithi®rend-of-century (2070-2099)
analysis timeframe. Figure 6.11 shows the 10-ydandur precipitation ensemble
projection using the A2 SRES emission scenariafermid-century (2040-2069)
analysis timeframe. Figure 6.12 shows the 10-ydandur precipitation ensemble
projection using the A2 SRES emission scenarighferend-of-century (2070-2099)

analysis timeframe.
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Figure 6.10 Oregon 10-yr Precipitation, B1 ScenaricEnd-Century (2070-2099)
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Figure 6.12 Oregon 10-yr Precipitation, A2 ScenarioEnd-Century (2070-2099)

The ensemble projection models generally exhibiilar trends with respect to
the spatial distribution of changes in precipitataxross the state. Figure 6.10 and
Figure 6.12 (B1 end-of-century and A2 end-of-ceptuespectively) both show greater
changes in projected extreme event precipitatiognmade in the more mountainous
areas of the state (Coastal Mountain Range todhtbwest, Cascade Mountain Range
central-west, and Wallowa Mountains in the northeaSentral and Eastern Oregon both
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exhibit generally smaller changes in extreme epeatipitation across all scenarios, with
greater distribution of positive changes in preeifpon (as opposed to no changes, or
decreases) in the end-of-century analysis timefsame

All ensemble climate projections for Oregon suggiest the magnitude of change
in precipitation event magnitude will be greatearttihat which was indicated in the
Minnesota and New York State projections. All tiraenes and emission scenarios in
the Oregon projections exhibit precipitation changeross the full range of classification

ranges (no-change, low, medium, high, and extreme).

6.1.4 Washington State 10-Year 24-Hour Precipitatio Event Projections

The results of the Washington State precipitatxposure analyses are shown
below in Figure 6.13 through 6.16. Figure 6.13vehithe 10-year 24-hour precipitation
ensemble projection using the B1 SRES emissioresiefor the mid-century (2040-
2069) analysis timeframe. Figure 6.14 shows thgeld-24-hour precipitation ensemble
projection using the B1 SRES emission scenaridhierend-of-century (2070-2099)
analysis timeframe. Figure 6.15 shows the 10-ydancdur precipitation ensemble
projection using the A2 SRES emission scenarialfermid-century (2040-2069)
analysis timeframe. Figure 6.16 shows the 10-ydandur precipitation ensemble
projection using the A2 SRES emission scenarialferend-of-century (2070-2099)
analysis timeframe.

Both of the end-of-century ensemble climate progest (Figure 6.14 and Figure
6.16) exhibit the general trend of widespread iases in extreme event precipitation.

Increases are generally greater in western Wasinrtgan in eastern Washington, and
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Figure 6.15 Washington 10-yr Precipitation, A2 Sceario, Mid-Century (2040-2069)
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Figure 6.16 Washington 10-yr Precipitation, A2 Scegrio, End-Century (2070-2099)

particularly in the Cascade Mountain range (bisecthe state north-south) and the
Olympic Mountain (northern coastal region). Cotesis with the North American
climate projections discussed in Chapter 2, clinpatgections based on higher emission
scenario and later analysis timeframes suggestegrelaanges (generally increases) in
precipitation event magnitude. As with Oregon,eéhsemble projections for
Washington State generally suggest a wider rangbariges in precipitation event
magnitude across the state than is seen in thegbiaps for Minnesota and New York

State.

6.1.5 General Indications of these Results

The culverts in each of the four case-study statre assigned to the
precipitation ranges associated with changes id@hgear 24-hour precipitation event,
as discussed in Section 5.3. Table 6.1 througleT@d summarize the number of
culverts associated with the various Precipitak@posure Index values, organized

according to SRES emission scenario and analyseftame. Table 6.1 shows the
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results for MNDOT culverts; Table 6.2 shows thailtssfor NYSDOT culverts; Table 6.3
shows the results for ODOT culverts; and Tablesb@ws the results for WSDOT
culverts. Maps showing the geospatial distribubboulverts associated with each of the
PE Indices, SRES scenarios, and analysis timefraneegiven in Appendix G for each
state.

Within the MnDOT and NYSDOT culvert datasets, 258 &08 culverts,
respectively were located outside off the precimtaexposure areas. In all cases, these
were culverts located along shorelines that weteompletely covered by the climate
dataset grid squares, or near large inland bodiesier that were similarly not covered
by climate dataset grid squares. In both stabescuilverts located outside of the
precipitation exposure analysis area account &s fean 0.8% of the culvert inventory,
and have been omitted from the summary tables.

None of the four case-study states contained dglvleat were assigned
Precipitation Exposure Index values of 4 (i.e., m&® precipitation change), and
therefore the columns associated with these PEdsdire omitted. An examination of
the precipitation projection maps shown in Figuseglsthrough 6.16 reveals that
precipitation ranges associated with an index vafutonly occurred in Oregon and
Washington State in a very limited number of gadares, and only in the end-of-
century timeframe in Washington State. Given timetéd inventories of culverts used
for analysis in these states it is perhaps notrgimg that no culverts were assigned

Precipitation Exposure Indices of 4.
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Table 6.1 MnDOT Culvert Precipitation Exposure Sumnary

Precipitation Exposure Index

Scenario/Timeframe

1 2
B1 / Mid-Century 31233| 43.3%] 38617| 53.5%] 2305| 3.2%]| - -
A2 /| Mid-Century 54083| 75.0%] 18072| 25.0%| - - - -
Bl / End-Century 11282| 15.6%| 53259 73.8%] 4108| 5.7%] 3506 | 4.9%
A2 [ End-Century 16409| 22.7%| 51773| 71.8%] 3973 | 5.5%] - -
n = 72414; 259 outside of exposure extent

The precipitation exposure summary for MNDOT (TahlE) shows several
notable trends. First, between the analysis tiameés, there is a shift towards increased
Precipitation Exposure Indices from mid-centurgim-of-century. For example, under
the A2 SRES scenario, three-quarters of culvegsasigned a Precipitation Exposure
Index of 0 (no change, or decreasing precipitationjhe mid-century timeframe.
However, this shifts to nearly three-quarters d¥ert assigned a Precipitation exposure
Index of 1 (0-10mm increase in the 10-year, 24-hgracipitation event magnitude) for
the end-of-century timeframe. Interestingly, theagest number of culverts subjected to
positive changes in precipitation exposure is se¢he B1 (low) emission scenario for
the end-of-century timeframe, not the A2 (mid-higiissions scenario, as might have

been expected given the discussion in Chapter 2.

Table 6.2 NYSDOT Culvert Precipitation Exposure Summary

Precipitation Exposure Index

1
B1 / Mid-Century 16918| 25.6%] 48938| 74.1%| 169 | 0.3% - -
A2 [ Mid-Century 18883| 28.6%] 47115| 71.4%] 27 | 0.0%)j
B1 / End-Century 9214 | 14.00d 56757| 86.0%| 54 | 0.1%| - -
A2 /| End-Century 11689| 17.7%] 52412| 79.4%| 1889 | 2.9%] 35| 0.1%
n = 66533; 508 outside of exposure extent

‘ Scenario/Timeframe

212



The Precipitation Exposure summary for NYSDOT crtlv€Table 6.2) exhibits
similar trends to that for MnDOT culverts, albeata lesser extent. As with MnDOT
culverts, there is a shift towards more culvertt tire assigned higher Precipitation
Exposure Indices when moving from the mid-centorgnd-of-century analysis
timeframes (particularly Precipitation Exposuredrdalues of 1). When examining the
Precipitation Exposure Index 2 and 3 columns, chargetween timeframes are
negligible under the B1 scenario, and minor underA2 scenario. Also similar to the
MnDOT data, greater numbers of culverts are exptsatcreases in the 10-year, 24-

hour precipitation event magnitude under the Bhare than under the A2 scenario.

Table 6.3 ODOT Culvert Precipitation Exposure Summay

Precipitation Exposure Index

Scenario/Timeframe

1 2
B1 / Mid-Century 1286| 40.3%] 1725| 54.1%] 179| 5.6% | - -
A2 | Mid-Century 1250 39.2%] 1628 | 51.0%| 312| 9.8% | - -
B1 / End-Century 299 | 9.4%]| 2425 76.0%] 466 | 14.6%]| - -
A2 /| End-Century 185 | 5.8%] 2292 71.8%] 637| 20.0%| 76 | 2.4%
n = 3190

The ability to draw generalizations about the expe®f culverts in Oregon
(Table 6.3) and Washington State (Table 6.4) taxgha in the 10-year 24-hour
precipitation event magnitude is somewhat limitgdHe use of limited or incomplete
culvert inventories. More complete culvert dataseth broader, statewide coverage
would enable more robust observations. Howeveneswends can be noted in the data
that are available. In the ODOT precipitation esqpe data, the majority of culverts

under all emission scenarios and analysis timefsaane assigned Precipitation Exposure
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Index values of 1, implying some increased expotuextreme precipitation in the
future among the culverts in the dataset. Theipitaton exposure maps for Oregon
(Figures 6.9 to 6.12) show that significant porsiaf the state are associated with
Precipitation Exposure Index values of O (no chasrgdecreasing precipitation) under
the mid-century timeframe, but that that area deswe significantly under the end-of-
century timeframe. This trend is reflected in preecentage changes of Precipitation
Exposure Index assignment in Table 6.3. Howeveergthe partial nature of the culvert
inventories, the values of the percentage pretipitaxposure of culverts may not be as

significant as the trends they suggest.

Table 6.4 WSDOT Culvert Precipitation Exposure Summary

Precipitation Exposure Index

Scenario/Timeframe

1 2
B1 / Mid-Century 1983 19.0%| 8218| 78.9%) 212 | 2.0%| - -
A2 /| Mid-Century 2047 19.7%] 8327| 80.0%] 39 | 0.4%] - -
B1 / End-Century 95| 0.9% 927%9.1%)] 1043]| 10.0%] - -

A2 /| End-Century 189 1.8% 844%81.1%] 17/51| 16.8%] 28| 0.3%
n=10413

The incomplete nature of the WSDOT culvert invepiataset similarly makes it
difficult to draw generalizations about the expaesof WSDOT’s culvert inventory to
changes in extreme event precipitation. An exatiinaf the precipitation exposure
maps (Figure 6.13 to 6.16), and the culvert inventoaps for Washington State (see
Appendix G) reveal that the selected routes in¢hge-study are generally located in
wetter parts of the state, where positive changéisa 10-year 24-hour precipitation

event magnitude are projected. This is refleateithé WSDOT precipitation exposure
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summary (Table 6.4) in that at least 80% of cubjashder all emission scenarios and
analysis timeframes, are assigned a Precipitatqpogiire Index of 1.

One notable trend in both the ODOT and WSDOT dathe increase in the
number of culverts assigned Precipitation Exposuilex values of 2 (and decrease in
culverts assigned Precipitation Exposure Indexashf 0) between the mid-century and
end-of century timeframes. This suggests gengraleanent between emission scenarios
that culverts will be exposed to increasing extr@meipitation event magnitudes over
time under both climate scenarios. It also suggbsit that projected increases in
extreme event precipitation in Oregon and Washim@tate may possibly be greater than

in Minnesota and New York State.

6.2 Vulnerability Analysis
The Culvert Vulnerability Analyses described in 8@t 5.4 were conducted for

the four case-study DOT culvert datasets. Theethiugnerability analysis methods
(Method 1 — Exposure Only; Method 2 — Overall Culv@ondition Rating; Method 3 —
Performance-Based) were applied to each state ewdlata were available, as follows:

e MnDOT: Method 1, Method 2, Method 3

« NYSDOT: Method 1, Method 2, Method 3

+ ODOT: Method 1, Method 3

« WSDOT: Method1

Recall from the discussion in Section 5.4 that ODd0€&s not assign overall

condition ratings to culverts, preventing analyssig Method 2. Similarly, WSDOT
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does not rate condition or functional performanga, preventing analysis using
Method 2 and Method 3.

Due to incomplete data recording within severahefdata sets, not all culverts
could be rated using all of the methods given abfoveach state DOT. For example,
several culverts in the MNnDOT and NYSDOT inventsnigere not assigned overall
condition ratings (preventing Method 2 analysig) arere therefore omitted from the
analysis. Also, several culverts in the MnDOT, NDGT and ODOT inventories were
not assigned ratings for several of the conditiot performance criteria used in the
Method 3 vulnerability analysis. MnDOT and NYSD®OUlverts with low Certainty
Ratings (see Section 5.4.3.1 and 5.4.3.2), indigatiat a number of the relevant criteria
were not rated, were omitted from the vulnerab#ibalysis. In MnDOT, culverts with
Certainty Ratings below 3 (out of 5) were omitteshi the analysis. In NYSDOT,
culverts with Certainty Ratings below 2 (out ofvidre omitted. In ODOT, culverts with
no assigned blockage ratings (out of three posgdnes) were omitted. The numbers of
omitted culverts for each state are noted in tmersary tables below.

Vulnerability analysis Method 1 does not assigviulnerability Index, but
instead relies on the Precipitation Exposure Inalek Combined Criticality Index to
calculate the R-CAP Index. Precipitation Expodadex values were summarized
earlier in Section 6.1, and are not discussed duittlere. Maps showing the geospatial
distribution of culverts associated with each & Yulnerability Indices are given in

Appendix H, for each state and method.
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6.2.1 Vulnerability Index — Method 2

Vulnerability analysis results using Method 2 (QGaleCulvert Rating-based
analysis) for MNDOT and NYSDOT are summarized ibl€&.5. In both states, the
majority of culverts are rated with low vulnerabyl{Vulnerability Index = 1), whereas
less than 5% in each state are rated with highevalility (Vulnerability Index = 3). In
both states, more than 11% of culverts were nagasd an overall condition rating, and
could therefore not be analyzed using Method 2.

As overall culvert condition ratings in each state determined according to
different criteria (see Section 5.2), it is difficto draw any comparisons between the
Vulnerability Indices determined using Method 2 kdnDOT and those for NYSDOT.
However, one notable outcome is that both stated nere completeness in assigning

overall condition ratings to culverts given thateoxl1% of culverts were unrated in each.

Table 6.5 Vulnerability Index — Method 2 Summary byState DOT

State DOT Vulnerability Index - Method 2 Total

2 3 Unrated Culverts
MnDOT 54557| 75.3%| 6254 8.6%] 3554 4.9%] 8049 11.1%] 72414

NYSDOT 37603| 56.5%] 19345| 29.1%] 1755| 2.6%] 7830| 11.8%] 66533

6.2.2 Vulnerability Index — Method 3

Vulnerability analysis results using Method 3 (ftianal performance-based
analysis) for MNDOT, NYSDOT, and ODOT are summatizeTable 6.6. As with
Method 2, the majority of culverts across all thcase-study DOTSs are rated with low
vulnerability. The ODOT Vulnerability Indices inable 6.6 show that more culverts are

rated as medium or high vulnerability than the oD@®Ts. One explanation for this is
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likely the incomplete nature of the ODOT culvenentory. Culverts in Oregon were
inventoried by ODOT along selected routes acrossthte. It is possible that routes
perceived as higher priority, or where greater @oothl and performance-based
deficiencies were expected, were inventoried fiksbwever, more information is
required to determine if this is a factor in the @DMethod 3 Vulnerability Index
ratings, or if other factors are contributing tongeally greater vulnerability among the

culverts inventoried in that state.

Table 6.6 Vulnerability Index — Method 3 Summary byState

Vulnerability Index - Method 3
Total

Culverts

Low Certainty/
Unrated*

MnDOT 63677, 87.9% | 1766 2.4% | 152| 0.2%] 6819 9.4% 72414

NSYDOT |]45203 67.9% | 4122 6.2% | 336| 0.5%] 16872 25.4% 66533
OoDOT 2119 | 66.4%| 835 26.290188| 5.9%] 48 1.5% 3190
* (MN) Certainty < 3{NY) Certainty < 2{OR) Overall Rating — Unrated

6.2.3 Comparison of Vulnerability Analysis Outcomes

One notable outcome of conducting the Culvert Vidhaity Analysis using
multiple methods is the ability to compare outcome®ss methods. The MnDOT and
NYSDOT datasets were the only to which both vulbgitst analysis Method 2 and
Method 3 were applied. Table 6.7 summarizes timebau of culverts that experienced
changes in Vulnerability Index values between gatirethods. The top half of Table 6.7
shows the complete accounting of changes in culdrierability Index ratings from
Method 2 to Method 3. Note that the columns rédezhanges in actual Vulnerability

Index values. The bottom half of Table 6.7 themswarizes the total number of culverts
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that received either upgraded or downgraded Vubigsalndex ratings when moving

from Method 2 to Method 3.

