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EXECUTIVE SUMMARY

Infrastructure resilience has become an important topic for North Carolina. Recent hurricanes and
other extreme eventshawvea us ed mor e than $450 million in de
infrastructure.In addition to the cost of the infrastructuréetNCDOT spent considerable

resources to redesign and repair many elements after eachfex@riew of the NCDOT records

following Hurricane Florence indicates that more than 3,000 disruptions resulted from that event
alone. Some of these locationsrev&lentical to those damaged durligrricane Matthew buthe

amount of damage watifferent between the two events, suggesting that DOT strategies were
effective. However, detailed quantification of the performance differences have not been
completed and thus NCDOT engineers must rely on qualitative and anecdotal evidence as to the
effectiveness of various strategies.

Though many agencies have studied the topic of infrastructure resilience to extreme events, the
literature suggests that the generalizability of their findings is limited because of the contextual
sensitivity of the available strategies. In this case, datthe effectiveness of design and repair
strategies within the context of North Carolina is required. Thus, research is needed to identify and
evaluate the specific elements of the new infrastructure that positively contributed to the improved
performane during Hurricane Florence and those that did not positively contribute.

With respect to this neethis research project has sought to achfeue objectives1) evaluate

the design process for roadwafrastructure that was repaired following Hurricanes Matthew and
Florence 2) identify the specific elements of the new infrastructure that positively contributed to
improved perfomance during Hurricane Florencg} develop recommendations on improving
database and refining management, maariea and repair guidelines; and 4gvdiop
recommendations on a set of design features and practices that contribute to improved resilience
of NCDOT roadways.

The research achieved these objectives by first conducting a literature review on the relevant topics
in order to establish a baseline knowledge and ensure that the project addressed critical knowledge
gaps. Then locations wher@adway infrastructure failed during Hurricanes Matthew and Florence
wereidentified, mapped, and comparédext, theperformance othe maintenance, repair, and
reconstruction strategies deployed in the aftermath of Hurricane Mattiee@evaluated and
guantitatively assesseBirom this process, aeries of detailed case studigsre carried outo

identify the design factors and repair/maintenance decisions that led to better performance during
Hurricane FlorenceFinally, the case studies were examined in order to identify factors that
contributed to increased potential for damage and vulnerability were identified.

Based on this research it wiarst concluded thathe actions taken by the NCDOT hydraulics unit

and maintenance operations group following the recent hurricanes have been effective at
increasing the robustness and reparability (i.e., resilience) of roadways with pipe crossings. These
actions include degn and repair decisions as well as decisions to create a database to catalog
damage assessmenitswas also found that ken pipes and culverts were redesigned following
hurricane related damage thia¢ywere almost always upsized. Between approximately 67% and
75% of the damaged sites evaluated were undersized by current design standards prior to them
being damagedrhis finding does not mean that the same proportion of all sites across North
Carolina are under designed, but that, as expected, sites that are under designed with respect to the
common design event are more likely to be damaged during an extremel&eargsearch team

also concluded that the following features had a positive effect onvédrallorobustness or



reparability of pipes; 1) headwalls, 2) extended rip rap along the banks or embankments, 3) use of
No. 57 stone as backfill or bedding, 4) ensuring sufficient cover and managing headwater to bed
to-crown ratios when making design decisions, 5) using (wpessible) norerodible or less
erodible soils, and 6) mitigating side ditch slope issues. Finally, the research also identified several
features that when existing in combination can negatively affect the vulnerability of a site; 1)
presence oérodible sil, 2) surroundinggswamps,3) nearbybeaver dams4) wide flood plains,

andb) strong flow (indicated by erosion in the bottom of the channel).

This research resulted in three primary recommendations. First, the NCDOT continue to follow
the practices used following Hurricanes Matthew and Florence. Second, the Survey 123 database
be enhanced to store additional information about the design and pepeess. Third, the
NCDOT continue to monitor the performance and monitor flow rates at select sites cataloged in
this research project.



1. INTRODUCTION

1.1.Overview

Infrastructure resilience has become an important topic for North Carolina. Recent hurricanes and
other extreme eventshawveaused mor e than $450 million in de
infrastructure.In addition to the cost of the infrastructuréetNCDOT spent considerable

resources to redesign and repair many elements after eachfex@riew of the NCDOT records

following Hurricane Florence suggest that more than 3,000 disruptions occurred. Some of these
locations were identical to those damaged duHigricane Matthew. However, the amount of

damage waglifferent between the two events, suggesting that DOTegies were effective.

There are many potential reasons for thitcome

1. when the infrastructure was initially designed and constructed the design codes and standards
werenot he same as those used post Matthew,

2. the infrastruct ur andperhaps Mal taccimelated wWamage that dhael r
weakened the infrastructure,

3. flooding intensities, though similar and walhove normal expectations, may hahféered,
and

4. debris flow/actual capacity due to deferred maintenancehaegalso differedin the two
events.

There may also be other reasons, but whatever the,daetser knowledge about thepair
decisions that had the most positive impact would aid in deploying strategies that result in a more
resilienttransport#ion infrastructure in North Carolina.

This studyhasevaluaté the specific elements, design features, or repair options used in the new
infrastructureto identify what elements had a positive contributiothe improved performance
during Hurricane Florence and those that did not positively contribute. Though guidance on
improved and/or resilient design exists from the FHWA, AASHTO, NCHRP, and others, these
issues are highly context sensitive with manytdbating factors including age, maintenance
levels, rainfall intensity, etc. that neséates a North Carolina specific investigation.

1.2. Status of the Literature

A comprehensive review of the literature pertaining to this project is presented in Appendix A,
while a summary of most relevant components of this review is presented below.

1.2.1.0verview of Hydraulic Design Practice

The basic process of hydraulic design at a national leasl reviewed According to Federal
Highway Administration (FHWA) design philosophy, the primary purpose of highway drainage
facilities is to prevent surface runoff from reaching the roadway and to remove rainfall or surface
water efficiently from the roadwayror a given structure that services a specific drainage area, an
estimate of the amount of runoff that will occur for a storm is considered to be a major component
of the hydraulic design proce¢Kilgore et al., 2016) A number of hydrologic methods are
availablein orderto analyze and determine peak runoff for a given storm. From these runoff
estimates, design engineers utilize the runoff in conjunction with frequency analyses to
characterize the risk for a given drainage area and structure. During design, terms of annual
exceedanceprobability (AEP)or recurrence intervals are used to describe the probability of
occurrence of a giveprecipitation event. Based on the probability of occurrence of an event and



the peak runoff that will occur for that event, a hydraulic engineer can design the drainage structure
to be able to withstand that precipitation event.

1.2.2.National, State, and Regional Hydraulic Design Practices

National guidelines outlined by FHWA for hydraulic design are utilized in order to prevent surface
runoff from reaching the roadway and to remove rainfall or surface water efficiently from the
roadway. The NCDOT's 2016 hydraulic design guidelines consolidate and revise previous
guidance to address new challenges in drainage system design for NGbde@ projects
(Chang, 2016)Theliterature review examirtthe current state of design guidelines for extreme
storm events and best practices in the desigoegso The review focud®n how the guidelines

were applied during Hurricane Matthew and Hurricanes Florence to identify any deviations and
improvein future guidelines for increased resilience.