Table 6.7 Method 2 and Method 3 Vulnerability Analyses Comparison

Upgraded Vulnerability Index ‘ Downgraded Vulnerability Index

State
From ’ From From From From ’ From
lto?2 2t03 1to3 3to2 2to 1 3tol
MnDOT* 447 26 30 564 5590 2862
NYSDOT** 871 175 25 856 14254 354
State Total Culverts wit_h_ Upgraded  Total Culverts with_l_)owngraded
Vulnerability Vulnerability
MnDOT* 503 0.69% 9016 12.45%
NYSDOT** 1071 1.61% 15464 23.24%

*Excludes culverts with Certainty Ratings < 3;** Excludes culverts with Certainty Ratings < 2

In both the MNDOT and NYSDOT datasets, substagtgiater numbers of
culverts were downgraded when moving from Methdzh8ed vulnerability analyses to
Method 3-based vulnerability analyses. One posskplanation for this is the general
exclusion of criteria in Method 3 not directly ridd to the functional performance of the
culvert. That is, the overall condition rating farlverts in MNDOT and NYSDOT
considers myriad other criteria beyond those setefdr use in the Method 3 analysis.
These include ratings of pavement condition, gualsirwingwall, headwall, and other
criteria that may affect structural aspects ofdhkert, but not functional performance
(i.e., blockage-based and embankment-based iteGdyerts with higher overall
condition ratings may nonetheless have some bleckalgted deficiencies related to lack
of maintenance, or other factors, which would as$igthod 3 Vulnerability Index

values lower than Method 2-based values.
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Another possible explanation for greater downgrgaihculvert Vulnerability
Indices when moving from Method 2- to Method 3-lshgelnerability analyses could
also be the system of translating overall conditeting values into Vulnerability Indices
under Method 2 (Table 5.6 and Section 5.4). Inld4.6, the two top condition ratings
for MNnDOT culverts (scale from 1 to 4), and the tbpee condition ratings for NYSDOT
culverts (scale from 1 to 7) are assigned Vulnditglbhdex values of 1, or “low”
vulnerability. In both cases, fewer overall ratcigssifications are assigned to the
medium and high Vulnerability Index values. Theref the calibration of the scale used
to translate the quantitative overall culvert cdiodi ratings into qualitative Vulnerability
Index ratings may have some affect over the Methbdsed vulnerability analysis
outcomes. Further research should investigatedhleration of Method 2-based
vulnerability ratings using different overall cotidn rating scales from various state
DOT culvert management systems, as calibrationmaag some influence over

vulnerability analyses and their outcomes

6.3 Culvert Criticality Assessment
The Culvert Criticality Assessment described int®ac5.5 was conducted for the
four case-study culvert inventories do determirgheaulvert's Combined Criticality
Index. The results from the culvert criticalitysassment are shown below in table 6.8.
Maps showing the geospatial distribution of cul@oimbined Criticality Index ratings

for each of the case-study are given in Appendix I.
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Table 6.8 Combined Criticality Analysis Outcomes byState

Combined Criticality Index Total
2 | Culverts
MnDOT 36788 50.894 23397 32.3% 12229 16.9% 72414
NYSDOT 43950 66.194 15261 229% 7322 11.0% 66533
ODOT 344 10.8% 2763 86.6% 83 2.6%0 3190
WSDOT 1861 17.9% 8134 78.1% 418 4.0p6 10413

Table 6.8 shows that the majority of culverts ia MNDOT and NYSDOT
databases were assigned “low” criticality, or a ®orad Criticality Index of 1. A
smaller proportion of culverts in these two DOTgevassigned “medium” criticality,
and fewer still were assigned “high” criticalityn contrast, the majority of culverts in the
ODOT and WSDOT databases were assigned “mediuttii¢adity, or a Combined
Criticality Index of 2. Both outcomes may be expdal as a function of the
completeness of the respective culvert inventories.

The WSDOT and ODOT culvert inventories, as discuisselier, are partial
inventories of statewide culverts. In Oregon anas¥Wngton State, the culverts analyzed
were predominantly located on major roadways. éxample, the Washington State
database contained culverts located along onerstate highway, two US route
highways, and one Interstate. Given the threetitaeat components of criticality used
in the assessment, the outcomes in Table 6.8 sEasomable. For example, major
roadways are assigned higher Functional Classdieat{used in the OP Index), and may
be expected to generally carry higher freight vasrfused in the SE Index) than minor
roadways. Therefore, the higher criticality assmjto ODOT and WSDOT culverts as
compared to MNDOT and NYSDOT culverts, may be &ftion of some bias in the

culverts (and roadways) selected for use in thig-dudy.
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The proportion of culverts assigned to the thrégcafity ratings in the MNDOT
and NYSDOT databases (Table 6.8) is somewhat mtudive given the completeness
of the culvert datasets. However, an examinatfdhegeospatial distribution of higher-
criticality culverts in Minnesota and New York Statveals several trends. Figure 6.17
and Figure 6.18 show the high-criticality culvartdMinnesota and New York State,
respectively. High-criticality culverts in Minnesoare located almost exclusively along
interstate corridors. These include 1-90 alongltbtom of the state, 1-94 diagonally
bisecting the state, I-35 connecting I-90 with M#apolis, and 1-494 and 1-694 near
Minneapolis. In fact, 11,691 of the 12,229 higtticality culverts in Minnesota are
located along Interstate corridors. A similar ttexists among high-criticality culverts
in New York State where most are located along$tége corridors; specifically, 1-81, I-

84, 1-86, 1-88, 1-87, and 1-390 (see Figure 6.18).

Legend

. Culverts - High
Criticality (12,229)

State Highway
Network

Figure 6.17 Minnesota High Criticality Culverts
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Figure 6.18 New York State High Criticality Culverts

6.4 Culvert Asset Prioritization Analyses

The Culvert Asset Prioritization analysis describe&ection 5.6 was conducted

for the four case-study culvert inventories. Tt¢ovssisted of first determining each
culvert’s Culvert Asset Prioritization (CAP) Indéxr each combination of SRES
emission scenario and analysis timeframe. Witachecombination of emission scenario
and analysis timeframe, separate CAP Indices wetermiined using each of the three
Vulnerability Analysis methods described in Sectioh. The CAP Indices are viewed as
intermediate results. The CAP Indices were thenlsoed for each time-frame to
generate a Robust Culvert Asset Prioritization @&PLIndex for each culvert. The R-
CAP Index represents the relative timeframe-bamsédof a culvert due to change

climate impacts (i.e., extreme precipitation eveatsoss multiple climate scenarios.

The R-CAP Indices are viewed as the final resutimfthe CCAAF, and are discussed

below in greater detalil.
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The R-CAP Indices are presented in the followingieas separately for each
state. Results are presented here in tabular férmomparison of R-CAP Index values
determined using the varying vulnerability analysisthods for all four case-study DOTs
are then presented and discussed. Appendix J nenta@ps showing the geospatial
distribution of all R-CAP Index rated culverts angdhe four case-study DOTs

according to relative risk level.

6.4.1 MnDOT R-CAP Index Results Summary

The R-CAP Index results of the MnDOT Culvert AsBdbritization are shown in
Table 6.9. For all analysis timeframes and vulb#itg analysis methods, the majority of
culverts (>71% in all cases) were found to hav®aDAP Index of 1, indicating low risk
due to the climate change impacts associated witkrae precipitation. The percentage
of culverts with R-CAP Indices equal to 2 and &ath analysis generally increase under
the end-of-century analysis timeframe as comparn#dtive mid-century timeframe.
This is consistent with the results from the Prigatn Exposure Analysis for MNDOT
culverts (Table 6.1), which show that the numberw¥erts exposed to larger increases
in precipitation event magnitude is greater inehd-of-century timeframe than in the
mid-century timeframe.

A discussion of the differences in R-CAP Index outes related to using
different Vulnerability Analysis methods is giveatér in Section 6.4.5. However, an
examination of the results given in Table 6.9 dodgate that the Vulnerability Index

method chosen for analysis does influence the \R¥@AP outcomes, and that those
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outcomes are not apparently dominated entirelyhbyother two dimensions of risk

(precipitation exposure and criticality).

Table 6.9 MnDOT Culvert Asset Prioritization Results Summary

Robust Culvert Asset Prioritization (R-CAP) Index
Analysis ' Low

Timeframe Method 1 2 K] Certainty/
Unrated*
Mid-Century 1 69832 | 96.499 2323 | 3.2% 0 0.0% - -

End-Century 1 61680 | 85.294 8924 | 12.39%¢ 1551 | 2.1% - -

Mid-Century 2 60604 | 83.7%| 3497 | 4.8% 9 0.01%]| 8045 | 11.1%

End-Century 2 51807 | 71.5%] 12108 | 16.7%] 195 | 0.3% | 8045 | 11.1%

Mid-Century 3 63158 | 87.29q 2182 | 3.019%q O 0.0% | 6815 9.4%

End-Century 3 55735| 77.09q 9595 | 13.3%9 10 0.01%] 6815| 9.4%
*(Method 2) Unrated Overall Conditior(Method 3) Certainty < 3

An examination of the individual high-risk culveitsthe dataset reveals some
distinct trends. All 1,551 high-risk (R-CAP = J)leerts rated using Method 1 for the
end-of-century timeframe have Combined Criticallitgices equal to 3; all have a B1
Precipitation Exposure Indices equal to 3 and A&cRitation Exposure Indices equal to
2. Perhaps most notable is that all 1,551 ardddda the metropolitan Minneapolis area
(see Appendix J), and are predominantly (1,45%hefl1t,551 culverts) located along
Interstate corridors.

In considering the 195 high-risk (R-CAP = 3) cultgaiated using Method 2 for
the end-of-century timeframe, 191 are also locatdde metropolitan Minneapolis area,
and 162 are located along Interstate corridorani@oed Criticality Indices among the
Method 2 end-of-century culverts are also predontigaequal to 3 (188 of 195 culverts).
All have B1 Precipitation Exposure Indices equal tar 3 (33 and 163 culverts,
respectively), and A2 Precipitation Exposure Indiegual to 1 or 2 (35 and 160 culverts,
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respectively). However, Vulnerability Indices (Met 2) are predominantly equal to 2
(140 of 195 culverts). What this suggests is thiitality is a key factor in determining
these culverts to be high risk, but also that wah#gity and exposure do contribute to R-
CAP Index outcomes.

The 10 culverts identified as high-risk (R-CAP =u3)ng Method 3 for the end-
of-century analysis timeframe showed a more bakhgoatribution from the three
dimensions of risk in establishing the high-risknmg. For example, although 9 of the 10
culverts were rated with high criticality, 4 of th® were rated with medium vulnerability
(Method 3). For those 4 culverts, the Precipitatixposure Indices of 3 (B1 scenario)
and 3 (A2 scenario) balanced the medium vulnetglstiore to assign an overall R-CAP
Index of 3 (high). Nonetheless, the common aspkligh criticality ratings appears to

be a key factor in determining R-CAP Indices undethod 3 vulnerability analyses.

6.4.2 NYSDOT R-CAP Index Results Summary

The R-CAP Index results of the NYSDOT Culvert Ad8abritization are shown
in Table 6.10. Similar to the MnDOT results, thajanity of culverts (>70% in all cases)
were found to have an R-CAP Index of 1 for all s timeframes and vulnerability
analysis methods. Note that nearly 25% of culvestdd not be rated using Method 3
due to Certainty Rating values below 2. This datapleteness issue may have the
effect of skewing the R-CAP Index results assodiatgh Method 3. However, it is
noted that loosening the Certainty Rating critésraMethod 3 by dropping the threshold
from 2 to 1 only reduces the percentage of unratdekrts to from 24.9% to 22.8%

(16,558 culverts to 15,181 culverts).
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Table 6.10 NYSDOT Culvert Asset Prioritization Reslts Summary

Analysis Vuln. Robust Culvert Asset Prioritization (R-CAP) Index

. Index Low Certainty/
Timeframe Method 2 Unrated*

Mid-Century 1 62076, 93.394 3949 | 59%| O 0.0% - -

End-Century 1 60949 91.6465076 | 7.6% 0 0.0% - -

Mid-Century 2 51340 | 77.2%] 6870 | 10.3%] O 0.0% | 7815 | 11.7%

End-Century 2 50071 | 75.3%] 8138 | 12.2%] 1 | 0.002%] 7815 | 11.7%

Mid-Century 3 46893 70.5Y 2574 | 3.9% 0 0.0%] 16558 24.9%

End-Century 3 46146 69.3%3320 | 5.0% 1| 0.002% 16558| 24.9%
*(Method 2) Unrated Overall Conditior(Method 3) Certainty < 2

Similar to the MNnDOT R-CAP Index data, the percgstaf culverts with R-CAP
Indices equal to 2 and 3 in each analysis generathgase under the end-of-century
analysis timeframe as compared with the mid-ceniorgframe. This is consistent with
the results of the NYSDOT precipitation exposuralgsis discussed above (Table 6.2).

Note that only one culvert in the NYSDOT databass vated with high risk (R-
CAP Index = 3), and then only under the Method @ liethod 3 vulnerability analyses
in the end-of-century timeframe. Interestinglye ttulverts designated as high risk by the
Method 2 and Method 3-based analyses are not the aaset, although both are in
western New York State (see Appendix J). In batbes, the Combined Criticality Index
was 3 (high) and the respective Vulnerability Indeas 3 (high). However, for both
culverts, the B1 and A2 Precipitation Exposure ¥alwere 1 and 2, respectively,
suggesting that the Precipitation Exposure Indeklésser influence on the R-CAP

Index for these culverts than did the other twoetigions of risk.
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6.4.3 ODOT R-CAP Index Results Summary

The R-CAP Index results of the ODOT Culvert Assabifitization are shown in
Table 6.11. ODOT does not assign culverts an dwaadition rating, thus R-CAP
Indices could not be determined using Method 2ndixtent with trends in the MNnDOT
and NYSDOT data, the majority of culverts in the @Ddatabase (>61%) are assigned
an R-CAP Index of 1, indicating low climate chamggpact risk. However, different
from the MnDOT and NYSDOT data, a substantiallyageee percentage of the culverts in
the ODOT database were assigned medium risk (R-@é&X = 2), particularly when
using Method 3-based vulnerability analyses. Déffiees in the assignment of high risk
(R-CAP = 3) as compared with the MnDOT resultssan@mewhat smaller (mainly in
number of culverts, not percentage of the inventayd of negligible difference when

compared with the NYSDOT R-CAP results.

Table 6.11 ODOT Culvert Asset Prioritization Resuls Summary

Analysis  Vuln. Index Robust Culvert Asset Prioritization (R-CAP) Index

Timeframe  Method ‘ Unrated*
Mid-Century 1 3018 | 94.694 172 | 54%]| O 0.0% - -
End-Century 1 2715 85.190 472 | 14.8%] 3 0.09% - -
Mid-Century 3 2543 | 79.7%] 598 | 18.7%] 1 | 0.03% | 48 1.5%
End-Century 3 1976 | 61.9%| 1164 | 36.5%] 2 | 0.06% | 48 1.5%

* (Method 3) No Rated Blockage Conditions;

One possible explanation for the slightly greassignment of culverts to R-CAP
Indices of 2 in Oregon as compared to MnDOT and N®$ culverts has to do with the
general exposure to increases in the magnitudeecf@-year 24-hour precipitation event

in Oregon. An examination the Precipitation Expedigures for Oregon (Figures 6.9 to
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6.12) shows generally greater increases in the ragnof the 10-year 24-hour
precipitation event, as compared with Minnesotalded York State.

This explanation is further supported by the sigaiftly higher assignment of
Precipitation Exposure Indices of 2 in Oregon (agrentage of the culvert inventory)
under all combinations of emission scenarios aradlyars timeframes, than in Minnesota
and New York for the same (as seen by comparingeT@B with Tables 6.1 and 6.2).
The greater assignment of higher Precipitation Byp® Indices in Oregon is also likely
influenced by the generally more widely-spread getgd increases in precipitation event
magnitude in Oregon, but also by the fact thatcthlgerts examined were generally
located in parts of the state projected to becomiew particularly in the end-of-century
timeframe (see Appendix G).

Another possible explanation for the greater assat of culverts to R-CAP
Indices of 2 in Oregon has to do with the assigrtroéariticality to ODOT culverts.
Table 6.8 shows that the Combined Ciriticality ledi¢dor ODOT culverts were
predominantly medium criticality (Combined Crititglindex = 2), and significantly
more culverts in Oregon were rated as medium afiticthan in Minnesota and New
York. As discussed above in Section 6.3, the ugwand in criticality in Oregon is
possibly due to the incomplete and possibly selecatature of the current ODOT culvert
inventory.

Therefore, although the general trends of R-CARXrakssignment for ODOT
culverts are consistent with those seen in the Mi2@d NYSDOT results, the greater
assignment of R-CAP Indices equal to 2 in is likélye to the compounding effect of

generally greater Precipitation Exposure and Coetbf@riticality Indices in Oregon.
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The ODOT R-CAP Index results also exhibit the trehdenerally increased risk
(higher R-CAP Indices) among the end-of-centurylymistimeframe culverts as
compared with the mid-century timeframe. Thisasgistent with the MnDOT and
NYSDOT results, the Precipitation Exposure Indesutts (Table 6.3) as well as with the

general discussion of North American climate changeacts in Chapter 2.

6.4.4 WSDOT R-CAP Index Results Summary

The R-CAP Index results of the WSDOT Culvert Ad3eoritization are shown
in Table 6.12. As WSDOT does not record condiaiad performance data for the
culverts in its inventory, only R-CAP Indices detémed as a function of Precipitation
Exposure Indices and Combined Criticality Indicesld be assigned. Consistent with
the previous case-study results, the majority dferts in the provided WSDOT database

(>87%) were assigned low risk (R-CAP Index = 1).

Table 6.12 WSDOT Culvert Asset Prioritization Resuls Summary

Analysis  Vuln. Index Robust Culvert Asset Prioritization (R-CAP) Index

Timeframe  Method 1 2
Mid-Century 1 10017 | 96.2% 396 3.8% 0 0.0%
End-Century 1 9116 | 87.5% | 1297 | 12.5% 0 0.0%

The distribution of WSDOT culvert R-CAP Index assigent is generally
consistent with the results from the previous tlo@se-study DOTs under Method 1-
based vulnerability analyses (i.e., exposure amtyitting any measure of culvert
vulnerability). However, given the substantiallggter number of culverts rated with

medium criticality (Combined Ciriticality = 2) in V8hington State than in Minnesota and
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New York (see Table 6.8) one might expect a graaterber of medium and high risk
culverts in Washington (as was seen in Oregon)e €mplanation for this is that the
majority of medium criticality culverts (and in faenost culverts overall) lie
predominantly in regions with Precipitation Expastmdices of 1 (see Table 6.4). Given
the structure of the CAP Index matrix (Figure 5,16)v exposure culverts with medium
criticality are assigned CAP Indices of 1. In Qregby comparison, substantially more
culverts overall are assigned Precipitation Expesadices of 2 than in Washington.
This results in greater numbers of medium risk ettt/ (R-CAP Index = 2) in Oregon
than in Washington, which is consistent with th&ufts seen in Tables 6.11 and 6.12
Lastly, the WSDOT R-CAP Index results exhibit thend of generally increased
risk (higher R-CAP Indices) among culvert in thel-erf-century analysis timeframe as
compared with the mid-century timeframe. Thisasgistent with the previous case-
study results and with the general discussion atiNamerican climate change impacts

in Chapter 2 (i.e. greater changes over longerftanees).

6.4.5 Comparison of R-CAP Index Values Using Multife Vulnerability Methods

The R-CAP Index values determined using the thudeevability analysis
methods are compared in Table 6.13. The sourt¢estabed to construct Table 6.13,
which contain changes in individual culvert ratirmgsoss vulnerability analysis methods,
are provided in Appendix K.

Table 6.13 is arranged according to changes irecuR-CAP Indices among
vulnerability analysis methods. The top half oblea6.13 shows changes in R-CAP

Index ratings across vulnerability analysis methimdshe mid-century analysis
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timeframe; the bottom half of Table 6.13 showsdame for the end-of-century analysis
timeframe. Note that the values given in Tabl8&g4clude culverts that lie outside of
the precipitation projection areas (MnDOT and NYSDCulverts for which a Method
2 Vulnerability could not be assigned (i.e., nomalecondition rating was assigned), and

culverts with insufficient Certainty Ratings (< @INYSDOT, < 3 for MnDOT).

Table 6.13 Changes in R-CAP Index Values Among Vuérability Analysis Methods

Change in Vulin. Mid-Century
Methgi;or R- No Change Upgraded Downgraded
Method 1 to 2 Minnesota] 62630 | 97.7%| 1480 2.3% 0 0.09
New York | 54290 | 93.3%]| 3920 6.7% 0 0.0¢9
Minnesota] 65206 | 99.8% | 134 | 0.21% | O 0.0%
Method 1 to 3 New York | 48741 | 98.6% | 726 1.5% 0 0.0%
Oregon 2711 | 86.3% | 431 | 13.7% | O 0.0%
Method 2 1o 3 Minnesota] 60943 | 97.8% 32 0.0594 13672.2%
New York | 45671 | 94.3% 202 0.42% 25585.3%
Change in Vuln. End-Century
Methg'cal\;or R- No Change Upgraded
Method 1 o 2 Minnesota] 59674 | 93.1%| 3376 539 10601.7%
New York | 53636 | 92.1%| 4574 7.99% 0 0.09
Minnesota] 63671 | 97.4% | 478 | 0.73% | 1191| 1.8%
Method 1 to 3 New York | 48594 | 98.3% | 873 1.8% 0 0.0%
Oregon 2445 | 77.8% ]| 696 | 222% | 1 0.03%
Method 2 1o 3 Minnesota] 59052 | 94.7% 109 0.17% 31815.1%
New York | 45201 | 93.4% 250 0.52% 29806.2%

One noticeable trend shown in Table 6.13 is thantlove to incorporate some

measure of vulnerability (i.e., moving from Methbdo either Method 2 or Method 3
vulnerability analyses) generally results in manéverts with upgraded R-CAP Index

values (increasing the number of higher risk cujvdian with downgraded R-CAP Index
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values (decreasing the number of higher risk ctayerThis is seen by comparing the
percentage values of the "Downgraded" and "Upgradeldmns for each state and
vulnerability method. In contrast, moving from AR Indices based on Method 2 to
those based on Method 3 vulnerability analysedhaspposite effect. That is, more
culverts received downgraded R-CAP Index values teaeived upgraded R-CAP Index
values. Each of these phenomena are discussed.belo

The general effect of upgrading culverts to higtsk (i.e., higher R-CAP
Indices) when moving from vulnerability analysis tied 1, to either Method 2 or
Method 3 is possibly a function of adding a thiskrdimension (vulnerability) to the R-
CAP Index calculation, thus reducing the overdluence of the other two dimensions
(precipitation exposure, and criticality). Thathdethod 1 does not consider any measure
of culvert vulnerability, but implicitly assumesathall culverts have equal vulnerability.
Under Method 1, precipitation exposure and critigare therefore equally weighted in
the R-CAP Index calculation, each contributing hAhen the third dimension of
vulnerability is introduced, all three dimensiopsgcipitation exposure, criticality, and
vulnerability) are still equally weighted, and tefare each now contributes one third to
the R-CAP Index calculation.

An examination of Table 6.5 shows that 13.5% of NdiDculverts, and 31.7% of
NYSDOT culverts receive Vulnerability Indices 0b23 (i.e., medium to higher
vulnerability) under Method 2. Similarly, TablegGhows that 2.6% of MNDOT
culverts, 6.7% of NYSDOT culverts, and 32.1% of OD€ulverts receive Vulnerability
Indices of 2 or 3 under Method 3. Therefore, wtiesse culverts with greater

vulnerability are factored in to the R-CAP Indexccdation, the relative influence of the
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other two dimensions on the overall outcomes isebsed (as all three dimensions,
which now includes vulnerability, are equally weiggh), and the net effect is to increase
the number of culverts with higher R-CAP Index wasu A comparison of the percentage
of culverts with higher Vulnerability Indices (T&b6.5 and Table 6.6) with the
percentage of culverts with upgraded R-CAP Ind{@eble 6.13) shows that the relative
magnitudes of percent change are consistent astates. This is particularly apparent
for the ODOT inventory where a substantial percgataf culverts (31.7%) received
medium and high vulnerability indices (Table 6&)d a substantial percentage similarly
received upgraded mid-century (13.7%) and end-ofeecg (22.2%) R-CAP Indices.

The net downgrading of R-CAP Indices between Methathd Method 3-based
analyses is possibly explained by the types ofertilwondition and performance criteria
used to generate the Method 2 and Method 3 Vulilgyalndices. As discussed in
Section 6.2.3, the overall condition rating (updmaik Method 2 vulnerability is based)
for culverts in MNDOT and NYSDOT are influenceddnteria beyond those selected
for use in the Method 3 analysis (such as, pavemrdition, guardrails, wingwalls,
headwall, etc). These criteria may not affectftimectional performance of the culvert
(upon which the Method 3 vulnerability is based)t are significantly greater in number
than the relatively small number of functional peniance criteria used in Method 3.

The suggestion is that by incorporating the ratiofgsther criteria into the overall
condition rating, culverts with good overall conalit ratings may receive high overall
ratings, despite the presence of blockage-relatednbankment-related deficiencies that

would designate Method 3 Vulnerability Index vall@ser than Method 2-based values.
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This explanation is further supported by an exatronaof the individual culverts
in the MnDOT and NYSDOT databases. Specificalg, mumber of culverts in
Minnesota that received higher Method 2-based \falmbty Index ratings (9,016
culverts) was significantly higher than the numbkculverts that received higher
Method 3-based Vulnerability Index ratings (503)veuts. The same trend is evident in
the NYSDOT database, where 15,552 culverts recdiigiter Method 2-based
Vulnerability Index ratings and 7,249 culverts riged higher Method 3 Vulnerability
Index ratings). These results generally suggedtttie inclusion of more detailed data
that more adequately accounts for functional peréorce of culverts may be more
appropriate for use in vulnerability analyses. sTitaises the fundamental question as to
which of the two Vulnerability Index rating methopovides a better approximation of a
culvert’s true vulnerability to increased flows.oWever, the current case study results do
not provide sufficient information upon which toseasuch judgments. This is discussed
in greater detail in Section 6.5, and Chapter 7.

Another notable comparison from Table 6.13 is betwesults from the mid-
century and end-of-century analysis timeframes.gdneral, fewer culverts maintained
their R-CAP Index ratings across vulnerability is& methods in the end-of-century
analysis timeframe than under the mid-century amslymeframe. That is, a noticeably
greater number of culverts were upgraded in theadrwbntury analysis timeframe than
in the mid-century timeframe, and a slightly greate@mber of culverts were downgraded
in the end-of-century timeframe than in the midtocentimeframe. The initial
implication of this is that the use of more det@Nailnerability analysis methods (i.e.,

Method 2 and Method 3) had a slight, but noticeahleact of increasing the number of
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upgraded and downgraded R-CAP Index values inrtdeoé&century timeframe as
compared to the mid-century timeframe. Below thesnges are discussed with respect
to upgraded culverts, downgraded culverts, anditve substantial changes seen in the
Method 2 to Method 3 results.

The greater percentage of culverts upgraded ienldeof-century timeframe as
compared with the mid-century timeframe are matiively explained by changes in
precipitation exposure between the two timefram®soss all methods and timeframes
in Table 6.13 (and in this analysis, in general)yert criticality and culvert vulnerability
do not change. Only precipitation exposure chabgéseen analysis timeframes,
generally increasing from the mid-term analysisqueto the end-of century analysis
period for all states and emission scenarios. el@dl to Table 6.4 show that the number
of culverts subject to medium to large increasgz@tipitation event magnitude (i.e.,
Precipitation Exposure Index = 2 or 3) constitutarall but notable percentage of the
DOT culvert inventories. The greater frequencguferts with medium and high
Precipitation Exposure Indices in the end-of-centimeframe affects the CAP Index,
and therefore R-CAP Index calculation, by incregdive index values. These increases
in the number of culverts assigned medium and Rigitipitation Exposure Indices
between the mid- and end-of-century timeframes reagonably account for the greater
numbers of culverts that are upgraded between sisdlyneframes in Table 6.13.

The explanation for the relatively small percentafdowngraded culverts in the
end-of-century analysis timeframe is not as intaitbut may essentially be attributed to
a small number of culverts in high precipitatioppegure areas with low vulnerability

ratings. For example, Table 6.13 shows that 1.@é61a8% of MNnDOT culverts received
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downgraded R-CAP Indices when moving from Methdad Method 2, and from Method
1 to Method 3-based vulnerability analyses, respelgt An examination of the MNnDOT
database reveals that all culverts downgraded wi@nng from Method 1 to both
Method 2 and Method 3 received Combined Criticdhiyices of 3. Similarly all
culverts under both vulnerability analysis methoetseived a B2 scenario precipitation
exposure of 3 (high) and an A2 scenario precipitaéixposure of 2 (medium). However,
all of the downgraded culverts, under both methoslsived a vulnerability score of 1
from their respective methods. Consequently,diterts downgraded between Method
1 and Method 2-based R-CAP Indices, and betweehddet and Method 3-based R-
CAP indices were downgraded from an R-CAP Indel tf an R-CAP Index of 2. The
same phenomenon explains the downgrading of the D&@rerts. As no culverts were
downgraded in the NYSDOT database, no explanasiorecessary. Interestingly, all of
these downgraded culverts in the MnDOT inventogyiarthe metropolitan Minneapolis
area and lie within the same two climate projectiad squares, see Figure 6.19.
Differences in the number of culverts downgradethexmid-century and end-of-
century timeframes between Method 2 and Methoc 3raust likely explained by a
combination of the effect of increased precipitatxposure (Table 6.1 and Table 6.2)
and substantially decreased vulnerability (Tablg.6Table 6.7 shows that both MNDOT
and NYSDOT culverts were predominantly downgradedifa Vulnerability Index of 2
to a Vulnerability Index of 1. As the majority ofilverts in both states received a
Vulnerability Index of 1, under both vulnerabiliggalysis methods, any expected
increases in R-CAP Index when moving from the nedtary to end-of-century

timeframe due to increasing Precipitation Exposndéces (which accounts for a minor
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percentage, see Table 6.1 and Table 6.2) are fae@hed by the larger general

decreases in Vulnerability Indices when moving figlethod 2 to Method 3 (Table 6.7).
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Figure 6.19 Downgraded MnDOT Culverts

6.5 Methodological Significance of Results
The results of the case-study implementation ofGBAAF described above
offer several relevant insights into structural amethodological characteristics of the
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framework. Several of these insights were disaissiefly in the sections above, and

are discussed in greater detail in the followinlg-sactions.

6.5.1 Completeness of Inventories and Data Record

The results of the case studies illustrate the mapce of complete culvert
inventories, and of completeness in the data recbfor those inventories. This is
particularly true given the network-level naturetled CCAAF and the individual analysis
steps of which it is composed. As shown in theltef the Precipitation Exposure
Analysis for ODOT and WSDOT culvert inventories ¢Ben 6.1.3 and Section 6.1.4),
the incomplete nature of those DOT culvert inveileomakes it difficult to draw
significant conclusions about the network-wide esype of culvert assets to changes in
precipitation. Additionally, as shown in the rasudf the Method 2-based Vulnerability
Analyses for MNDOT and NYSDOT culvert inventori€&e¢tion 6.2.1), over 11% of
culvert in both states were unrated with respeowgrall culvert condition ratings, and
therefore could not be assigned a Method 2-baséaeYability Index. Therefore,
although the culvert inventories were mostly cortepla those states, the data within the
inventories lacked completeness.

Lack of completeness in both culvert inventoried anlvert data recording may
lead to an inaccurate characterization of how ltineet dimensions of risk are distributed
across the culvert inventories. This, in turn, rfemd to inaccuracy in the assignment of
R-CAP Indices across inventories. For states eneigs where culvert inventories only
contain partial coverage of agency culvert asseeking to complete the spatial

inventory of culverts should be a priority. Eveitheut complete condition and
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functional performance information, the resultshaf Culvert Asset Prioritization
(Section 6.4) indicate that R-CAP Index assignnugrater Method 1 (no measure of
relative vulnerability) can still yield valuablesight. However, these results are
strengthened by analyzing complete inventoriesciwhilows for a more accurate view
of the system-wide distribution of the two dimemsainder consideration (exposure and
criticality).

States and agencies with complete (or nearly casjptelvert inventories should
seek to increase data recording completenessgfili gaps where data items are
missing. This is particularly important for theawulnerability analysis methods
proposed in this research project, which rely oelatively few condition and functional
performance data items to assess culvert vulnésabidata completeness mitigates the
possibility of a skewed or inaccurate characteioradf culvert vulnerabilities at the
network-level by ensuring that culverts with sigraint vulnerabilities (or without them)

are not hidden within large percentages of unratierts.