Current practices ofhe NCDOT suggest thahydraulic guidelines to estimate peak storm
discharge rates for drainage deslmym used These guidelines rely on hydrologic methods and
consider watershed characteristics. Designers are advised to select an appropriate method, calibrate
the results with historical data, and consider future land use changes. Accurate estimation of
dischargeates is crucial for managing erosion, sediment transport, and flo@semgreux2003.

This literature reviewalsoexaming the design process utilized by national and state agencies
Through this reviewthe design process and best practices can differ from other state agencies in
the region While some minor differences were identified, all surrounding states follow the same
basic approach as the NCDOT and closely adhere to federal guidlarnices. review, methods
used by the NCDOT including Flood Insurance Study (FIS), Rational Method, NCDOT Method,
USGS methods, andational Resources @servation ServiceNRCS were comprehensively
explored (Genereux2003;Chang, 2016Feastet al., 2009feasteet al., 2014. It was found

that while the NCDOT follows the same general guidance ttleathydraulic design put into
practice can vary slightly, as each projeasunique circumstances that might require the design
engineer to deviate from the guidelinébe design practicescluding USGS methods, NCDOT
Highway Hydrologic CharandNational Resources Conservation ServdRCS), and Hydraulic
Reports were discussed wNCDOT hydraulics engineers

Once the appropriate method has been selected, the design frequency for that roadway or structure
must be determined as welthe designstorm frequency for NCDOT drainage structures is
determined based on variables such as the roadway classification, traffic volume, level of service,
flooding potential to properties, and maintenance costs, among ¢@tearg, 2016)Overall,

these design frequencies ensure that drainage systems can effectively handle flood events within
acceptable limits.

1.2.3.InfrastructureResilience

The literature pertaining to transportatiofrastructure resilience can be grouped into one of four
main focus areasrameworks for enhancing resiliendesign for resilience, tools for assessment
of vulnerabilities,and studies to identify and justify the return on investments in resilience
initiatives to decision makers

Studies pertaining to frameworks for enhancing resilience was reviewed. From this review, it was
established thatreimportant component of developing a robust resilience plan is the establishment
of a strong framework through which to structure decision making and planning. The framework
gathers in one sequence of steps the various activities that will enhance aryajen r es i | i

e



efforts to natural and humataused hazards and threaBoiney et al., 2021 It also guides
transportation officials in; 1) understanding what their agency is currently doing with respect to
resilience, 2) identifying where new or modified actions could be taken to enhance these efforts,
and 3) recommending steps that can beertato implement these actions. Several different
resilience frameworks exist that have addressed various aspects of an organizational perspective
on resiliencePOHS, 2021; Parkeand Matherly2021; Filosa et al., 2017; NIST, 206/ hile

many frameworks exist, they generally share the same essential concepts including recognition of
hazardof different types and severjtthe presence of infrastructuelements at various locations
across the network, the limited role of design in mitigating these unforeseen and extreme events,
and the need for institutional changes to address the challenges brought on by the above. These
institutional changes may include larger focus on data cuwliecfinventories, condition
assessment, centialanning of rehabilitation/replacement plans, etc.).

A selfassessment tod developed o assess the current status of
the resilience of the transportation system through the mainstreaming of resilience concepts into
agency decision making and procedui@srney et al., 2021)he selfassessment tool is based

on a resilience framework, the Framework for Enhancing Agency Resilience to Natural and
Anthropogenic Hazards and Threats (FENRHT). The frameworkis based on a series of 10
sequential steps. These steps were explocoatprehensively in the literature reviedv.score is
determined for each of the 10 steps in the framework and a total score is summed across all the
steps to determine how mature the organization is with respect to undertaking resilientssl
activities and efforts. Based on the percent s@series of recommendatiolmg functional areas

are provided for the user to achieve or maintain the highest level of resilience capabdity
underlying concept is that periodic examination of all agency actiontributing to a resilient
transportation system is an important foundation for a resilierieated agency.

Other frameworks developed by Caltrans &talvaii DOT (HIDOT)were also explored. The

detail of these frameworks is explained in the literature revigaitrans condued a study to

assess vulnerabilities in the state highway system due to climate stressors like sea level rise, storms,
temperature changes, precipitation, and wildfires. The findings &énaheapplicability for other
transportation agencies seeking to improve climate change communication and implement
effective adaptation measurédDOT has adopted a stageise resilience framework consisting

of shortterm, midterm, and longerm strategie$Sniffen, 2021) This framework complements

the FEARNAHT framework by addressing specific issues and monitoring the impact of resilience
actions. HIDOT aims to achieve early successes while effectively adapting to climate change
challenges.

Studies pertaining tdesign for resiliencevere reviewedand it was found that the collective
decisions made based on lessons learned after previous disasters can be used to improve the design
of the infrastructure to be resilient against threats and hazards. These decisions are based on limited
information and locatiospecificanalysis, which needs to be monitored and modified over time

as new information becomes available. While much of the literature on resilience pertains to
institutional approache® tembedding resilience as a guiding principle, there does exist some
evidence that improvements in design practices can also be a part of a resilience framework. A
review of this literature suggests design improvements can be done with respect towhegollo

(1) transportatiorrelated hydraulic asset§2) asphalimix design and (3)pavement structer

design. The design improvements in these areas can be applied by changing the design thresholds
and standards.



When designing transportatisalated hydraulic assets like bridges and culverts, the traditional
approach is to use a design event with a specified return period ofkigére et al, 2016)For
instance, NCDOT guidelines specify storm design frequencies based on road type. Designers
estimate hydrologic quantities for the target AEP and size the structure accordingly. However,
relying solely on return periods can be misleading. Probaliktyriyy can help accurately calculate
these probabilities.

Approaches to design a resilient infrastructure suggested by FIBv@¥ard County in Florida,

Port Authority of New York and New Jers@@ANYNJ), and ASCE/SEI 2414 were reviewed.

The detail of these frameworkare explained in the literature revieweHWA is reducing
vulnerability by either reducing the sensitivity of the assets to extreme events or by enhancing the
adaptive capacity of the assets, or bd€lgpre et al, 2015 The strategies that are part of this
design approach include reinforcing roagwa@mponents, evaluating the watershed for debris
production potential, evaluating stream geomorphology for channel stabilityineBroward

County Florida, certain improvements were added to the resilience guidelines to mitigate the issues
of sea level rise, increased storm intensityastal and inland floodingextreme rainfall and
drought etc. (Jurado, 2021Y.he Climate Resilience Guidelines (CRG) developed by the Port
Authority of New York and New Jers€?ANYNJ) offer a sciencévased approach toanaging
climaterelated risks, particularly sea level riensore, 2021)These guidelines supplement
building codes and provide a methodology for incorporating projected sea level rise into project
design. The CRG works alongside the ASCE standard for Flood Resistant Design and
Construction, which sets requirements for cargion in floodprone areagsASCE/SEI2414,

2014) Approaches to increasing the resilience of an asset to flood damage and/or operational
disruption generally fall into the basic cgteies of; (a) elevate, (b) relocate, (c) protect, or (d)
accommodate. These approaches are discussed in detail in the literature review.