6.5.2 Measures of Vulnerability

The case-study results (particularly the vulnergb@nalyses and the R-CAP
Index assignments) illustrate that the assessmaobmes are highly influenced by
several aspects of the vulnerability analyses.s Thevident at several stages of the
CCAAF assessment process and requires furtheeraént of the CCAAF.

One issue that the results suggest is the impatahcalibration in applying the
CCAAF to scale-based measures of culvert condamhfunctional performance. Poor

calibration may result in qualitative Vulnerabiliywd R-CAP Indices that do not
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accurately reflect the quantitative ratings asgigtearing culvert inspection and
management activities. In turn, this may introdunetended biases into the analyses
wherein culvert vulnerability, or other charactgas, are systematically under- or over-
estimated. For example, the results comparin@tileomes of Method 2- versus Method
3-based vulnerability analyses suggest that thbragibn of the rating scale used to
translate culvert overall condition ratings intoliverability Index ratings influenced the
analysis outcomes (i.e., downgraded vulnerabilityewmoving from Method 2 to
Method 3).

Similarly, it is likely that the greater downgradiof culvert R-CAP Index values
in the end-of-century timeframe than in the midtoentimeframe (when also moving
from Method 2- to Method 3-based vulnerabilityplso partially influenced by poor
calibration. In this instance, the only risk dirsgm that changed between analysis
timeframes is the precipitation exposure (whicmegally speaking increases), yet the
results suggest that differences in vulnerabilitglgses (when moving from Method 2 to
Method 3) likely also contributed to assessment@ues characterized by net
downgrading of culvert R-CAP Indices. This seri@sanderscore the importance of
rating scale calibration to ensure that externalrontended factors do not influence
vulnerability analysis outcomes, and that Vulndrgbindies faithfully reflect the
guantitative ratings they characterize. Anothetdain this net downgrading was likely
also the overall weighting of the three risk dimens, which is discussed in the next
section.

It is important that the method of translating D@ilvert rating scale values into

Vulnerability Indices are sufficiently calibrated that they faithfully reflect the
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information conveyed by the culvert condition aoddtional performance inspection
data. However, at a higher level, it is also int@ot that the vulnerability analysis
methods developed provide accurate reflectionsyfiiciently accurate approximations)
of the true vulnerability of culverts to increadmv conditions given the culvert
management data available. The differences irteglsetween Vulnerability Analysis
methods, although likely influenced by calibratioased issues, also illustrate that the
data currently collected can be used in differgpes of vulnerability analysis methods to
arrive at very different indications of culvert mekability. That is, different data items
used to describe the condition of the same cubsset, when used in different types of
analyses, can give very different indications dhewability. Although both vulnerability
analysis methods used in this study are based anl&dge of culvert failure modes, and
utilize inspection data of the actual culvertsyth@ay still not accurately reflect true
vulnerability.

The inaccurate characterizations of a culvert® trulnerability resulting from
the use of various vulnerability analysis methodsgs a challenge to assessment
frameworks, particularly given the wide varietytire types and detail of culvert data
currently collected. The diverse approaches ta daliection likely reflect, to some
degree, the location-, environment-, design-, aatenal-specific aspects of the culverts
under an agencies’ management. Given the signtfdiaersity of design requirements,
design environments, and the mechanistic impatitase environments on functional
performance, it is reasonable that there would beeal for similarly diverse data
collection practices. Thus, it may be unwise tekseationally standardized vulnerability

analysis methods. Instead, a better course méy paersue national guidance with
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respect to culvert vulnerability analysis thatl stdeks to increase replicability of
assessment practices, but recognizes the prestlumaion- and design-specific
concerns and the need for flexibility in analysisthods; this is discussed more in the

next chapter.

6.5.3 Overall Weighting of the Three Dimensions dRisk

One of the broadest methodological outcomes sugdjdst the case study results
is the need for greater attention to the overaighting of the three dimensions of risk
during the CCAAF assessment process. The appreszhin the case studies was to
equally weight the three dimensions of risk. Hoerewnder this approach, several of the
results indicated that R-CAP Index outcomes weggfently dominated by one or two of
the dimensions of risk (i.e., one or two of thestdnent indices). For example, the R-
CAP Index results of the MNnDOT culvert asset ptipation indicate that the Combined
Criticality Index may have dominated the analysMl. of the culverts rated as high risk
(R-CAP Index = 3) under Method 1- and Method 2-bam®alyses in the end-of-century
timeframe were also all rated with high combinatiaality. Although the results
indicate that the other two indices (the PreciptaExposure Index, and to a much lesser
extent, the Vulnerability Indices) did influencesthigh R-CAP Index rating, these results
suggest that an equal weighting of the risk dim@mgiputs did not necessarily equate to
their equal influence over the R-CAP Index outcomes

The results comparing R-CAP Indices between Methazhd Method 3-based
analyses are another example of the influenceskfdimension weighting on assessment

outcomes. R-CAP Index assignment between mid-cgand end-of-century analysis
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timeframes, when moving from Method 2- to Metholde®ed analyses, resulted in a net
downgrading of R-CAP Indices for MNnDOT and NYSDQIwerts. Rating scale
calibration, as discussed above in Section 6.&&ylinfluenced this to some extent.
However, as discussed at the end of Section GhkSnajority of MNDOT and NYSDOT
culverts with downgraded R-CAP Indices were dowdgdafrom a Vulnerability Index
of 2, to a Vulnerability Index of 1. Yet, in spité the general trend of increased
precipitation (and thus generally increased Pr&tipn Exposure Indices, see Table 6.1
and Table 6.2), the net effect was one of downgt&HEAP Indices. This suggests that
although risk dimensions were equally weightechest analyses, the Vulnerability
Index exerted greater influence over the R-CAP xrmecomes than the Precipitation
Exposure Index.

The implication of these results is that the waighof risk dimensions can have
a significant influence over the outcomes of theABE, and that further research is
necessary to better understand the relationshipré@iciction among the three
dimensions. Sensitivity analyses of risk dimensi@ighting would likely clarify some
of this relationship, and would be an importanttdbation to strengthen the
fundamental methodology of this assessment framewArbetter understanding of risk
dimension weighting through these types of analysmdd also lay a better foundation
upon which to undertake the rating scale calibratamd to further develop vulnerability
analysis methods as discussed in the previouséatoss. In short, while this
dissertation research has demonstrated the abilttye CCAAF to yield reasonable
outcomes given current data availabilities, thedtgl and reliability of those results can

be substantially enhanced with a more thorough nstaieding of the interplay among
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risk dimensions, and thus how weighting can be ts@aprove culvert asset

prioritization outcomes.

245



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

This research study has sought to develop a ndifagaplicable, risk-based
framework that will enable transportation agentteassess and prioritize the network-
level adaptation needs of highway culvert assetsgihe projected impacts of climate
change. Specifically, this framework examinesithpacts of projected increases in
extreme precipitation to highway culvert assets taedootential for disruption to
roadways due to the failure of those assets umdeeased flows. The outcome of this
research objective has been the development @uhesrt Climate Adaptation
Assessment Framework (CCAAF).

The CCAAF was then implemented in a series of saig#ies, using culvert
inventory and attribute data provided by four sta@Ts (Minnesota, New York State,
Oregon, and Washington State), as well as natiafralstructure datasets, to evaluate
and assess the efficacy of the CCAAF’s applicaéisan infrastructure management and
planning tool given current data availabilities andivert management practices. The
four case study DOTSs represent transportation agemgth culvert management systems
of varying maturity and sophistication. While edise study states are located in the
northern United States, they present different alerand environmental conditions. In
all four case studies, the same assessment frarkevasrutilized, with some adjustments
made to the vulnerability analysis methods dueafterénces in culvert management data

from state to state.
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The outcomes of these case studies demonstratédsyaite differing culvert
management practices among state DOTSs, reasorssassaents of climate change-
related impacts to culvert assets can be undertakhis is facilitated by the use of
nationally-available climate change datasets afrdstructure data, which enhances the
replicability of the framework among state DOTslhregions of the United States.
However, the outcomes of the four case studiedstodemonstrate that risk
prioritization outcomes are highly dependent ugentypes of culvert management data
used to facilitate the vulnerability analysis coment of the framework. Therefore,
continued research is necessary to clarify theectimanagement data needs and
vulnerability analysis methods that would best potera nationally-applicable
assessment, thus enabling a more equitable coropdbt federal adaptation funding,
should such funds become available in the future.

There are three important contributions of thigegsh. The first, a
methodological contribution, is the development dathonstration of the risk-based
adaptation assessment framework itself. The CCrepfFesents an initial effort to move
away from climate change adaptation assessmerttgasthat use the traditional
definition of risk (the combination likelihood ardnsequence). This traditional
definition of risk can be problematic in situatiomkere probabilistic or qualitative
likelihood cannot be easily determined. Instead, GCAAF offers a new
characterization of infrastructure asset risk duelimate change impacts as a function of
three dimensions (climate impact exposure, asdaekability, and asset criticality),
which can be examined across multiple scenaridsé¢ipaesent plausible

characterizations of future conditions, to arriveadust assessment outcomes. This
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contribution expands the current risk managemaesikitoavailable to transportation
professionals (and potentially to other infrastiwetprofessionals), and provides an
alternative means by which to assess infrastruetndeasset adaptation needs.

The second and third major contributions have tavidb specific steps within the
CCAAF that are more practice-oriented contributicatker than methodological. The
first is the development of an extreme precipitagvent projection method whereby
projections of high-frequency heavy precipitatimemsts (e.g., 10-year storm) are used as
indicators of low-frequency extreme precipitatiorerts. These indicators are used in a
geospatial analysis to determine the spatial extedtqualitative changes in precipitation
magnitudes of those events to facilitate systemewimimparison of exposure.

The next contribution is the development of twoveudl vulnerability analysis
methods that illustrate how culvert management @aga condition and functional
performance data) can be used to characterizatlneef potential of highway culverts as
a result of increased flow conditions. The twodifred methods proposed in this
research provide a foundation for future reseanatulvert deterioration and
vulnerability modeling as may be relevant to theeegmg sub-discipline of ancillary
asset management (which may be expected to expéasthastially in the future given
recent revelations in federal transportation legish).

In addition to these contributions, this researelp$ to identify several
assessment framework attributes that would beat#siin future assessments, and
provides an outline of the types of data and infatron needed to perform such
assessments. Such an outline may enable thefidatitin and integration of additional

data types into the assessment framework as ivesah future implementations. For
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example, this research indicates the importandevehtory and inventory data
completeness in conducting network-level assesswéimate change impact risks to
infrastructure. Inventory and data completenesbless a more accurate characterization
of how climate impact exposure, vulnerability, icality and risk are distributed across
network assets.

Second, this research indicates that current dutreanagement data may be
useful in developing relative measures of culvetherability, although much research is
needed to further explore such measures, as wiikagata needed to support them. For
example, future research must investigate the reaidn of the proposed vulnerability
analysis methods to ensure that the qualitativesarea of vulnerability in this study
faithfully convey the quantitative information caited in the culvert management data
items. More broadly, future research must alsestigate whether the vulnerability
measures proposed in this study provide reasor@plie@ximations of culverts’ true
vulnerability in increased flow conditions, but@isvestigate new measures and data
needs that may offer similar measures of vulneitgbil

Lastly, this research demonstrates that the thireertsions of risk proposed in
this study provide a practical alternative chanazé¢ion of infrastructure climate change
impact risks, but that the usefulness of that attaraation can be enhanced through a
better understanding of how those dimensions iotevdah one another and influence
risk outcomes. These contributions of the CCAAH atiributes identified as desirable

in future frameworks are discussed in greater Hietdéine following sections.
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7.1 The Multi-Dimensional Characterization of Risk

The cascading effect of uncertainty in climate geamodeling complicates the
use of adaptation approaches based upon the eraalitiefinition of risk (i.e., the
combination of event likelihood and consequendd)jis is because climate change
projections simply provide plausible character@asi of future conditions, but do not
assign any likelihood to one projection over anotHa response, this dissertation
research suggests an alternative characterizatiofrastructure climate impact risk as a
function of three dimensions: (1) the exposurerpésset to climate change impacts, (2)
the vulnerability of the asset to those impactsl, @) the criticality of the asset as part of
the system. The characterization of risk usingehteree dimensions provides a
framework by which infrastructure adaptation assesgs can then evaluate multiple
plausible characterizations of the future (i.e.|tiple climate projections), instead of
responding to a single future scenario that has peababilistically identified, to
determine outcomes that are robust across a rdmjausible scenarios.

The structure of the CCAAF and the alternative abtarization of risk also
enable the evaluation of other factors that malyanrfce assessment outcomes. That is,
the use of a multidimensional risk matrix couldarmorate additional dimensions. This
is particularly important as future research magnidy other dimensions that are
relevant to adaptation planning that were not aersid here, nor in other previous
assessment approaches. Furthermore, the strudttime CCAAF facilitates the
systematic integration of data into the adaptasisgessment, which may serve to

facilitate greater replicability of the framework.
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Another beneficial aspect of the three dimensiapglroach to risk is that
differential weighting of the three dimensions éoiditional dimensions may be
identified in the future) could afford flexibilityr aligning the assessment outcomes with
agency-specific needs, goals, or priorities. Eamngple, an agency with a mature culvert
maintenance program, and a generally high netwade-wtate of good repair, may seek
to apply greater weighting to the asset criticalityjension in an effort to further harden
system resilience. Agencies may alternatively skedo adjust risk dimension weighting
to align with other broad strategic priorities sashincreasing a system'’s adaptive
capacity. In any event, the implementation of afale weighting schemes that serve
agency- or location-specific management requirdhdu research to investigate the
sensitivity of assessment outcomes to change®imahous risk dimension weights.
This research need is discussed in greater detfllowing sections.

The alternative characterization of risk proposethis research expands the
current risk management toolkit available to tramsgtion professionals and provides
practical and flexible means by which to examindtiple plausible future outcomes.
Additionally, the structure of the framework aneé tsset prioritization afford the
flexibility to integrate additional dimensions asresiderations should they be identified

in future implementations or research.

7.2 Developing Infrastructure-Relevant Climate Im@ct Projections
Developing climate change impact projections thatralevant to infrastructure
planning and management activities is a significduatilenge in adaptation planning, and

much of the current practice relies on a combimatibscenario analysis and expert
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opinion. The framework developed in this researsfs scenarios (multiple analysis
timeframes and emission scenarios) to develop tammclusions about the exposure of
culvert assets to climate change-related increasegreme precipitation magnitude.
However, in developing these projections, thisaedeintroduces a new, data-driven
method to project the relative impacts of extremezipitation events so as to be relevant
to infrastructure planning and management.

This research study has proposed using projectibhgher-frequency heavy
precipitation events (e.g., the 10-year, 24-hoecjypitation event) as indicators of the
relative magnitude and geospatial extent of futoweer-frequency extreme precipitation
events. These projections, when used as indiggiargide infrastructure managers with
a means to reasonably compare the relative impécisnate change-related extreme
precipitation across various regions within an agénjurisdiction, facilitating network-
level assessments. One limitation of this metisdtiat it does not provide an actual
measure or prediction of extreme precipitation éweagnitudes, but rather a
comparative measure. Therefore, this method &liknore useful in network-level
management and planning activities than in inftecstire asset design or in project-level

assessments.

7.3 Measures of Culvert Vulnerability to Increasedrlows
The four state DOTSs that participated in the redeaase studies constitute a
limited sample of state DOTs and culvert managermpettices in the United States.
Nonetheless, they do illustrate the substantiamdity in the types and detail of data

collected for culvert management purposes. Thisrdity of data types and data
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recording practices across DOTSs requires some degridexibility in methods used to
determine culvert vulnerability. This flexibilitg necessary in order to balance the
overarching goal of national replicability with theed to recognize locally-relevant, or
agency-specific conditions and design contexts.

The results of the four case studies (particulahhDOT and NYSDOT) illustrate
that incorporating some measure of vulnerabilitg ithe CCAAF (as opposed to only
considering exposure and criticality) impacts thengization outcomes. However, the
outcomes do suggest that there is also some valagsessing asset criticality and
exposure of critical assets to projected futureipration impacts when vulnerability
information is not available.

It is unclear from the results whether more dedhifdormation (i.e., based on
condition and functional performance criteria, m#/iethod 3) yields any benefit over the
use of a more generalized Overall Condition Ratasyin Method 2) in assessing
vulnerability. Nonetheless, the findings sugghat tulvert asset vulnerability is an
important element in climate change adaptationsgssent, which can have a strong
bearing on the assessment outcomes.

Given the often sparse or incomplete nature ofroEsbculvert management data,
any measure of culvert vulnerability to increadeav$ will likely rely on a limited
number of condition and functional performance di&as. This suggests that the use of
a relative scale (e.g., Vulnerability Index) toeraulvert vulnerability is more appropriate
than seeking any measure of vulnerability in abisohalues, as a relative scale will
enable greater confidence in analysis outcomesiaaseparse data. The diversity in

culvert data types among the four case study D@hgh may provide a reasonable
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illustration of the broader diversity among stat®@T3) further suggests that a one-size-
fits-all approach to culvert vulnerability analyssinappropriate. A reasonable course of
action may be to seek the development of nationiaedjnes for culvert vulnerability
assessment instead of a national standardizatipraofice. Such guidelines could then
be used by state DOTs to inform the developmefdaatlly- or regionally-relevant
vulnerability analysis method that seek consistan@ssessment outcomes, but that still
enable greater flexibility in the methods usedeaayate those outcomes.

The broader significance of the vulnerability aséyresults from the four case
studies is that the differences in vulnerabilitgessment outcomes between the two
methods indicate a need for greater understandittgeanethods themselves as
approximations of a culvert’s true vulnerabilitifuture research is required to validate
whether these two methods provide an accurate meeata culvert’s relative
vulnerability to increases flows. One possiblediion for this research would be to
determine if the two methods could be combineds®functional performance-based
criteria from Method 3 to supplement the overahdition ratings used in Method 2.

One way that this could be done would be to ditigeoverall condition ratings currently
assigned to culverts into two overall ratings: &oreoverall physical condition, and one
for overall functional performance. Such a ratiygtem may allow agencies to perform
a network level screening to separate those cultieat require physical repairs but are
not functionally deficient (i.e., flow capacity mdt impeded) from those that require other
actions (e.g., maintenance) to restore functioediopmance. In addition, future research

should also explore other methods of determiniegréative vulnerability of culverts to
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increased flow given current data availabilitiesyeell as propose additional data

relevant to such analyses.

7.4 Criticality Assessment and Asset Prioritizatio

The method used to conduct the culvert asset@itffassessment in this
research study, although simple, illustrates hoehsn assessment can be used to
provide a relative measure for the consequence onen of risk, as part of the overall
evaluation framework. It also provides a framewankler which additional criticality
criteria could be integrated, or by which additictyaes of criticality analyses could be
undertaken.

The criticality assessment in this study examirmedd categories of criticality
(economic, operational, and health and safety)clviniere informed by criticality
assessments conducted in the Gulf Coast 2 Studwettr, it is recognized that there
are myriad other aspects of criticality that cooifdshould be considered. For example,
as discussed in Section 5.5.1, the evaluation@i@uic criticality in these case studies
explicitly excludes any social component (socio@rnit criticality was one of the Gulf
Coast 2 categories). Certainly social critical#yg., access to hospitals, schools, grocery
stores) is a very important dimension that shoel@ Ipart of overall criticality
assessments. The combined criticality assessrtegmbithe CCAAF, through simple
additive weighting (SAW), enables the inclusiomwdny more criticality dimensions
than were demonstrated in this study. Howeverndoessary exclusion of social
criticality due to data availability difficultiedlustrates the need for further development

of such criticality data (both social and otheat)the national, state and federal levels.
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The criticality assessment approach used in tbhystvhile providing some
measure of the relative importance of the culversolation, fails to account for the
importance of the culvert as one component ofgelanetwork or system. For example,
no network analyses were conducted to identifytithe lost due to detour rerouting, or
to identify the availability of evacuation routeghis is in part a limitation of the data
collected in culvert asset management systemslbotarises out of the need to
reasonably bound criticality analysis. One appndaaecognizing the network-function
aspects of culvert assets in future research woeilic identify critical corridors, either to
supplement or replace the current asset-specificality assessment. Another approach
that could be pursued in future research wouldbbevolve case-study stakeholders to
fully realize the “system-critical” infrastructuréentification mechanism that was built
into the Combined Criticality Analysis, but not denstrated in the case studies due to
the need for local knowledge. Perhaps the mostaoig approach would be a complete
network analysis that identifies detour routes)#at@s the accessibility of locations of
importance (e.g., hospitals), and accounts forrtipacts of increased congestion due to

partial network disruption.

7.5 Matching Output Specificity with Input Uncertainty
It is important in climate change adaptation assesss to recognize the
uncertainty inherent to the climate models andqutipns that are used as inputs.
However, it is equally important to recognize tmeertainty that these inputs, as well as
the framework itself, create in the assessmenbouts and then frame those outcomes

appropriately. One way that this is addressetienGCAAF is the use of risk scales and
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risk matrices to qualitatively assign risk usinignaited number of classifications (e.g.,
high, medium, low). While the assessment couldltexed to increase the number of
classifications (e.g., 1 to 5), or to produce highrecision numerical risk scores, doing
so may inadvertently convey greater certainty enrssults than is supported by the
assessment inputs. While the risk scales usdtei€CAAF provide a reasonable
foundation for assigning qualitative risk, theiassification and calibration should be the
subject of future research to ensure that the outscadequately reflect the level of
uncertainty entrained in the analysis.

Another example from this study of matching inpaotertainty to output detail is
seen in the development of the precipitation exposwaps, where each of the grid
squares were assigned to a qualitative Precipit&iigposure Index classification. This
grid square assignment of range-based exposumemd intended to generalize the
magnitude and, to some degree, the geospatiabdistm of projected precipitation.
However, it is possible that the distinct definitiof the grids used in the geospatial
analysis and outcomes convey greater certaintyanmdsults than is supported by the
down-scaled climate model data. Future researaldgursue ways to further generalize
these results by dividing a state or region intees& range-based precipitation exposure
sub-regions, as opposed to several hundred digfilttsquares under the current
approach. This generalization would likely requtre input of regional experts (e.g.,

state climatologists and hydrologists) to definelstegions.
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7.6 Climate Change Adaptation in the Context of Ifrastructure Management

Although this research study conducts a stand-assessment of culvert risks to
increased extreme precipitation event magnitudesaglimate change, it is recognized
that such an assessment, in practice, would may liake place in the broader context
of infrastructure asset management and decisionng.akn fact, the requirement for
risk-based, performance-based asset managemetentifederal transportation
legislation (i.e., MAP-21) provides strong motiwatifor the greater consideration in
future research of how adaptation assessmentsnteyaice with asset management
programs.

The outcomes of the CCAAF evaluation could prowidkiable input into
transportation asset management decision makitigeibroader context of climate
change adaptation. Not only could the final outesrhelp agencies to identify high-risk
culvert assets by placing climate change-relatet@ms alongside other relevant culvert
management considerations, but the intermediatomés could prove synergistic with
transportation asset management activities. Famele, the precipitation exposure
analysis outcomes could benefit transportationtasa@agement programs by helping to
identify future increased exposure of other tranigtion assets (e.g., bridges, earth
retention structure, non-culvert drainage systamsgktreme precipitation.

Additionally, the CCAAF may also benefit in its rhetlological approach from
integration with an asset management program.ekample, the criticality assessment
could likely build upon existing information andggtices of identifying important
corridors, routes, and network links. Also, twalwd key dimensions of risk — criticality

and vulnerability — are both factors that changigwime. The systematic and periodic
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reevaluation of infrastructure as part of an in$itinalized asset management program
could enable culvert vulnerability (due to changethe condition and functional
performance of the assets) and criticality (duehanges in land use, traffic volumes,
etc.) to be reassessed over time, thus updatinatei change-related risks to culverts.

In addition, the institutionalized nature of traogption asset management
programs could also help to address issues ofodaisistency and completeness, which
were identified in the case study results as @litic the development of a representative
risk distribution. The integration of culvert clate change assessments into
institutionalized transportation asset managemesgrams would likely increase the
systematic collection of data items that are marecty relevant to the three dimensions
of risk. This may lead to more completeness i datords, which would enable a more
accurate characterization of the distribution sk @imensions across the entire culvert
inventory. As always, the costs of collecting &eeping data current will have to be

weighed against the perceived risks of changingatie or extreme weather events.

7.7 Recommendations and Future Research
The previous sections of this chapter have themltidiscussed several
outcomes of this dissertation research, and ingdemm have identified several broad
future research needs. This section briefly recemus several additional subjects for

future research tied to the specific tasks withm €CCAAF.

259



7.7.1 Future Research — Culvert Asset Data and Viuérability Analysis

As discussed above, the analysis of culvert vubigyabased on culvert
inventory and attribute data should be the sulgéotuch future research. As the field of
ancillary asset management expands, it will besasingly valuable to better understand
the physical and functional deterioration of cutwstems, and the resultant
vulnerabilities, both for general asset managerparoses and also climate change-
related assessments. To that end, future resshoehd refine the vulnerability analysis
methods developed in this research study, andmlestigate new measures of culvert
vulnerability to increased flows, and other factoltsmay be valuable to investigate not
only the individual contributions of the culverttdatems and inspection criteria
(discussed in Chapter 4) to culvert vulnerabilityt also the interaction and
compounding effects of multiple criteria on vulnatiy.

Two priorities for research in this area shouldthe:calibration of the two
vulnerability analysis methods proposed in thigaesh; and the investigation of those
methods (and others) as characterizations of dshteue vulnerability. Calibration
should focus on translating the quantitative ragiagales used by DOTSs for culvert
inspection and management into qualitative measurasticularly, it is important that
qualitative classifications faithfully represenétuantitative information recorded by the
state DOTSs.

One important project for future research relatethe efficacy of vulnerability
analysis methods as characterizations of true vaihildy is the forensic analysis of
culvert failures in states and jurisdictions wittising culvert asset management

programs. This type of analysis would enable fal@nd vulnerability-relevant
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condition and performance criteria to be identifieging a foundation for further

research in this area.

7.7.2 Future Research — Precipitation Exposure Argsis

The precipitation exposure projection method dgwedbin this study uses the 10-
year 24-hour precipitation event as an indicatgeaiential low-frequency/high-impact
events. While the projection technique has itsétadion in climatic and hydrologic
theory, further research is necessary to investitied validity of the approach. This
research should focus on three areas. Firstréb&arch study has treated the statistically
downscaled outputs of all climate models (AOGCMg)aly. In practice, it is likely
that some models are superior to others in predjecggional precipitation, and that the
ability of the various models may vary from regiorregion. Research should be
conducted to identify climate models that are regily relevant to the analysis areas.

Second, the precipitation exposure analysis emplwy&EV distribution to
project the magnitude of high-frequency extremeipreation events. While the use of
the GEV distribution has a foundation in the refgM#erature, other distributions (e.g.,
Log-Pearson Type lll) are also suggested. Furésarch should be conducted to
investigate which distributions will provide thesb@utcomes.

Lastly, precipitation exposure was generalized nggpect to relative magnitude
(i.e., classification of quantitative projectioméa qualitative ranges), and to a limited
extent, it was also generalized geospatially (abguares). First, the classification of
projected precipitation magnitudes into defined ealibrated ranges should be further

investigated. This would ensure that relevant eanged more directly to hydrologic
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theory and culvert impacts, are used in analySexond, the grid-based spatial
arrangement of precipitation projections likely gagts greater certainty in the
precipitation exposure analysis outcomes thanppaied by the climate inputs. Future
research should seek ways to geospatially genedapirecipitation exposure outcomes

by, for example, grouping gridded outcomes inteesaMimpact sub-regions.

7.7.3 Future Research — Calibration and SensitiytAnalyses

There are many places in the CCAAF where quantéatizaluation values were
assigned to qualitative ranges (e.g., high/medmn)/based upon engineering judgment
and suggestions from the literature. For examgalgineering judgment informed the
decision to discard from the R-CAP analysis anyeu$ with Certainty Ratings below 2
in NYSDOT, and below 3 in MNnDOT. Each of thesstamces requires research to
further calibrate the qualitative rating scalessgg and to evaluate the bounding and
threshold choices used in this analysis. Sucharebavould serve to mitigate some of
the uncertainty derived from the analysis itseii] altimately strengthen the outcomes of
the CCAAF.

As discussed earlier in this chapter, it is impeeathat the influence of the three
dimensions of risk over the assessment outcomesther understood. As the case study
results indicate, equal weighting of the risk disiens does not equate to equal influence
in the outcomes. Therefore, it is important thatife research pursue a better
understanding of the relative influence of theseatisions through sensitivity analyses
or other analytical approaches. It would be bemaffor this research to also investigate

ways that variable weighting of risk dimensionsiddee used to better align the
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assessment framework outcomes with broader agelaptation strategy goals (e.g.,

stronger focus on criticality, adaptive capaciggiliency, etc.).

7.7.4 Future Research — Broader Applications andreimework Development

The assessment framework developed and demonsimatad dissertation
research has specifically focused on highway cubssets. However, the general
structure and approach of the framework may proait@ppropriate means by which to
assess the climate change-related risks assoevittedther types of assets. It is also
possible that the qualitative approach to riskaéd in this study may have applications
in other non-climate related infrastructure assseasments. The application of the
CCAAF structure to other asset types or in other-donate infrastructure assessments
may also be a reasonable area for future research.

Finally, this dissertation research constituteséral effort to develop a risk-
based assessment framework for network-level etratuaf climate change impacts to
infrastructure assets. It expands upon currenboakstin risk assessment and risk
management, but as an initial effort, future wdrkidd seek to refine the structure of the
framework and investigate additional relevant cdesations that may lead to more

robust assessments in the context of an uncentunet

263



APPENDIX A: FHWA CULVERT INSPECTION MANUAL RATING

SCALES®
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Figure A.1 Condition Rating Scale - Precast ConcretPipe Culverts

® The figures in Appendix A are from: Arnoult (1986)
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Figure A.2 Condition Rating Scale - Cast-in-Place @ncrete Culverts
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Figure A.3 Condition Rating Scale - Masonry Culvers
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Figure A.4 Condition Rating Scale - Found or Vertial Elongated Corrugated Metal

Pipe Culverts
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Figure A.5 Condition Rating Scale - Corrugated MetaPipe-Arch Culverts
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Figure A.6 Condition Rating Scale - Structural Plag Arch Culverts