Studies pertaining towulnerability assessmentere alsoreviewed. From this review, it was
established that an important step in improving resiliency is identifying the vulnerable locations to
prioritize for improvement. A vulnerability is a consistent part of any resilience framework as it
critically assesse$azards, their likely location, and the existence of infrastructure at those
locations. There are different frameworks that rely on vulnerability assessment of different
infrastructure including vulerability and resilience framework for Atlanta region. This approach
represents a general framework for the assessment of vulnerability of different elements of
transportation infrastructure and resiliency of different elements of transportation intrtastruc
against extreme event®WSP, 2018) NCHRP 20683(05) provides a guide for an eiggtep
diagnostic framework for undertaking an adaptation assessment. This framework includes the
steps that should be taken if transportation officials want to know wlimaate stresses the
transportation system might face in the future, how vulnerable the system will likely be to these
stresses and what strategies can be considered to avoid, minimize, or mitigate potential
consequences. Methods to incorporate adaptationerns into a typical transportation planning
process are also describ@deyer et al., 2014)

Studies conducted biublic Infrastructure Engineering Vulnerability Committee (PIEVEGE

UK Highway Agency USDOT, WSDOT, MPO, and FHWA, Connecticut DOand other
agenciesvere reviewedFilosa, 2017PIEVC, 2008;Parsons Brinckerhoff2008;Choate et al,
2014, CDOT, 2014t opezCanty 2018; PennDOT, 2017; Bosma et al., 2015; Crow et al., 2014,
Bhatet al., 2019Blandfordet al., 2019 Canadian engineers have employed a $itep protocol,
created by the PIEVC, to evaluate the vulnerability and abdiy of different types of public



infrastructure in the face of climate chan@®EVC, 2008) The UK Highway Agency has
developed the Highways Agency's Adaptation Framework Model (HAAFM) to address climate
change challengedarsons Brinckerhaff2009. This framework consists of seven stages that
guide decisiormaking processes, including identifying objectives, assessing climate trends,
evaluating vulnerabilities, analyzing risks, exploring options, implementing action plans, and
reviewing the adaptation pyoam. It allows the agency to examine various aspects such as
standards, specifications, maintenance, and network operation to effectively respond to the impacts
of climate changelhe U.S. Department of Transportation (USDOT) conducted a comprehensive,
multi-phase study of Central Gulf Coast region to better understand climate change impacts on
transportation infrastructure and identify potential adaptation stratggiesmte et al, 2014 he
project resulted in a detailed assessment of
as approaches for using climate data in transportation vulnerability assessments, methods for
evaluating vulnerability and adaptation options

Studies pertaining to return on investmestevalsaeviewed. From this review, it was established

that the process of improving resiliency is more of an iterative process since every framework and
design needs to be monitored and modified over time. Each decision to change the framework and
design need®tbe carefully made since any change in this scale should economically be justified.
Therefore, benefitost and return on investment analyses are another important element of
improving resiliency of thénfrastructure. The resiliency of the infrastructure consists of various
interdependent elements which makes this type of remhinvestment analysis particularly
complicated and for this reason there are a few studies in this area which are in lingmarye

stages. Approaches and tools to evaluate return on investment suggested by ADOT, the Urban
Land Institutes, MPO, MassDOTRennDOT and UDOT were reviewed (Olmsted, 2021;
Dewberry Engineers2020; McGinley, 2021;Lewis et al., 2021;Urban Land Instute, 2020;
Holsinger,2017). These approaches are discussed in detail in the literature review.

1.2.4.Summary and Knowledge Gaps

In this literature review, the North Carolina DOT drainage and hydraulic design was reviewed and
compared against other design guidelines (regionally and nationally). The major components
considered in the hydraulic design are peak runoff, annual exceegdestzability (AEP), and
rainfall intensity. These components are ref
of which are used to select the size and other details of a hydraulic structure. The review has shown
that these design events kastatistical uncertainties, which should be taken into account. These
uncertainties, and the probabilistic implications of the uncertainties, become more pronounced
with more extreme events (i.e., lower AEP). Much of the current literature also higtimlats
climate change adds further uncertainty because it implies-atationary effect. Consequently,
several cited studies have recommended using the mesi-dgie precipitation data and
projections to properly identify design intensity. The review &sind that FHWA has produced

a manual, which explicitly recommends incorporating potential effects of extreme events and
climate change because it was established that this approach will enhance the life cycle benefits.
In a related effort, NCHRP has syswmred several research projects that ipggduced guideand
comprehensive framewakor considering and incorporating climate change into the design
processes for inland and coastal applications.

The literature review found that NCDOT currently follows FHWA guidelines for hydraulic design.
The current practice of NCDOT was described in this literature review and it was compared with
ot her states®d pr aatcdlating pesak stormtdischampgest desigh fequdemcies



were compared between NCDOT practice and other states. The important component that is
missing from the design guidelines is that they do not use the méstdape design events and

there are no dynamic guidelines, i.e., in the case of failure due remextevents, it is not
established that how the design should be improved for future events.

The review of the literature shed that infrastructure resilience is becoming an increasingly
critical issue for many agencies and organizations. The literature also demonstrates that resilient
infrastructure requires a complex and integrated framework of engineering and institutional
management, policy, and decision makirigalso requires changing the design standards to be
more adaptive to impacts of extreme events, conducting vulnerability assessments to identify
locations with highest priority to afyp necessary changes, and determining the return on
investment when an option or multiple options are considered in decision making. These actions
can be interconnected and/or be a component of a resilience framework.

While the leading edge of research has not yet produced specific guidance on how to ensure that
infrastructure is resilient to extreme events, it has produced framewtikggiesand examples

to follow towards that goaDverwhelmingly, these methods begin with collecting and analyzing
performance data in order to develop quantified analyses to support further decision making and
improvements in policy and practic&ince the codes and standards as well as policy and
socioeconomic conditions vary grgattom one state to the next, this data collection must be done

by each agency within their own jurisdictions in order to provide accurate and meaningful insights.

In addition, the detailed literature review has confirmed that there does not currently exist national
guidance to identify when certain repairs, designs, strategies or other approaches are efficient
enough to make a system more resilient in long termallysiihe last step of any framework is to

monitor the applied strategy or design, but theneotcurrently sufficientong term evaluatios

of the recommended strategy, repair, or design. In another words, the guidelines are in the stage of
Awhat should be donedo or fAwhat has been done,
stage of fAwhat has been doafet @amdc dirotwaitmee g it ¢

1.3.Report Organization

This report is organized into five main chapters &wd appendices. Chapter 1 (this chapter)
provides an overview of the project and its goals along with an abbreviated summary of the
literature. The detailed literature review is shown in Appendix A. Chapter 2 discusses the research
methodology and is supplented with Appendt B. Chapter 3 and AppendicesEpresent the

results of the research study. Chapter 4 provides the conclusions and recommendations, while
Chapter 5 presents the implementation axhmology transfer plan. References for citations
provided in the body of the report are provided in Chapter 6 (references for the full literature review
are provided in Appendix A).