269



14043 0} pasold HEGY

pasde| |03 K|s1aidwd EINTIFIE [} Buprooy o Supyaesd Jofew [JUaRL1IBS |RIURIILIP
sumaxe pur Bupico) 3o Bupyanosapun wedypubys  (SEGIIE0] e
144041 0) PISOID P . 6upyyd daap *ysna Kaeay pauoyyeds (THiE -
uy Bugysnd |1 1JpRq “pagyey TRRGE e Lt
PINIOD FSIINS IO 2403 Je14e  BYRIApOW ‘YDISOLIDD juedy)jubys ERETERTY -
WL MR e 903 lasde(qod (ejaed 03 3D susaes (ETRGE e 1 o " et sk “mﬂﬂ .
Uo{A23159p WbYIS Bujsned
Ty wi o Bupwuyy pur 1105 4o wojaway|jJuy fuo{jvd0r sue uy Gugyoesd Jofvw (SRS e
UDLIJOVEAD PIEARD IRY JUBUD|INNS  R4IUAAI NP dasnss :EUTIOR] ¢ Y3tuR| WROS pf) UEY) SI9) JO SJURITIP JOJ PIEMINO panog
1584 03 anp SuopIta0 sad IsudiNe (T - Aamayns Jo KE3uedp)iubis pienuy pamoq Bay wlieas TERTE -
UDYS04403 o} INp SUSYIRI0ad Japsuajna ERTTGATY - uB}5ap JO IWIARE § ~ JD ¢ VEY) 00 IUVEE [FIDOTLAON -
U ubysep J0 1PN 02 O §I VINNIR STIREPIO-PIN DUV 061 -
noginoays vopIeLEIu) LLLA3RG ubpsep urys $59p Juesasd gL SJv doq J|wy
§0 sjuncum jueag)iubis f3(0q 0} JL0q wouj PIYIRsd ERIT Jo ajnpio-piw fuayIRL 0) BujuiBaq $aJr 00y Heyiuo|Ides uO
teyan oy Gupyuyy 40 sebing Uj Y0|30IL4p pUr UOYIINIEIP Jurdiypubis faye; Ajjrsauet (TIV(E e 5
Gupsned ALaJanas paemine pamoqg D2y Jo ‘yibua| ueds | 01 2/1
Jo BURISYP ¥ U0) pevwy pomaq Kjawssyne Bay jqbesys tEERT] - Buyaoos Jo Bujxdesd siviopos
ubisap Jo juadaad g = 4o + Weyy suow :OFIT (RUSEIGH - LU0YB0JP  PAJSVRIXR O] AP JURENIIE  [ejIveansyp (BETI00) e
uByIep UMY F58y YWIDLad Oy vey) dsow (ST PIG-DIN 30¥ 00 - Bupaagd mivaapos *ysns Kaway Kpagey sTOE -
ubysap foj|® 03 Jo pene ..3_-. ‘u01S04400 Jurdygjubls ROTER(Y -
YRy SS3| WR04AE O UeY) aJ0Ww Dab d0Y JIey 4O IYRuLPIC-pM T e
1I00NBN0IYY UD{IDILJIP PUR UOLIJOYSIP RV 'LRDEY|ID IETENS e 2 HOLIRINL LU LEENIG
. . J0 wuappae fweas auo Buogr 53|04y 3109 I Buyaoead Joupw (TARIE e
aumanas oy bewep Juedyiubls *Suyioo) so Buy||eds YIOOUS DIRYRAIND ‘PIRAYNO PaYIa| Jap
e Supparaa  Jofew  Cynosepun Kleassas  Cpayried  EITTEGT e Kjwaiyrs Jo parau) pay3sigap Apayesapow Ba) wbiens (TS
SwayIrI0pand ubySap JO aLNd § = 40 + uey) duow UFDS [RINOTLION -
pasaieas  ‘Supind dasp s Lewy aagseeye AR - ubysap Jo wauad §| wjylpm TVFLPIG-PIA 30y 0] -
suayIrioged paieiieas feapyanis-uou S| adeys ‘aunieadnd yyoows (3IRE e 9
fagpe  as0d O NIRIIT ‘UOISOIN0D  IA|SUMNE  SERUTERLY -
B Bujyooy Uy Buyysead sujjapey
ALIvaoL voyIau|gap asanas Buysmed (144399 SO Joujw fuOISO4S O BAD JMR|IINS |R|Judim)ip Joupa (TBUTIOE] e
GOPIRAY U} 310G JO dp)3 Jiqy)d By asow so ¢ pandess EREY e Supangd WIS a5 Mavsapon THTE -
1w1a uy 1a81nq Aop|e 8403 jo Y3TIIE Ou ‘uO|S4se3 Syr.spos UMY -
Bugtned KjaJaass paeming pamoq Dag 40 \i0ud| ueds 271 weyy HGT Y
$5PL NP 40) puemuy PIn0q Kimmays Eay wbyraar tTRYE SIS VOLIRA L) LLLINIRG S0 AaL)q)ssed
ubysap Jo Wwariad 9 = Jo + ury) 3asow (UFS (EjUOETI0] - *stuquado weas Joupw fSajoq 310G A3 ® 1 Buyydesd Jouyw (TREE ®
ubysap veyy 558 Wwadsad gy 0y of (HFIPIG-PIN 3V O] - WIODNS UNYEAIND PUIRING [I138| 48P
ubysep ubiy T8y 130N Qg 04 (5 Ja dOI JRY 4O FYRULPIO Pus Kayeaspow 40 puenwy paiasyyap Apaubyis Gag aubjeans TS e
UOYIINS 0 Np VO|IIBLIP PUT LOYLIOYS|P MAsiNR Jood EEEE e [ ubysop jo updssd § ujky|m JURGY [FIUOEYIEH -
ubysap
WA (10w 0} dBremp pasned - 30 unaed G| 0) Wk || wMn TFTOIPIOPIN 3V G0) -
W ume 118 10ULIIAIPUN pur wo|Sous aep payRI0s TBUTIOR] (3o ianks pUe YI00WE S| BIMBAINS podd K| (viaush (BIFGE o 1
Supiagd dasp ‘ysas Anesy sapsuance TS -
Aoy . uoysosr ou yyyn pood :TBOT001
W02 Jo pPEE -lo:_i_u UO|I0UI0D B jSuaYEE ulﬁ.!._d Buja3|d ou ‘35na (iDL aRdas TAITE -
W e Bujanid 196115 ‘U0§T0LI00- (R I pundes (ERUTERTY ~
woy3a|43p Jofws Gujsned |jos jo UOHIIRAISUOD 03 Wnp sbwuRp pur S1940p Joulw TR ¢
woraILpjup fweas Buole v Bupyiwsd weas Juedpqubys CEEST e WY pur spew Kasdosd (TRIE »
e nBassy Bunjeasnd HHOoUS BINLEAIRD pur
‘HIBUSL uRdS 27| DUR p/| USBNISG BOURISLP JO) PUTRING Danog pamno 4o puenuy paydagep Kpaubyys Kies Bay yybyesys aﬂﬁ .
Aymma\xd 20 ALjuedy|e6is paemui panoq Bay 1ubpras TSI - ubysap Jo wadasd § wuvia (EEGS (RSO IO -
ubytap o Juadsad g - Jo v ueyy asow (TR (VTROTTINY - ubysep jo Jueauad || widin TITOIPIGPIN 50V 001 -
uByEap JO M43 OF OF 02 VAR "ﬂﬂgﬂdﬂ-ﬂuﬂ - sunyeaand (eagayauiks Yyoows “sauelesdde pood .ﬂ.ﬂu . N ]
159 Jo
uasaad g5 uryy Sta| ar doy (w4 JO aiRuipao-ppe {3nouBoay) Wi ren » $
UOLIM P BT WLISIE  WE0LS  Truibure  SRIFE @ v
NOLLIONOD ONILYH NOILIANOD ONILYH

135HVE LHIATIND XO4 VL3N Q3LVONYHOO HOL SANITIAAIND ONILYYH

Figure A.7 Condition Rating Scale - Corrugated MetaBox Culverts
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Figure A.8 Condition Rating Scale - Low-Profile Ardh Long-Span Culverts
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Figure A.9 Condition Rating Scale - High Profile Aich Long-Span Culverts
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Figure A.10 Condition Rating Scale - Pear Shaped lt-Span Culverts
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Figure A.11 Condition Rating Scale - Horizontal Elpse Long Span Culverts
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Figure A.12 Condition Rating Scale - Channel and Cénnel Protection Items
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Figure A.13 Condition Rating Scale - Waterway Adeqacy Items
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APPENDIX B: FEDERAL LANDS HIGHWAY CULVERT

ASSESSMENT TOOL CRITERIA RATING TABLES

Rl i

AL (s TS FWAY

FHWA FLH CULVERT ASSESSMENT GUIDE

CONDITION ASSESSMENT RATING CODES

Good Like new, with litde or no deterioration, structurally sound and
functionally adequate.

Some detenoration, but structuraily sound and functionally
Fair adequate.

Significant deterioration and/or functional madequacy,
Poor requinng repair action that should, 1f possible, be incorporated
into the planned rmadway project.

Very poor conditions that indicate possible tmminent fatlure
that could threaten public safety, requinng immediate repair
Critical acton.

All or part of the culvert is maccessible {or assessment or a
rating cannot be assigned.
Unknown

*  Ingeneral, the lowest elemental rating for the culvert determines the oven [ rating.

o Culvert conditions are assigned the above ratings, while failing culvert pedformance parameters are mdicated by a check
bow if present,

a This guide is used for the ruting of culverts with spans less than 20 fieet as measured along the centerline of the roadway,
a5 defined by NBIS. ("

»  Duetothe varied background and experience of the assessors, and variety of stroe wres and deterioration modes, there i
some mherent subjectivity to assigning the ratings in this guide.

Figure B.1 Culvert Condition Rating Codes

" The figures in Appendix B are from: Hunt et al0{®)
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FERERAL TS FITGFWAY

FHWA FLH CULVERT ASSESSMENT GUIDE

CONCRETE & RCP CONDITIONS

Refer o Photographic Guide for further avsistance with rating axsignment s.

Good Far Poor {Critical
Invert Little or no abrasion, | Moderate abmsionand | Heavy abrasion and Holes or section loss with
Deteriomtion | with light sealing scaling with minor scaling with exposed extensive voids beneath and
undl exposed aperemte loss but no | steel reinforcement embankment or roadway demaps
ETE exposune of steel
reinfomeement
Joints Smooth, ight jonts | Open or displaced Orpen or displaced with Broken open or separated > 47
with minor chips, with minor infil/ exfil significant infil'exfil of | gap with extensive voids and
cracks of water and'or soil soil andsor water and embankment or roadway damags
viouds visible
Crogs- Mone observed Cracks present, but no | Longtudinal cracks m Deformation and cracking has led
S action perceptible cross- crown, invert andlor to extensive infiltmtion of
Defrmatio section deformation haunches, with backfill soil, structuml fmlurs or
perceptible cmss- emhankment and‘or roadway
section deformation dimage
Crackine Boxes and Arches: Boxes and Arches: Boxes and Arches: Resultant displacement at cracks
- Minor hairline or Minor cracks <= /4" | Open cracks =147 wide | has led to extensive mfiltration of
map cracks due to wide, with mmor with sigmificant backfill soil, structuml failure
shrinkape <=1/8" spalls and infillexfil of | mAlexhl and voids, or | and'or resultant embankment
wide at 1solated water or soil, along =5 cross-section andfor roadway damage
areas, not at the crowm or hmmches, COVEmge mny St
LTOWN OF SpTing < 5% cmoss-section
lines, with <25% COVETIPEE ANy Sk RCP: Cracks = 1/8"
cross-seclion wide, or any along
COVETIEE RCP: Few hairline crown or hiwmehes, or
cracks, not at crown or | =25% cross-stction
RCP: Nocracks haunches COVEMmEE dny Sirc
Cormrosion Boxes and Arches: Boxes and Arches: Boxes and Arches: Sigmificant section loss of steel
Chemical Efflorescence Rust staming at cracks | Exposed steel remnforeement that causes pipe
present for boxes & | and spalls reinforcement deformation, holes m pipe walls
arches and embankment and/or madway
RCP: MNortust stuining | RCP: Rust staining or dumage
RCP: No exposed steel
effforescence remforcement
Notes,

. If the sructure is open-bottomed and the side of a footing is exposed, a Level 2 asseszzment is reguined.

- Iff the structure is open-bottomed amd rated in Poor or Critical condition, a2 Level 2 sssessment is reguired,

" If the structure is known to have deteriorated from New/Good condition to Poor or Critical due to inven abmsion or
comosion'chemical attack in 3 years or less, a Lovel 2 assessment is required.

o Sog Lovel 2 Disciplines Matrix in Decision-Making Tool for guidance on Level 2 assesments,

Figure B.2 Condition Rating Items - Concrete and Ri@aforced Concrete Pipes
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NS TG HWAY

FHWA FLH CULVERT ASSESSMENT GUIDE

CORRUGATED METAL PIPE CONDITIONS

Refer to Photographic Guide far further avsistance with rating axsignment s,

Good Fair Poor Critical
Comrosion Little or no surfice Mmor surface rust and | Perforations Significant section loss resulting in
(Above rust ahove the mven | limited pitting ahove visible or easily extensive infiltraton of back fill soil,
Invert) the invert made by hammer | vouds and embankment and'or roadway
Little or no coating test strike above | domage
logs if coated above | Connsc tion hardw ane the mven
the inven corroded but intact
Connection
hardwan: failing
Cross-section | None Slight pemeptible Deformation with | Excessive deformation resulting in
Daformation deformuation at worst BCCOTIPEL Y T2 extensive infiltmtion ofbackfill soil,
section, or local lengm tudimal voids and piping with resultant
bulging cracking or embankment and'or roadway demage
crushing in
crown, invert
and/or spring
lines
Invert Little or nocoating | General corrosion, Perforations Significant section loss in mvert bevond
Deteriomtion loss, andfor light scaling or pitting with | visible or casily perfomtions resulting in extensive voids
rust staining but no | coating loss, but made by hammer | beneath invert and/or embankment
metal section loss stgnificant emaining test strike in andior madway domape
metal section invert arca
Joints & Minor demage with | Open or displaced with | Open or Open or displaced with sign Gcant
S A no separation gapa minor infilexfil of displacal with infiltration of hackfill soil, and
witer andlor soil significunt seeompanying embankment and/or
mfilfexfil of soil | madway damage
and/or water and
vioids wvistble
Motes:

o Ifthe structure is open-bottomed and the side of o foting 15 expossd, a Level 2 asssssment is required.

s Ifthe structure is open-bottermed and rated in Poor or Critical condition, a Level 2 assesament is requimed.

s Ifthe structure in known to have detedorated from New/'Good condition to Poor or Critical due to abmsion or corrosion
in 5wears or less_a Level 2 assessment is required

+  Ses Level 2 Disciplines Matrix m Decision-Making Tool for puidimes on Level 2 pssessments,

Figure B.3 Condition Rating Items - Corrugated Metd Pipes
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AL TS JRITEFWAY

FHWA FLH CULVERT ASSESSMENT GUIDE

PLASTIC PIPE CONDITIONS

Refer to Photographic Ginde for further avsistance with rofing gy sigrment 5.

Good Fair Poor Critical
Liner/ Liner is smooth with | Slight re-corrugation Sigmificant re- Exceasive tears, splits and/or bul ges
Corrugation no signs of re- of inner liner or wall corrugation of mesulting in extensive infiltration of
corrugation {rippling | buckling inner bner or wall | backfill sotl, voids and piping with
1":" all o in smooth liner) buckling resultant embankment and/or roadway
Condition Splits, tears, and dumage
Mo splits, tears, cracks ==6" long at Splits, tears and
cracking or localized | hmited Iocations cracks at several
hulging locations =6"
long
Tmvert None Minor wear or Sigmificant wear Significant section logs in invert
Deteriortion ahrasion and perforati ons through outer wall of pipe resulting in
voids beneath mvert and/or
embankment and/or roadway demage
Joints Minor demage with | Open or displaced with | Open or Open or displaced with signi Gcant
no separation gupa miner infilexfil of displacal with infiltration of hackfill soil, and
witler and’or soil significant seeompanying settlement of, or
mfil'exfil of soil | sinkholes in, embankment and'or
and/or waterand | madway damage
vivids visible
Cross-section | No cross-section Shight perceptibles Sigmificant Excessive deformation resulting in
Deformation | deformation deformation andfor perceptible embankment and/or roadway damage
few bulges deformation and/or significant loss of conveyance
Miotes:

o Ifthe structure is known to have deteriotated Som New/\Good condition to Poor or Critical due to abrasion in § vears or
less, o Level 2 assessment 15 required.
o See Level 2 Disciplmes Matrix in Decision-Making Tool for puidance on Level 2 assessments,

Figure B.4 Condition Rating Items - Plastic Pipes
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A TS BTG WAY

FHWA FLH CULVERT ASSESSMENT GUIDE

TIMBER CONDITIONS

Refer to Photographic Ginde for further avsistance with rofing gy sigrment 5.

Croond Fair Poor Critical
Iovert None Minor section loss Significant Complete loss of séction at invent
Deterioration with no perforations section loss msulting in extensive voids beneath
andior invert undior embankment and/or
perforations rindway damage
present with
HECOTIPELIY T
mfiltration and
voids
Joints & Minor domage with | Displaced or sepamted | Displaced or Excessive deformation, displacement or
S pams no separation gaps with minor mfikexfil, | separated with separated with accompanying
but no visible viads significant embankment and/or roadway
Surface rusting of mfilexfil and ssttlement’ sinkholes
connes bon hardware | Connection hardw are visible voids
corroded but imtact Connection hardw an: fuilure resulting
Connection im joint and seam damage and
Perceptible hardwars failing | wfiltration of back (il soil and madway
deformation and/or dumage
warping, with minor Sigmificant
cracks warping and
crackingbreaking
Rot and None Minor, local dama e Significant Severe deformation due to section
: or or secton loss section loss, logses amdior erushing, with
Hanar At crushing and/or embankment und/or roadw ay domage
cracks and holes
with significant
imfilfexfil of soil
and water with
voids visible
Mortes:

«  Ifthe structurs 15 open-bottomed and the side of o foting 15 expossed, o Lewel 2 assessment 15 requinsd.
«  Ifthe structure is open-bottomed and ruted i Poor or Critical condition, o Level 2 assessment is requined.
«  Ifthe structure has detertorated from New/Good condition to Poor or Critical in 5 vears or less, aLevel 2 assessment is

required,

s  See Level 2 Disciplines Matrix in Decision-Making Tool for guidsnce on Level 2 assessments.

Figure B.5 Condition Rating Items - Timber Culverts
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AL TS BT WAY

FHWA FLH CULVERT ASSESSMENT GUIDE

MASONRY CONDITIONS

Refer to Photographic Guide for further avsistance with rating axsignment s,

Giood Fair Poor Critical
Cross-section | Mone Minor cracking ereptible Holes ind gaps have led to extensive
Deforination visible, but no deformation, and | mfil tration of back fill soil and resultmt
perceptible lomm tudimal embankment and/or roadw ay damage
deformution cracks in crown,
mvert and/or
apring lings
Invert Minor scaling of Significan! scaling Diispluced mortar | Significant holes and section loss at
Deteriomtion jomt muterial or with loose mortar and/or blocks, invert resulting in extensive voids
blocks nimvert area | and/or blocks n mven | holes in mvert beneath mver and/or embankament
area irea andfor madway domaps
Mortar and Isolated, mmor Maortar/block crushing | Missing and/or Widespread holes have led to extensive
Masonry martar deterioration | and loss, lonseblocks | displaced blocks | infil tration of backfill soil, voids, and
o piping with resultant embankment
All blocks in place Minor infil'exfil of sail | Infiliration and and/or moadway damage
and stuble vioids
Mo mhkexfil of soil
Motes:

o Ifthe smucture is open-bottomed and the side of o footing 15 exposed, o Level 2 assessment 15 required.
«  Ifthe structure 15 open-bottomed and rated m Poor or Critical condition, a Level 2 assessment s requined.
o Ifthe structure has deteriorated from New!Good condition to Poor or Critical in 5 vears or less, aLevel 2 assessment is

required.

s See Level 2 Disciplines Matrix im Decision-Making Tool for further guidance on Level 2 assessments.

Figure B.7 Condition Rating Items - Masonry Culvers
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EERERAL TS FTEFWAY

FHWA FLH CULVERT ASSESSMENT GUIDE

APPURTENANCES CONDITIONS

Refer o Photographic Guide for further avsistance will roting gy sgrment s,

Good Fair Poor Critical
Headwall! Little or no cracking, | Minor cracks and Area affected by cracking Partially or totally collapsed, with resultant
rs tatiom, or spalls in concrote and spalling is =50 and'or | damage to embankment and'or roadway
W ll.']g‘l.i'&" dizplacement rebear exposed damage
Minor mtation
Light concrete anior displacement | Significamt displacement at
scaling, timber rot, with gap in harrel cracks or wall mtation
metal comosion or SEAM causing a gap at the wall-to-
other surface barrel interface =47,
deterioration Minor footing
EXRELE Footing exposed and
No footing exposed wnderminad
Apron Mo cracking, piping | Minor cracking it | Significant cracking affects | Partally or totally collapsed, significamly
ar undermining no v isible piping or =5 of apron ciiceting performance amdor causing
e mining embankment amd’or readway damage
Significant piping or
undermining
Flared End Little or no visible Minar cracking, Significant cracks, piping or | Deteriomaton is significantly ¢focting
- eracking, detenomtion, or wndermining affocts =500 performance and’or causing embankment
E_DLI:IUH o deterioration, or deformation of appurenance andfor madway damage
Pipe End deformation
Minar wsdermining | End crsshod or separated
Mo undermiining from bamel
Soour Little or o Localized Significant displacements, Partially or totally failed, significantly
r displacement or displacement of wndermining or effecting performance and’or cavsing
Protection umsdermining of individual ipmpor | deteriomtion effocting the embankment and'or roadw sy damage
indlividual rip rap or | aroor wmits, porformance of the counter
AT wits unde miining or measure and culven
detenipmtion strischure
Tight inerface with
culyort stnsctune Slight separationat
culvert imerface
Motes:

«  Ifthe apron has deteriorated from New/'Good condition to Poor or Critical in 5 vears or less due to agpressive abrasion, o
Level 2 assessment i required.
s See Level 2 Disciplines Matrix in Decision-Making Tool for puidance on Level 2 assessments,

Figure B.8 Condition Rating Items - Appurtenances
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WTI Culvert Rating Data Collection Form ®

APPENDIX C
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Figure C.1 WTI Culvert Rating Example Data Collection Form
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APPENDIX D: ORITE CULVERT RATING ITEMS AND SCALES °

(a) Inventory Data

Location (District. County. Roadway, Straight Line Mileage. . ).

Culvert Material Age (Year Built) Type of Protective Coating

Shape Rise Span Length

Wall Thickness No. of Cells No. of Joints Slope

Max. Height of Cover Skew Angle Inlet End Treatment Outlet End Treatment
Hydraulic Capacity Channel Protection ADT Modifications

Past Inspection & Maintenance Records

(b) Primary Data

Actal Rise Actual Span | Inlet End Conditions | Outlet End Conditions
Actual Wall Thickness Material Conditions in Main Barrel Sounding (by a hammer)
Vertical Alienment (Settlement) Horizontal Alienment Joint Conditions
Conditions of Protective Coating Footings Invert Paving

(c) Secondary Data
Conditions of Roadway Surface Conditions of Guardrails & Posts
Conditions of Embankment Slopes Conditions of Headwall at Inlet End
Conditions of Headwall at Outlet End Sediment Depth Inside Culvert
Channel Alignment | Channel Obstruction Channel Scour | Channel Protection
Drainage Flow Velocity Abrasive Conditions
Chemical Analysis Results on Water Sample pH of Dramnage Water Level of Inspection

[Note] Items in bold face letters are rated 1 1-9 scale.

Figure D.1 Concrete Culvert Data Items

° The figures in Appendix D are from: Mitchell et £005)
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(a) Inventory Data

Location (District. County. Roadway_ Straight Line Mileage. . ).

Culvert Material Age (Year Built) Type of Protective Coating

Shape Rise Span Length

Wall Thickness No. of Cells Slope Skew Angle

Max. Height of Cover Inlet End Treatment QOutlet End Treatment Hyvdraulic Capacity
Channel Protection ADT Modifications Data on Invert Paving
Data on Backfill 501l Trench Dimensions Past Inspection & Maimntenance Records

(b) Primary Data

Actuoal Rise & Span

Other Cross-Sectional Dimensions

Deflections

Shape Evaluation Inlet End Conditions

Outlet End Conditions | Actual Wall Thickness

Material Conditions Horizontal Aliecnment

Vertical Alisnment (Settlement)

Conditions of Seams

Conditions of Protective Coating

| Conditions of Invert Paving

Conditions of Footings

(c) Secondary Data

Conditions of Roadway Surface

Conditions of Guardrails & Posts

Conditions of Embankment Slopes

Conditions of Headwall at Inlet End

Conditions of Headwall at Outlet End

Sediment Depth Inside Culvert

Channel Alienment | Channel Blockage

Channel Scour | Channel Protection

Dramage Flow Velocity

Abrasive Conditions

Chemical Analysis Results on Water Sample

pH of Dramage Water | Level of Inspection

[Note] Items in bold face letters are rated in 1-9 scale.

Figure D.2 Metal Culvert Data Items

(a) Inventory Data

Location (District. County. Roadway, Straight Line Mileage, . ).

Culvert Material Age (Year Built) Manufacturer Product Name
Diameter Length No. of Cells Wall Thickness

Type of Joint No. of Joints Slope Max Height of Cover
Skew Angle Inlet End Treatment Outlet End Treatment Hydraulic Capacity
Channel Protection ADT Past Inspection & Maintenance Records

(b) Primary Data

Actual Rase & Span

Other Cross-Sectional Dimensions

Deflections

Shape Evaluation Inlet End Conditions

Outlet End Conditions | Actual Wall Thickness

Material Conditions Horizontal Alignment

Vertical Alicnment (Settlement)

Conditions of Joints

(c) Secondary Data

Conditions of Roadway Surface

Conditions of Guardrails & Posts

Conditions of Embankment Slopes

Conditions of Headwall at Inlet End

Conditions of Headwall at Outlet End

Sediment Depth Inside Culvert

Channel Alicnment | Channel Blockaoe

Channel Scour | Channel Protection

Dramage Flow Velocity

Abrasive Conditions

Chemucal Analysis Results on Water Sample

pH of Dramnage Water | Level of Inspection

[Note] Items in bold face letters are rated i 1-9 scale.

Figure D.3 Thermoplastic Pipe Culvert Data Items
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Rating Descriptions

9 (Excellent) Good, mtact; No signs of delanunation.

8 (Very Good) Generally good; mtact; Minor delamunation (hairline cracks) at one location.
7 (Good) Minor delamination (hairline cracks) of coating at 1solated locations.

6 (Fair) Minor delamination {hairline cracks) of coating at numerous locations.

5 (Fair-Marginal)

Moderate delanmination (extensive cracking & peeling) of coating at a few 1solated
locations as well as minor delanunation (hairline cracks) at numerous locations.

4 (Marginal) Moderate delamunation (extensive cracking & peeling) at numerous locations.
3 (Poor) Coating or paving removed over a large area at 1solated locations.

2 (Verv Poor) Coating or paving removed over a large area at numerous locations.

1 (Failure) Coatmyg or paving 1s only present m small areas inside the culvert.

0 (Failure) Coating or paving is totally non-existent 1n the culvert.

Figure D.4 Protective Coating and Invert Paving Codition Rating Scale

Rating Condition

9 (Excellent) New condition.

8 (Very Good) Good, no signs of matenial deteriorations (no cracking, no spalling, no scaling); No
movement (dropping off or hiftmg up) of the culvert end; No scouning undemeath.

7 (Good) Signs of minor material deterioration (cracking. spalling, scaling); No movement
{dropping off or lifting up) of the culvert end: Minor scouning at the end.

6 (Far) Signs of minor material deterioration (cracking, spalling. scaling), Minor movement

(dropping off or lifting up) of the culvert end: Minor scouring at the end.

5 (Faiur-IMarginal)

Moderate deterioration of the culvert matenal (cracking, spalling. scaling), Mmor
movement of the pipe end; Moderate scouring at the end.

4 {Marginal) (No specific conditions addressed).

3 (Poor) Moderate deterioration of the culvert material (cracking. spalling. scaling); Moderate
movement of the pipe end; Moderate scouring at the end.

2 (Very Poor) Sigmificant degradation of the culvert material (cracking. spalling. scalmg); Severe

movement of the end; Severe scouring at the end at the end.

1 {Critical)

Culvert end section has partially collapsed or collapse 15 imminent.

0 (Failure)

Total failure of the culvert end section and fill around it.

[Mote] End section is generally defined as the first/last 5° section of the culvert structure.

Figure D.5 Culvert Inlet and Outlet Sections Conditon Rating Scale

Rating Descriptions

9 (Excellent) New condition.

8 (Very Good) Good with no erosion.

7 (Good) Moderate erosion, causing differential settlement and munor cracking i footing.

6 (Fair) Moderate craclang and differential settlement of footing due to extensive erosion.

5 (Fair-Marginal) | Significant undercutting of footing and extreme differential settlement: Major
cracking in footing.

4 (Marginal) Rotated due to eroston and undercutting: settlement has caused damage to culvert.

3 (Poor) Rotated; severely undercut; Major cracking and spalling

2 (Verv Poor) Severe differential settlement has caused distortion and kinking of culvert.

1 (Failure) Culvert has partially faled or collapse 1s imminent.

0 (Failure) Culvert has faled completely.

Figure D.6 Footings Condition Rating Scale
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Rating Descriptions for:

Cracking Deterioration (Spalling, Movement (Settlement,
Delammation, ) Rotation, )

9 {Excellent) New condition. New condition. New condition.

8 (Very Good) Aged concrete; Some | No signs of matenal | No movement.
discoloration; No cracks. deterioration Minor

discoloration.

7 (Good) A few to several haurline | Light scaling (less than | Slight movement on one

cracks detected. 1/8 m or 3 mm deep): | side (or i one area).
Shght loss of mortar
Agpregates not exposed.
6 {Satisfactory) Extensive hairline crack- | Minor delamination or | Shight movement on both
ing. No rebars exposed. spalling along cracks | sides
Surface scaling 1/8 to 1/4
m (3 to 6 mm) deep.
Some small aggregates
lost.

5 (Fair) One of the cracks 15 at | Moderate  delamination. | Moderate movement on
least 0.1 mch (3 mm) | Moderate spaling. Rebars | one side (or i one area).
wide. beginning to surface.

4 (Poor) A few major cracks in | Moderate spalling/scaling | Moderate movement on
addition to some haithne | at isolated locations. One | both sides.
cracks. side of the first layer of

rebars exposed .

3 (Serious) Several major cracks | Moderate scaling has | Severe movement on one

nunning through the wall. | occurred at many | side (or mn one area).
locations. First layer of
rebars exposed complete- | Rotation up to 4 m per
ly. Moderate degree of | foot (335 mum per m).
concrete softening.

2 {Critical) Numerous major cracks. | Severe  spalling/scabing | Severe movement on both

Some TegIONS are
beconung almost loose.

has occurred extensively.

sides.

1 (Critical)

Major portion of the headwall gone; Rebars exposed
extensively and corroded severely.

Headwall has
failed.

partially

0 (Failure)

Headwall has collapsed completely.

[Mote] Rate the headwall at inlet & outlet separately.

Figure D.7 Headwall and Wingwall Condition Rating Sale
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Descriptions for:

Alignment Scouring Obstruction

O (Excellent) | New conditions. Channel | New conditions. No scouring | New conditions. No debris
15 straight for more than at either inlet or outlet ends. or sediment accunmlation
100" at both upstream & anywhere.
downstream. No adverse
conditions detected.

8 (Very Channel straight for 507 to | Very minor (< 6" deep) scour- | Minor debris accumulation.

Good) 100" at one end, for more | ing at both inlet and outlet
than 100" at other end. ends.

7 (Good) Channel is straight for 50° | Minor (67 to 127 deep) scour- | Minor sedimentation and
to 100" at both ends; ing at one end. debris accummlation; Up to
Minor sediment accumu- 5% blockage of channel
lation: Bush growing. OPENIng.

i Channel is straight for 20° | Minor (67 to 127 deep) scour- | Minor sedimentation and

(Satisfactory) | to 307 at one end; Channel | ing at both ends; Top of debris. Up to 10% block-
is curved by 20° to 40° footings is exposed. age of channel opening;
angle near inlet; Deposit Bush or tree growing in
causing channel to split. channel.

5 (Fair) Channel is straight for 207 | Minor (67 to 127 deep) scour- | Waterway moderately (up
to 507 at both ends; ing at one end; Moderate (127 | to 25%) restricted by tree,
Channel curved by 40° to | to 247 deep) scouring at the shrubs, or sedimentation;
50% angle near inlet; Flow | other end; Footings along the | Bush or tree growing in
hitting outside headwall; side are exposed. channel.

Stream meandered; Signs
of Bank erosion.

4 (Poor) Channel curved by 50° to | Severe (27 to 3° deep) scouring | Partial (up to 50%) block-
70% angle near inlet; Flow | at one end; Less scouring at age of channel opening;
enters culvert by other the other end; Bottom of Large debris in the water-
means than design open- | footings is exposed; Not way: Occasional overtop-
ing; Signs of Bank undermining cutoff ping of roadway.

ET0S101. walls/headwalls.

3 (Serious) Channel curved by 70° to | Major (= 3° deep) scouring at | Mass drift accumulation
00" turn near inlet; one end; Cutoff walls and'or | has restricted 75% of
Erosion behind wing- headwalls being undermined; | channel opening;
walls; Erosion of embank- | Footings are undermined; Occasional overtopping of
ment encroaching on Structure has been displaced roadway.
roadway. of setfled.

2 (Critical) Channel flow piping Structure or roadway weaken- | Culvert waterway blocked
around culvert; Erosion of | ed by bank erosion or scour up to 85% by mass drift
embankment encroaching | problem: danger of collapse accunmlation; Frequent
on roadway. sometime in the fufure. overtopping of roadway w/

significant traffic delays.

1 (Failure No channel flow enters Structure or approach weaken- | Culvert waterway 100%

Imminent) culvert; Severe piping ed; danger of immediate blocked by deposits; Water
problem around culvert; collapse. pooling outside and not
FRoad may be closed due flowing through pipe;
to channel failure. Road may be closed due to

channel failure.

0 (Failed) Pipe has collapsed. Pipe has collapsed. Pipe has collapsed.

- 1 (Under Cannot be rated; still under construction.