2. RESEARCH METHODOLOG Y

2.1.Overview

Overall, 138 sites (damaged in both or one of two events) were selecdvaluated in this
project.The sites were chosen after mapping all of damaged sites and sorting by type of damage
(roadway, embankment, etc.) along with the cumulative rainfall from the respective storm event
across North Carolinalhe required rainfall intensity data was obtained from NOAA National
Weat her Database and the damage data was pr ov
NCDOT Project 202D3. The detail of the vulnerability assesmnt is presented in Section 2.2.

For each site, théydro reports, contracts for work completed, photos, damage reports were
comprehensively reviewed for the selected sitesist of all the selected sites for this study is

given in Table C1 in Appendix C of this documentin addition to detailed assessment of
performance and vulnerabilities through case studiesrviewswere carried outith division
engineers to gain insights into their practices, assessing sites based on information gathered during
site visits

2.2.1dentify North Carolina Vulnerabilities
2.2.1.Vulnerability Based on Similar Hurricane Intensity

The dailyQuantitative Precipitation Estimates (QRigre extracted from the National Weather
Servicegd NWS) NOAA for the period of October 610, 2016 and September 139, 2018 for
Hurricane Matthew and Florence, respectively. Since cumulative rainfall causes much of the
damagethe cumulative precipitation for the corresponding periods was calculated and mapped in
GIS (Figurel). Thedetailof this analysis is discussed in Appendix B.

Cumulative Precipitation on Oct 8 - 9, 2016 Cumulative Precipitation on Sep 14 - 18, 2018
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Figure 1. Intensity maps for Hurricanes Matthew (left) and Florence (right).

These maps were overlapp@dArcGIS usingthe Intersect tooin order to find regions with the

same level of precipitation in both events. Since the damaging amount of precipitation is the focus
of this studypnly areas with precipitation levdtggher than 8 inchesereconsidered. The results
indicate that NCDOT Divisions 2, 3, 4, 5, 6, and 8 have the same level of precipitation in common.
Among these divisions, Division 6 is the key region with the samekitgvel of precipitation in

both events andne of the most damaged locations in Hurricane Flordfigerge?2).



Cumulative Precipitation on Oct 8 - 9, 2016 and Sep 14 - 18, 2018 Cumulative Precipitation on Oct 8 - 9, 2016 and Sep 14 - 18, 2018
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Figure 2. Collocated areas with high level of pré_éipitation, (a) Division 6 as study region
and (b) Divisions 3 and 4 for verifications study.

2.2.2.Vulnerability Based on Similar Damaged Locations

The information and GIS layers for damaged locations after Hurricane Matthew and Florence were
obtained from NCDOT project RP 208B. Additional information and GIS layers for damaged
locations after Hurricane Florence were obtained from NCDOT SurveyTl#3focus of this
analysis is on locations with damaged pipes. Locations damaged after Hurricane Florence were
combined from NCDOT RP 20213 and Survey 123The deta# of this mapping analysis is
presented idetailin Appendix B.The GIS layers for daaged locations after Hurricanes Matthew

and FlorencéFigure 3 andFigure4) were overlappednd a500-meter buffeiwas applied to all

sites from the datasetsocations where the buffers overlapped were considered as candidate sites
for being damaged in both Hurricane Matthew and FloreRicpi(e5). The number of damaged
locations in each county, number of overlapped locations, and percentage of overlapped locations
with respect to number of damaged locations after Hurricane Florence are summaraae 1n

Maps associated with each county including the overlapped locations are presented in Appendix
B.

Legend “v®'
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Figure 3. Damaged locations (pipes) after Hurricane Matthew.
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Figure 4. Damaged locations (pipes) after Hurricane Florence.
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Figure 5. Overlapped damaged locations (pipes) after Hurricanes Matthew and Florence.

Table 1. Number of damaged locations (pipes) in each county.

Damaged Damaged after
after Florence  Matthew

Division County Overlappedt % Overlapped?

Robeson 57 78 7 12.3
Columbus 50 40 5 10.0
6 Harnett 16 31 1 6.3
Bladen 70 37 3 4.3
Cumberlant 41 37 1 2.4
Johnston 22 47 4 18.2
Wayne 95 95 6 6.3
2 Lenoir 33 39 6 182

1 Within 500 meters
2 With respect to Florence cases
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Table C1in Appendix C provides a list of all selected sites that were damaged after both Hurricane
Matthew and Florence. The identification number assigned to eaclt@ageising the county

code, the | ocation number, and |l etters AMFO
Hurricane Matthew and FIl ofléMroe.i nBocatasampilhat
corresponds to Robeson County (code 77), locationbeuns 1, and was affected after both
Hurricane Matthew and Florence (MF).

2.2.3.Vulnerability Based on Damaged Locations Only in One Event

To compareheperformance athe pipesiuringthetwo events andlentify anypatterns associated

within the datasites for case studiegereidentified based on the damage occurring in either or

both eventsi.e.,damaged after Hurricane Matthew and not damaged after Hurricane Florence or
damaged after Florence and not damaged after Hurricane Matthew. With respect to the project
goals, these sites are as important as the overlapped site (locations damaged ents)thesause

they represent; 1) cases where design/repair decisions after Matthew also made the structure robust
against Florence and 2) cases where the existing design was able to withstand Matthew but were
damaged after Hurricane Florence (saniWater levels in bothlSince thedatabases for pipes
damagediue to Hurricane Matthew afait Florencecontain a larg@umber ofcasesa subset of

critical casesvasidentified based osimilarities or differences in category of repair cost and level

of precipitation.The number of cases that were selected in each couptgsented inrable2

while Appendix B shows the details of the analysis.

Table 2. Number of selected sites that were damaged in only one of two events.
Division County Damaged after Matthew Damaged after Florence

Robeson 16 9

Columbus 6 6

6 Harnett 5 3

Bladen 7 8

Cumberland 4 4

4 Johnston 0 0
Wayne 9 12

2 Lenoir 9 7

A list of all selectedsitesthat were damageafter only one of two even{dlatthew or Florence)

is provided inTable C1in Appendix C.Similar to overlapped location$d icentificationnumber
assignedtoeachcaseonsi sts of county <code, the | ocatic
|l etter AFO foXxMFIl orence (e.g., 77

2.3.Conduct Performance Assessment
2.3.1.Site Visits

Site visits to a subset of damaged sites were carried out to verify the data available through the
databases and reports provided by the NCDOT and to collect additional supplementary
information.Initially, the research teamisited 26sites in Johnston and Robeson County. These
initial visits provided insights tdefinea detailed approacfor collecting dataduring the larger

field data collection effortA sample ofsurvey form is presented igure C1in AppendixC. As
instructed in the survey form, informatidwgged includegipe sizethe existence of headwalls

and their sizethe existence and length oip rap the direction of streanilow (verified where
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unclear with Streamstatsoil type, recent damage or repair, and @aherfeatureghat may have
contributed to vulnerability (sag/crest, wide/narrow streambed and floodplain, etc.). In addition to
these detailsmultiple photographavere also taken Based orthis datacollection methodthe
research teamand NCDOT summer interngsited 59 sites insix countiesincluding Wayne,
Lenoir, Harnett, Bladen, Cumberland, and ColumBusummaryof all visited sites igprovided

in Table C1 in AppendixC. The datawas organized and inputs for design analysis, signs of
deterioration after the event, possible contributing featuresyaszompiled.

2.3.2.Flow Analysis usingdydraulic Design Tools (HDS5 and FB)

For the purposes of this projethe HDS5 and HY-8 design toolsvere used to evaluate the
hydraulic designgh more detail In addition to evaluating the pipes for the design flow condition,
models for the casetamaged in Florence and Matthewere developed The HDS5 software
(Figure6) relies on established nomographbjchvaries by pipe type, améquires inputs of peak
dischargeinlet arrangemenslope,and culvert diameter in inchedY -8 (Figure7), which is a
computerized implementation of tseame FHWA culvert hydraulic analysis approach outlined in
HDS-5, allows the user to more accurately portray the structure and site characterigtiliziiy
discharge data, tailwater data, roadway data, culvert data and site data to obtain a ratio of headwater
to depth insideéhe pipe (HW/D).

& Hydraulic Design Charts (Nomographs) = o X |

_Xﬂ‘_ﬂ@ ;&J lJ ™ Keep Applet On Top

Chats 19 | Charts 10-19 | Charts20-29 | Charts30-39 | Charts4049 | Charts 50+
|

Headwater Depth for Concrete Pipe Culverts with Inlet Control

(¢ Square Edge with Headwall
" Groove End with Headwall
" Groove End Projecting

| 3667 ) cai Critical Depth (f)

N | 13259 Critical Velocity (f/s)
'~ |[160 Q= Discharge (cfs)

N o [culvert Barrel Slope (/)
o [47 7 Culvert diameter (ft)

N |[79432 " Headwater ()

‘ Calc

Units
| ¢ English " Metric

Chart 1 [Chart 2| Chart 3| Chart 4 | Charts 5 - 7| Chart 8| Chart 9 |

Figure 6. Computerized program version of HDS5 Nomographs.

The first step for the HDS analysis, as seen on the HB$put screenKigure6), was to choose

the applicable nomograph for the pipe being analyzed. The specific chart utilized for the design
analysis depended on the type of pipe and its features. For other inputs, information from the
NCDOT was used. The culvert slope was set to aed the design discharge was divided by the
number of barrels to correctly calculate the headwater depth. Lastly, the diameter of the pipe being
analyzed was input. The HAY ratio mentioned above is then used to determine the hydraulic
viability of a pipe, and based on the NCDOT design criterion, any below 1.2 is considered to be
of sufficient flow capacity.
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The HY-8 analysis, as shown iigure7?, involved inputs such as discharge data, outlet side details
(channel typechannel bottom with and side slope values), roadway data (crest length, crest
elevation, and top width), culvert data and site data (outlet station, top width values and number
of culvert barrels) derived from both hydro reports and the site visits ceuduntaddition to
analyzing the pipe using the design discharge, additional discharge rates, calculated as a ratio of
the design discharge (0.5, 1.5, 3, and 6) were also utilized.

Crossing Properties

Name: | 095-4-MF Pre-Matthew ‘

Culvert Properties

2 @ 72" x 72" RCBC

Add Culvert

Parameter Value Units Duplicate Culvert
) DISCHARGE DATA
Dscharge Method Useroefined . | [iee=Chver
Discharge List — Define... l W'UHT
) TAILWATER DATA ) CULVERT DATA
Channel Type Trapezoidal Channel Ll [
Bottom Width 16.000 ft Shape CorncratBox l]
Side Slope (H:V) 2,500 s | D Material et .1.]
Channel Slope 0.0100 ft/ft Span 5.000 ft
Manning's n (channel) 0.040 Rise £.000 f
Channel Invert Elevation 0.000 ft @ Embedment Depth 0.000 in
Rating Curve View... l Manning's n 0.012
a ROADWAY DATA @) Culvert Type Straight L]
Roadway Profile Shape Constant Roadway Elevation Ll @ Inlet Configuration Square Edge (909) Headwall (Ke=0.5) :_]
First Roadway Station 0.000 ft @ Inlet Depression? No LI
Crest Length 32.000 ft ) SITEDATA
Crest Elevation 10.080 ft Site Data Input Option Culvert Invert Data lJ
Roadway Surface Paved .lj Inlet Station 0.000 f
Top Width 20.000 &t Inlet Elevation 0.000 ft
Outlet Station 50.000 ft
Outlet Elevation 0.000 ft
Number of Barrels. |2
Computed Culvert Slope | 0.000000 ftfft
Help Click on any €2 icon for help on a spedific topic | Low Flow AOP Energy Dissipation Analyze Crossing OK Cancel

Figure 7. Inputs window in HY -8 software used to build sites and pipe cross sections: Red
Discharge Data; Green Tailwater Data; Blue- Roadway Data; Orange Culvert Data;
Yellow- Site Data.

Similarities and differences in HBSand HY:8 analysis outcomes, for ped&signdischarge and

for both Florence and Matthew storm events, were evaluated for all case study sites. As expected,
a majority of the sites damaged in either storm were wadeggned according to the NCDOT
overtopping cr i t.&heilownhevesdxperidieédduriay Hurricangs Matthew

and Florencewere estimated byfirst calculating the ratio between the ZAfear, 24hour
precipitation levels from NOAAAtlas 14 and thebserved 2our precipitation from each event.

The observed 24r precipitation was calculated in two watfse NOAA definition of 24hr event

which is the cumulative precipitation between 7:00 AM and 6:59 AM of the next calendar day
(referred to as Method ,1andthe heaviest 24r periodduring the event (referred to as Method

2) . The ratio calculated with the Method 1 de
calcul ated with the Method 2 .dUsihg theilDOIn was
overtopping criterion of HwW/ D O 1.20, under si
to have been overtopped in either hurricane Matthew or Florence (HW/D > 1.20) and oversized

structures were identified as sites with HW D
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2.3.3.Damage Level Correlations

In addition toassessing/hether the structures were ungéed or adequately designeddpecific
storms the research team sought to explore other potential failure path®agger plots were
employed to investigate tlo@rrelationdbetweerthe levelof culvertdamage and other influential
parametersiuring the design event. Influential parameters considered inclHdaéedwater depth
to Bedto-Crown ratio HW/BC), drainage areéDA), Bedto-Crown distance (BCandbackfill
depth The aim was to identifwhetherany vulnerabilities coulglay a role in making the culverts
more(or less)susceptible talamage