Construction)

Figure D.8 Channel General Condition Rating Scale
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APPENDIX E: UTAH DOT CULVERT PERFORMANCE RATING

10
SCALES
Obstructions/Roadway/
Rating | Alignment Scour y
Structure
No indicati f bed
9 Good. © Indica |0n_ orbedseolr MNo obstructions.
or bank erosion.
No indication of bed scour
8 Adequate. . MNo obstructions.
or bank erosion.
_ Mild bank erosion or bed . ) _
7 Fair. Minor debris accumulation.
SCOur.
. Moderate bed scour or Minor sedimentation and
6 Not desirable. _ . )
bank erosion occurring. debris.
Significant bed scour or
bank erosion requirin Waterway moderatel
Channel alignment _ L ; d . . Y Y
5 o investigation to determine restricted by trees, shrubs,
beginning to change. ) .
need and nature of or sedimentation.
corrective measures.
Alignment causing . _ _
. Protection required due to Partial blockage of channel
4 embankment erosion and .
. bed scour or bank erosion. | or culvert.
undercutting of structure.
Scour due to alignment The structure has been Mass drift accumulation has
3 threatening structure of displaced or settled due to | severely restricted channel
approach embankment. bank erosion or scour. or culvert opening.
Structure or approach Structure or roadway
approe weakened by bank erosion | Culvert blocked by mass
2 weakened by scour due to . :
. or bed scour; danger of drift accumulation.
poor alignment. )
collapse with next flood.
Channel directed at )
. Structure or approach
embankment causing .
1 weakened; danger of Close to traffic.
server scour of approach . .
immediate collapse.
embankment.
0 Closed to traffic; washed
out by flood action.

9 The figures in Appendix E are from: McGrath ancher (2004)
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Rating | Shape Seams and Joints Metal
9 New. Tight; no openings. Near original condition.
Good; smooth curvature in barrel, Superficial rust no
8 horizontal diameter within 10% of Tight; no openings. ittFijn ’
design. pIINg.
Generally good; top half of pipe Minor cracking at a few bolt
7 smooth but minor flattening of holes; minor joint or seam Maoderate rust; slight
bottom; horizontal diameter within openings; potential for pitting.
10% of design. backfill infiltration.
Minor cracking at bolts is
Fair, top half has smooth curvature ) g ) i
prevalent in one seam in Fairly heavy rust;
but bottom half has flattened ) ) - ;
6 o . ) lower half of pipe; evidence | moderate pitting; slight
significantly; horizontal diameter | o\ il infilration through | thinnin
within 10% of design. n g g-
seams or joints.
Generally fair; significant distortion
, y tair, ,g . Moderate cracking at bolt ,
at isolated locations in top half and Extensive heavy rust,
) ) holes along one seam near L
5 extreme flattening of invert; ) . deep pitting; moderate
) ) bottom of pipe; deflection of o
horizontal diameter 10% to 15% ) ) thinning.
) pipe caused by backfill.
greater than design.
Marginal significant distortion Moderate cracking at bolt . .
9 9 ] g Pranounced thinning with
throughout length of pipe; lower holes on one seam near top come deflection-
4 third may be kinked; horizontal of pipe; deflection caused enetration whe1n struck
diameter 10% to 15% greater than by loss of backfill through p. )
] L with pick hammer.
design. open joints.
Poor shape; extreme deflection at
isolated locations; flattening of Extensive heavy rust
! g 3-in long crack at bolt holes o vy '
3 crown, crown radius 20 to 30 ft; deep pitting; scattered
. ) . on one seam. ,
horizontal diameter in excess of perforations.
15% greater than design.
Critical; extreme distortion and
deflection throughout pipe;
) 9 PIPE, ) Plate cracked from bolt to Extensive perforation due
2 flattening of crown, crown radius
: _ bolt on one seam. to rust.
over 30 ft; honzontal diameter more
than 20% greater than design.
Partially collapsed; crown in reverse Invert completel
1 y psec. Failed; close to traffic. ) pletely
curve. deteriorated.
i ; Partial or complete
0 Closed to traffic. Totally failed.

collapse.

Figure E.2 Round/Vertical Elongated Corrugated Metd Pipe Barrels Condition
Rating Scale
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Rating

Alignment

Joints

Concrete

9 New condition.
Good; no settlement : No cracking, spalling, or scaling present;
8 O Tight; no defects apparent. . 9. 5P g: . gp ’
ar misalignment. surface in good condition.
Generally good; . . i )
) .Y g_ ' : ; . Minor hairline cracking at isolated
minor misalignment | Minor openings; possible o ) i
7 . ) _ ) locations; slight spalling or scaling
at joints; no infiltration/exfiltration. )
present on invert ar crown.
settlement.
Fair; minor Minor ba.ckﬁll |nﬁ|trat|0n Extensive hairline cracks, some with
. due to slight opening at . L o
misalignment and . ) ) minor delaminations or spalling; invert
6 Joints; minor cracking or ) . _
settlement at } - . scaling less than 0.25 in. deep; small
isolated locations spalling at joints allowing spalls present
’ exfitration. PSP ’
o Cracks open more than 0.12in;
Generally fair; minor . L .
misalianment or Open and allowing backfill | moderate delamination and spalling
5 settler?went to infiltrate; significant exposing reinforcement at isolated
throughout bibe- cracking; significant joint locations; large areas of invert with
_g . p Pe, spalling. surface scaling or spalls greater than 0.25
possible piping. .
in. deep.
Marginal; significant o
settl?emer;t z?nd Cracks open more than 0.12 in. with
misalianment of Differential movement and | efflorescence and spalling at numerous
4 e gvi dence of separation of joints; locations; spalls have exposed
pipir; - section significant infiliration or reinforcement bars which are heavily
p_p 9 exfiltration at joints. cormoded; extensive surface scaling on
dislocated about to . .
invert greater than 0.5 in.
drop off.
Significant openings,
Poaor; significant dislocated joints in several
onding of water locations exposing fill . . i .
P g i o b .g Extensive cracking, spalling, and minor
due to sagging or matenals; infiltration or ) Lo .
3 . . , , radial shear failure; invert scaling has
misalignment pipes; | exfiltration causing ) )
i - , exposed reinforcing steel.
end section drop off | misalignment of pipe and
has occurred. settlement or depressions
in roadway.
Crltl::.al; .culverl not Severe radial shear failure has occurred
functioning due to ) .
2 _ in culvert wall; invert concrete completely
alignment problems ) L :
deteriorated in isolated locations.
throughout.
1 Partial collapse. Close to traffic.
Total failure of
0 Close to traffic.

culvert and fill.

Figure E.3 Concrete Pipe Barrel Condition Rating Sale
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Rating | Shape and Alignment Joints

9 New ar like new condition; pipe is clean, straight, and New; tight with no defects

deflected 5% or less. apparent.
Good, smooth curvature in barrel; no settlement or ; )
. . i . o Tight with no defects

8 misalignment; vertical diameter within 5% of original inside apparent
diameter; no buckling of pipe surface. PP '

Generally good; minor misalignment at joints; no settlement; , , :
. } Minor openings; possible
generally smooth curvature with minor flat spots or bulges; , ) ;

7 , ) . infiltration/exfiltration of water
vertical diameter between 5% and 7.5% of original inside , ) .

, . . with no soil particles.
diameter; no buckling of pipe surface.
Fair, minor misalignment and settlement at isolated locations;

6 generalized flat spots or isolated areas of buckling in the liner; | Minor backfill infiltration due
vertical diameter between 7.5% and 10% of original inside to slight opening at joints.
diameter.

Generally fair, minor misalignment or settlement throughout
pipe; possible piping; significant distortion at isolated locations | Open and allowing backfill to

5 and extreme flattening of invert; generalized liner buckling; infiltrate; possible gasket
vertical diameter between 10% and 12.5% of original inside displacement.
diameter.

Marginal; significant settlement and misalignment of pipe; Differential movement and
evidence of piping; end section or headwall dislocated; separation of joints;

4 significant distortion throughout length of pipe; corrugations significant infiltration or
may show some buckling; some circumferential cracking that exfiltration at joints; deflection
does not allow soil entry; vertical diameter between 12.5% caused by loss of backfill
and 15% of original inside diameter. through open joints.

Significant openings;
L. . ) ) dislocated joints in several
Poor; significant ponding of water due to sagging or vertical . i
L ) i . locations exposing fill
misalignment; poor shape with extreme deflection at isolated . ) .
) ) ] ) ] materials; infiltration or
3 locations, general areas of flattening; circumferential cracking ] )
) ) exfiltration causing
that does not allow soil entry; flattened crown; vertical misalianment and deflection
diameter between 15% and 17.5% of original inside diameter. ) g
of pipe and roadway
settlement.
Critical, reverse curvature; excessive piping and loss of

2 alignment; vertical diameter differs from original inside
diameter by more than 17_.5%; minor roadway subsidence.

1 Partial collapse; holes in road surface. Totally failed; close to traffic.

0 Pipe collapsed; road closed to traffic. Totally failed; close to traffic.

Figure E.4 Plastic Pipe Barrel Condition Rating Scke
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Ad-i usted

Immediacy of Action

Rating Course of Action
9 No repairs needed.
8 No repairs needed; list specific items for special inspection
during next regular inspection.
7 Note in inspection report No immediate plans for repair; list specific items to monitor in
only. next regular inspection.
By end of next season, add to scheduled work; put on
6 increased inspection schedule until maintenance is
completed.
5 Place in current schedule, current season; inspect at first
reasonable opportunity. Increase inspection frequency.
Special notification to Pr_ior_ity for.current seaso_n, revit_ew work plan fc_;r relatiye
4 _ priority; adjust schedule if possible. Increase inspection
superior is warranted.
frequency.
3 High priority for current season, as soon as can be
scheduled. Increase inspection frequency.
Highest priority, discontinue other work if required; perform
2 emergency subsidiary actions if need (one lane traffic, no
Notify superiors verbally as | trucks, reduced speed, etc.) Increase inspection frequency.
1 soon as possible and Emergency actions required; reroute traffic and close
confirm in writing. roadway. Increase inspection frequency.
0 Close roadway for repairs; temporarily reroute drainage,

where necessary. Increase inspection frequency.

Figure E.5 Culvert Maintenance Ratings
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APPENDIX F: MRUTC BASIC CONDITION ASSESSMENT

RATING ITEMS AND SCALES !

Rating Condition

5 Looks new or in excellent condition

4 Age deterioration is minor, no deformations of the openings, no or
less settlement of the debris, invert not corroded or eroded

3 Age deterioration 1s moderate, some deformations of the opening,
minor cracks, moderate settlement of debris, mverts corroded or
eroded

2 Age deterioration is significant or failure of the inverts 1s
mmminent, inverts heavily corroded or eroded, large settlement of
debris, major cracks

1 Ends totally/partially broken

Figure F.1 Culvert Invert Condition Rating Scale

Rating Condition
5 Looks new or n excellent condition
4 Good condition, light scaling, hairline cracking, no leakage. no

spalling, minor rotation

Horizontal and diagonal cracking with or without efflorescence.,
3 minor rusting, leakage and erosion, minor scaling, differential or
rotational settlement

Cracking with white efflorescence, major cracks, failure 1is

2 mmminent, heavily scaled or rusted, partial collapse of end
protection
1 Total/partial collapse of end protection

Figure F.2 Culvert End Protection (Headwall/Wingwal) Condition Rating Scale

™ The figures in Appendix F are from: Najafi et @008)
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Rating Condition
5 Looks new and in excellent condition
4 Minor settlement of the roadway. no cracks
3 Minor settlement of the roadway and minor cracks
2 Heavy settlement of the roadway or major cracks
1 Roadway collapse 1s imminent

Figure F.3 Culvert Roadway Condition Rating Scale

Rating Condition
5 Soil m very good condition, no erosion found i and around the
) structure
4 Minor erosion away from the structure, no problem to the culvert
3 Moderate erosion near the structure, no cracks on the headwall
- Slope stability problem near the culvert, extensive hairline cracks
" found near the headwall
1 Embankment has collapsed or failure is imminent

Figure F.4 Culvert Embankment Condition Rating Scaé

Rating Condition
5 Footing mtact and in good condition
4 Minor erosion or cracking or settlement 1n the footing
3 Moderate cracking or differential settlement of the footing
2 Severe differential settlement has caused distortions in the culvert
1 Culvert has collapsed or failure is imminent

Figure F.5 Culvert Footing Condition Rating Scale
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Rating Condition
5 Newly installed or lined culvert
Looks new with possible discoloration of the surface, galvanizing
4 partially worn, hairline cracking, no settlement of the above roadway,
light deformation. no debris inside the structure, light corrosion inside
or outside the culvert
Medium rust or scale, pinholes throughout the pipe material, minor
3 cracking, slight discoloration, isolated damages from cracking, minor
settlement of the roadway, minor deformation of the culvert, minor
settlement of debris inside the culvert
Heavy rust or scale, major cracks with spalling, exposed surface of
2 the reinforcing steel, heavy settlement of the debris mside the
structure, visible settlement of the above roadway, heavy deformation
. Culvert 1s structurally or hydraulically incapable to function,

exceeded its design life, culvert partially collapse or collapse is
imminent

Figure F.6 Culvert Overall Condition Rating Scale
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APPENDIX G: PRECIPITATION EXPOSURE ANALYSIS MAP

RESULTS
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Figure G.1 Minnesota Precipitation Exposure Index =0 (B1, Mid-Century)
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VULNERABILITY ANALYSIS MAP RESULTS
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APPENDIX I: COMBINED CRITICALITY ANALYSIS MAP
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APPENDIX J: CULVERT ASSET PRIORITIZATOIN MAP
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APPENDIX K: CULVERT ASSET PRIORITIZATION TABULAR

RESULS - COMPARISON OF VULNERABILITY METHODS

Table K.1 Minnesota R-CAP Method Comparisons, Mid-@ntury

Minnesota

Method 2 - R-CAP

Minnesota

Method 3 - R-CAP

) Index . Index
Mid-Century 1 5 3 Mid-Century 1 5 3
— 1 60604 1471 (0| 1 63158 134 | O
8z 3 8z 3
£07T 2 0 2026 950-2 2 0 2048 | 0
Ly = Oy =
=7 | 3 0 o [o|=F 3 0 0|0

) Method 3 - R-CAP
- Upgraded R-CAP Index Minnesota Index
Mid-Century
- No change in R-CAP Index 1 2 3
(qV
- Downgraded R-CAP Index 3 % x ! >8861 32 |0
£0T 2 1359 2082| 0
O =
=7 | 3 0 8 |0

Table K.2 Minnesota R-CAP Method Comparisons, End-®Century

Method 2 - R-CAP

Method 3 - R-CAP

Minnesota Minnesota
Index Index
End-Century 1 5 3 End-Century 1 5 3
— 1 | 51807 | 3335 0 — 1 | 55735| 472
8% 3 8% 3
£03T 2 0 7713 | 41 £03T 2 0 7932
O = O~ =
s 3 0 1060 | 154 | = © 3| 0 1191 | 4
) Method 3 - R-CAP
- Upgraded R-CAP Index Minnesota Index
End-Century 1 5 3
- No change in R-CAP Index
%‘ . 1 | 50176 106 0
- Downgraded R-CAP Index § 8 % > 2997 8870 3
O~ =
s 3 0 184 | 6
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Table K.3 New York R-CAP Method Comparisons, Mid-Ceatury

Method 2 - R-CAP Method 3 - R-CAP
New York Index New York Index
Mid-Century 1 > 3 Mid-Century 1 > 3
— 1 51340 3920 |0 - 1 46893 726 | O
ES: S
£07T 2 0 2950 | O £0T 2 0 1848| 0
Ly = D =
=7 | 3 0 o 0|7 3 0 0|0
Method 3 - R-CAP
- Upgraded R-CAP Index New York Index
Mid-Century 1 5 3
- No change in R-CAP Index
N 1 43326 202 | O
- Downgraded R-CAP Index | B %
£03T 2558 2345| 0
O =
e 3 0 0|0

Table K.4 New York R-CAP Method Comparisons, End-OfCentury

Method 2 - R-CAP

Method 3 - R-CAP

New York New York
Index Index
End-Century 1 5 3 End-Century 1 5 3
— 1 50071 4573 |0 | - 1 46146 872 | 0
%3 8338
£07T 2 0 3565 |1 SO i 2 0 2448
Oy = L =
=7 |3 0 o |0|=%F"| 3 0 0 |00
Method 3 - R-CAP
- Upgraded R-CAP Index New York Index
End-Century 1 5 3
- No change in R-CAP Index
_‘;‘ O x 1 42170 249 | O
- Downgraded R-CAP Index g ZE) 9 2979 3031 1
Lo = 0 10
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Table K.5 Oregon R-CAP Method Comparisons, Mid-Centrry(Left) and End-Of-

Century (Right)

Oregon Method 3 Oregon Method 3
Mid-Century 1 2 3 | End-Century 1 2 3
— 1 2543 430 | O | < 1 1976 696 | O
83 83
£03T |2 0 168 |1 | 0O S| 2 0 467 |0
Uy = L =
=7 |3 0 o [0|=%F"| 3] o 1 |2

[]

- Upgraded R-CAP IndeD - Nomppa in R-CAP Index|:| - Downgraded R-CAP bde
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