Three culvert damage categories were considasedescribed in Sectidh4.4 pipe damage,
shoulder damage, and pavement damggethe correlation analysis, thew values useth the

HDS-5 and H¥8 analyses were determined using the 2016 Hydrdsgilicielines Different
parameters such as hydrologic region, design storm frequency, annual exceedance probability
(AEP), percentage of impervious area, drainage area, rainfall intensity and runoff coefficient were
then used with corresponding hydraulic guideline Rational method or USGS equations) to
determine theeak design dischargBrainage area values for each case were determined using
StreamStats, a wdiased Geographic Information System (GIS) that utilizes spatial data and
digital elevation models to estate streamflow information for specific locations or areas (USGS,
2019). Beeto-Crown (BC) values were acquired throuligdd measurements conducted during

site visits. Lastly, backfill values were calculated by finding the difference betd@€eand the

pipe diameter

2.3.4.Design Storm Uncertainty

The research team evaluated the design storm uncertainty and its implications on the potential for
overtopping. Such analysis is important to the overall scope of the project in order to understand
how uncertainty in the underlying data used to estimatesfican affect the vulnerability of an

asset to damage and overtopping.

Flow values for different return periods and drainage areas were analyzed along with their
corresponding percentiles. For this analysis, raw data from the published USGS data were
extracted and used to establish the line of best fit and the confidenwaliofehis line of best fit

for different AEP percentages. The charts utilized to study this relationship were extracted from
the USGS Scientific Investigations Reports 26042 (Gotvaldand Knaak2011), and 2015030
(Feasteret al, 2014), which areshown inFigure 8. These arevery similar to the data used to
generate the regression equations used in North Carolina and so they serve as a useful proxy to the
uncertainty in North Carolina flow estimates.

The data from these ates were first digitized using digital graph extraction tools. Then, the line

of best fit was characterized along with lines for different confidence intervals. The line of best fit
represents the functional form used in the USGS guide to estimate theafi®ms as a function of
drainage area. The equations developed were identical to the flood frequency equations for rural
ungaiged streams shown ifable3. Subsequently, theelationshipbetween the flow value€)j
corresponding taspecific percentiles and the recurrence intervals of storms was defned
illustrated inFigure9. The analysis was conducted using drainage areas greater than 640 acres,
following the guidelines outlined in the 2016 Hydraulic manual, as detail€dhbilte4 based on

USGS Rural (2009).
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Table 3. Rural flood frequency equations for rural, ungauged streams with drainage basins
that are within one hydrologic region (figuresi5 and 70 referred to
USGS reports mentioned and do not refer to tables in this report) (J. Curtis Weaver, 2009).

[DA. the drainage area in square miles)

Percent Hydrologic region (shown in figures 5 and 7)
chance
exceedance 1 2 3 4 5
50 158(D.A)05# 110(DA)* ™™ 25. (DA 60.3(D.A)" 91.2(DA)"*®
20 295(D.A)" 6 209(DA)"* 44 (DA)* 123(DA)"5 200(DA) €7
10 398(D.A)" 6 288(DA)" 7 58 9(DA) ™ 174(DA)"sV 205(D.A)* 87
4 537(D.A)" o 398(DA)0 ™ 77.6(DA)0T6 245(DA)"508 447(DA)" 0
2 661(D.A) 0 479(DA)* 7S 91 2(DA)"7* 309(DA)" 5 575(DA) 0
1 TT6(DAY S75(DAY 105(DA)°7 380(D.A)"% 724(DAY 4
05 891(DAY5 661(DA)0™™ 120(DA)°7 447(DA)05 891(DA)5°
02 1.072(DA)055 794(D.A)* ™™ 138(DA)0 72 S50(DA)5E 1,148(DA)5

Table 4. NCDOT Hydraulic Guidelines 2016 in determining appropriate hydrologic
method to use in estimating peak discharge.

0 < Drainage Area 64 < Drainage Area < 640 DA > 640 acres

< 64 acres acres
Rational Method ~ USC° Urbaznoizd Small Rural USGS Rural 2009
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Figure 9. Relationship between ow valuesat different percentiles and storm return
periods with whendrainage area(DA) is 1 square mile
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The confidence intervalaere used to estimate the flow values at different probabilities. For
example, the line of best fit represents th& percentile estimate of the flow at a particular
drainage area. However, the upper 95% confidence limit represents thep®iténtile of flow
values for the same drainage area. Similarly, the lower 95% confidence limit represent$ the 2.5
percentile of flow values for the same drainage a®edsequent examination of the connection
between hydraulic analysderived overtopping flow valueand corresponding percentiles was
undertakeron a samplef nine (9) case study site85-9-MF-M, 95-8-MF-M, 42-3-M, 53-7-MF,
535-M, 25-2-F, 952-MF, 421-MF and,84-MF. Figure10shows an example of the relationship
between Headwater to Beo-Crown ratios at different probabilities.

100 -

90 |

80

70
° ——0.2%AEP
PR 0.5%AEP
g 50 ¢ 1%AEP
=]
2 40 | —+—2%AEP

30 L 4%AEP

0
20 Pre-Florence 10%AEP
2 @ 60” CMP ——20%AEP
10 A Open Area = 39.2 ft? —e—50%AEP
0 1 ] 1
0 1 2 3 4 5

HW/BC

Figure 10. Probabilistic analysisof overtopping flow valuesacrosspercentiles: casestudy
25-2-F before Hurricane Florence.

2.4.ldentify Factors Contributing to Improved Performance

Multiple methods were used to identify the factors that contributed to pipe performance during the
hurricanes. These methods spanned the range from qualitative to quantitative assessments.

2.4.1.Initial Evaluations

Initial observationgrom theRobeson County sites are summarized@able5. As shown in this

table, for the initial evaluationsites were grouped according to the rainfall ratio and the decision

to upsize (or not) the pipes after one or both evehltsst of the cases were classified as Group

A-1 or A-2, which contain sites where the rainfall ratio was higher for Matthew than Florence and
the pipe was upsized after one of the events. This approach did provide some insights, for example
for Groups Al ard A-2, it showed that some sites were identified as vulnerable after Matthew,
but that replacement may not have been possible or was not deemed necessary after Matthew. In
these cases, damage could again occur even with less total rainfall and (at deast icases)
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replacement after Florence was prioritizedwever, ultimatelythis approach, relying on rainfall
similarities/differences and pipe sizing decisions was deemed insufficient for more widespread
study because it could not provide sufficient insights into the site specific characteristics and
circumstances that contuted to vulnerability and damage. In this cageepelements ofthe

design and conditionsuch as type of soil, presence of headwalls, time of repair with respect to
time of damage, etcalsoneed to be considere@ihe details and findings of this categorization

will be discussed in subsequent sections of the study.

Table 5. Categorized case studies.

ﬁroup Conditions Assigned Cases
ame
Group Theralnfall ratio was higher for Matthew than FlorenCCasesW-Z-MF, 77-5-MF, 77-2-F, 77-4-F, 77-
The pipe was not changed/damaged after Matthev
A-1 ' L . 7-F, 77-8-F, and77-9-F
The pipe was significantly upsized after Florence.
Grou Therainfall ratio was higher for Matthew than Florenc Cases/7-7-MF, 77-2-M, 77-3-M, 77-7-M,
A_2p The pipe was upsized after Matthew. 77-8-M, 77-9-M, 77-10-M, 77-11-M, 77-13
The pipe was not changed/damaged after Florenc: M, 77-14-M, and77-16-M
Group Therainfall _rat|o was higher for Matthew than Florenc Case77-1-F, 77-3-MF, and77-15-M
A-3 The pipe was not changed after either event.
Grou Therainfall ratio was lower for Matthew than Florenct
B-1 P The pipe was upsized after Matthew. Cases/7-1-MF, 77-1-M, and77-4-M

The pipe was not damaged or changed after Floren
Group Therainfall ratio was lower for Matthew than Florenci

Case7’7-4-MF and77-3-F

B-2 The pipe was not changed after either event.
Grou Therainfall ratio was the same for Matthew and Florer
C-1 P The pipe was upsized after Matthew. Cases/7-6-MF and77-5-M

The pipe was not changed/damaged after Florenc
Group Therainfall ratio was the same for Matthew and Florer

C-2 The pipe was not changed after either event. Cases/7-12-M
Non- Case77-6-M (pipe downsized after Matthgv
N/A 77-5-F and77-6-F (Lack of sufficient
Group . -
information)

As part of the initial evaluations, the elevation profiles of the case study locations in Robeson
County werealso extracted using LIDAR data obtained from the North Carolina Spatial Data
Download. The objective was to assess the configuration of the bed stream and potentially identify
the floodplain. Understanding the characteristics of the bed stream in the cgsecsttidns could
provide valuable insights, as there might be a correlation between the extent of damage during
peak flow and the width of éhbed stream. A wider streambed could lead to a higher accumulation
of floodwater, increasing the area at risk of failure or erosion. However, this particular method was
inconclusive due to limitations in the resolution of the LIDAR data. The data resoluéis not

fine enough to capture the detailed elevation from the bed to the crown and width of stream.
Alternatively, the bed to crown of the current condition was determined in site visits which will be
discussed in subsequent sections.

2.4.2.Interviews with Division Engineering Personnel

The research team conducted interviews with personnel from Divisions 2, 4, and 6 to understand
their pipe repair and replacemamtacticesDuring these interviews the research team questioned

the engineers about the failures and repairs at specific sites where sufficient information was not
available in the database and repair records
practicegegarding repairgndcondition assessmehéfore and following the hurricanes.
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2.4.3.Soil Analysis

Soil samples were collected within the downstream side of the shoulder for each of the sites visited.
The research team evaluated each of these soil samples using indéxltesitsy the ASTM

D248809, Practice for Description anddentification of Soils (VisuaWlanual Procedure)The
sites visited had a range of solil types, from well graded sainish are considered to have high
erodibility, to silts with medium or low erodibilityThe information obtained from the soil
classificationwas used as supplementary information in helping understand the influential
parameters that contribute to the various damage |evetably the soil erodibilityThe erosion

n ghares sfor we r e

€es

for t he vari ous

SOi

categori
geomaterials (Briau@t al, 2017) as shown ifigure 11 and Figure 12. In these figures, SP=
poorly graded sand, SBM= poorly graded sand with silt, SM = silty sand, SM= well graded
sand with silt, SW = well graded sand, SC= clayey sand, ML= silt, and MH= elastic silts. The
erosion categories ranged from | to Il (I =ely High Erodibility, 11 = High Erodibility, 11l =

Medium Erodibility and, IV = Low Erodibility).
‘ -
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Note:
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velocity space (Briaudet al., 2017).

Figure 11. Erosion categories for SP, SM, and SC soils in: (a) the shear stress space and (b)
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velocity space (Briaudet al., 2017).
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2.4.4 Vulnerability Analysis
Level of Damage

Damage assessment was carried out for each site on the basis of four categories; shoulder damage,
pavement damage, pipe damage, and repair mobilization requirements. For each of these
categories a score from zero (no damage) to three (highest damagssigasd Since all sites
evaluated had some damage or another the lowest possible score for a site evaluated in this study
was one and the highest possible score was 12, which corresponded to a complete washout of the
roadway.The guidelines on assigniniget level of damage are explainedliable6.

Table 6. Damage level guidelines.
Damage Level

Component 0 1 > 3
Shoulder washed on
No Scour hole(s) presentin  Shoulder washed away on top of the structure +
Shoulder )
damage shoulder. top of the pipe. onareas beyond the
location of pipe.
No Less tha_n ha_lf of the Half of the roadway width is Total w_|dth of
Pavement roadway width is washec roadway is washed
damage washed away.
away. away.
Pipe is dislodged, erodec Joint separation that require L
- . Pipe is completely
the joints areseparated, ol pipe change and road
. No ; . washed away and
Pipe otherwise damaged, but closure/rusted pipes that we
damage o : rendered
only within the shoulder damaged in some way and e
nonfunctioning.
area needed to be changed.
Can be repaired without
Moblll_zed No repair specific equipment (e.g., Can be repaired with specifi Whole groundyvork
Repair on dump truck, excavator, . and heavy equipmeni
needed : . equipment. . )
Pavement de-watering equipment, is required.

roller compactor, etc.).

Once defined, @mage level components were plotted in form of radar plots to explore correlation
between damage levels and structure characteriSkamples of theseplot arepresented ifrigure

13. In Figure13(a) level of damage to fo@momponents of structure is plotted and it indicates that
damage level of 1 is assigned to shoulder and damage level of zero to other comBongaty,

in Figure13(b) damage level of 2 is assigned to all four components.

(a) RCP (b) CMP
Shoulder Shoulder
3 3
2 2
ol
Pipe 0 Pavement Pipe Pavement
Repair Repair
~+—95-1-MF (F) —=—95-7-MF (M)

Figure 13. Level of damage in form of radar plot; (a) structure with RCP pipein Site 951-
MF (F), (b) structure with CMP pipe in Site 95-7-MF(M) .

Vulnerability Score

A scoring system based on influential parameters (headwall, rip rap, beaver dam, swamp, material
type, flood plain, structure type, channel erosion, cover, suitable design, rainfall intensity, soil
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characteristics, etcwas establisheith order to develop a correlation between level of damage and
assigned scores flowchartwas developedo demonstrate the calculation of vulnerability score
(Figurel4). As shown irFigurel4, if headwall, rip rap, and No. S5tonedoes not exist, for each
factor, a valueof oneis addedo the cumulative scoréf abeaver dam, swamp, wide floodplain,
erosion otthannelprlow BTC existthen a value of one is added to the cumulative score for each
To calculate the final score, values of HW/D, rainfall intensity (ratio of overall maximuhr 24
rainfall over 4% AEP rainfall), and soil erosion score (score develoggetiion2.4.3 areadded
together

= E=

S =Sy +Sgg + Sap + Ss + Sg7
+ Syr + Sce + S+ HWID +
rainfall intensity + soil erosion
score
. Wi
Rip rap?
CEL Bottom of channel

Dam? eroded? (Sign of
strong flow)

ot enough base
material or low
BTC?

R RN

Figure 14. Flowchart to calculate vulnerability score.

Vulnerability score components were plotted in the form of radar plots to exbéxcerrelation

between scores and structural components. Examples of these plots are presegueelis As

seen in this figure, the scores for components are plotted and in order to simplify the graphs, the
HWI/D is presented in form of color of the graph, i.e., the color of gaeenorangeshows the

HW/D with respect t@5-yeardesign event is less than R2d higher than 1.2, respectively. Also,
summation of score®f beaver dam, swamp, and wide floodplain is considered as one component
called surroundings. IRigure15(a) since headwall and enough cover do not existeach one

score of 1 is assigned and since rip rap and N&tbieexist and channel erosion do not exist,

for each one score of zero is assigned. Score of 2 is assigned to surrounding features since swamp
and wide floodplain exist in this site. For soil scores and rainfall intensity scores of 1.25 and 2.1 is
assigned, ipectively. InFigure15(b) snce headwall, rip rap and enough cover do not exist, for

each one score of 1 is assigned and since NBid&eexist and channel erosion do not exist, for

each one score of zero is assigned. Score of 2 is assigned to surrounding features since swamp and
wide floodplain exist in this site. For soil scores and rainfall intensity scores of 0.83 and 1.1 is
assigned, ipectively.

22



(a) CMP
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Channel
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Soil 2
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Rainfall 0
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Erosion
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Figure 15. Vulnerability scores componentsn form of radar plot; (a) structure with CMP

pipe in Site 958-F, (b) structure with CMP pipe in Site 535-M.
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3. RESULTS

This section presents the comprehensive results derived from various aspects of the study,
including the analysis of site characteristics, information gathered during site visits, hydraulic
analysis, insights from division engineers' experiences, anditherability analysis. The results
discussed in this section serve as a foundation for discussion on contributing factors and
recommendations for improving the resiliency of the infrastructure.

3.1.Overview of Site Characteristics
Overall, he sites studied exhibited the following characteristics:

1 Approximately 63 percent of the sites were situated in watersheds with an area of less than
0.5 square miles.

1 During the respectiveevent, about 75 percent of the sites did not have a headwall
incorporated in the structure.

1 The distribution of sites based on road types was as follows: 89.4 percent were located on
secondary roads, 9.4 percent on NC routes, and 1.2 percent on US routes.

1 While various types of pipes were damaged during the events, the most common types

were CMP, followed by RCP pipes.

Around 64 percent of the sites did not have rip rap within the structure during the event.

Approximately 60 percent of the sites (excluding those in Johnston and Robeson County)

were surrounded by influential features such as swamps, beaver dams, and wide

floodplains.

1 A qualitative assessment of damage photos revealed that in 44 percent of the sites
(excluding those in Johnston and Robeson County), limited or possibly insuffigient
cover was observed.

1 In 59 percent of the sites (excluding those in Johnston and Robeson County), the upstream
side channel near the pipe exhibited a trapezoidal shape. Although this parameter may not
be considered a direct causal factor, it was noticed by the research tearmayabe worth
considering in future NCDOT research and studies.

E

Johnston and Robeson County sites are excluded from some of these assessments because they
were the first sites selected for study. The details of the site catalog process were still being
developed at the time these sites were evaluated and so songewietaihot available.

3.2.Site Visits and Typical Results

Amongthe 138 selected sitesne site was located @US route, 15sites located ohC routes,

and the rest dfhe sites were located on secondary roukaghty-five (85) of the 138sites were
visitedand among thesane site was located &S route six siteswerelocated orNC routes, and

the rest othesites were located on secondary routésiting sites and investigating the collected

data provided useful insights for the case study analyses. The highlights of findings are presented
here.A summary of the evaluations is presentedable C2 in Appendix C.

An investigation othearchived data suggested that amtrgselected sites

9 In 12 sitesn Robeson, Wayne, Lenoir, and Harnett count@splete washout occurred
(95-4-MF, 958-M, 95-9-M, 53-6-MF, 53-6-M, 42-3-M, 77-1-MF, 77-7-MF, 77-1-M, 77-
11-M, 77-12-M, and77-15-M).
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9 In 42 sites, the type of structure was RCP and 2rof these sitesn Robeson, Wayne,
Lenoir, Bladen, and Columbus countitkee joint was separated, which may point to
systemic issues with RCP pip@5-1-MF, 952-MF, 95-6-MF, 95-3-F, 533-MF, 8-2-MF,
8-3-MF, 233-MF, 77-6-F, 77-2-M, 77-13-M, and77-4-MF).

9 In five of the sites in Wayne County where a headwall was present the backfill behind the
headwall was washed away in one or tanty95-1-MF, 954-MF, 955-MF, 95-6-MF,
and 956-M).

A summary of collected informatidior three sitess presented as examgta each bullet point
to demonstrate the observations from archived data.

3.2.1.CompleteNashout (Example: Site3-6-M)

This site is located oRalling CreekRoad It was damaged only after Hurricalatthew and, the
compiled information on this site is summarizedrable7. The damage photos after Hurricane
Mattheware shown irFigure 16. As shown in this figure, the official description of damage is
guoted below.

The flooding caused yurricane Matthew inundated the roadway causing complete pipe
failure resulting in the washing out the existing pipe structure and roadway shoulders. Pipe
bedding material, debris, asphalt remnants were displaced downstream.

Table 7. Information on Site 536-M.
Prei Matthew Structure 2 @ 60" CMP
Al t . 1: 1 @ 13610
Alt. 2: 2 @ 84" w/HW
Posti Matthew Actual Structure 1 @ 156" x 96" CAP w/HW
Costs $416,041

Posti Matthew Proposed Structu

3.2.2.Possiblelssue with RCIPipes (Example: Site 76-F)

This site is located ohownsendRoad It was damaged only after HurricaR®rence and similar
to the previous sites described, the compiled information on this site is summarizduldas.
The damage photos after Hurricarlerenceare shown irFigure 17 and he current photos are
shown inFigurel8. As shown inFigurel7 the official description of damage is quoted below.

Last joint appears to be separated and shoulder has washed out through pipe.
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As shown inFigure 18, it seems that the pipe was not fixed and looks the same as it was after
Florence. last paris disjointed in thenlet side and scours holes can be smethe shouldenear
the second joint

This site is shown because it is emblematic of the observations made at other RCP sites where end
separation was very common. All 12 sites showed at least one segment of separated@ipe. In
casesthe pipe had separated but showed significant erosion around what appeared to be the
original layout of the pipe such that none of the pipes physically located under the roadway had
separatedOut of 12 sites, in two sites the damage was on inlet sidesixisites the damage was

on both sidesr middleand n four sitesthe damage was on the outlet side.

Table 8. Information on Site 77-6-F.

Prei Florence Structure 1 @ 36" RCP
Posti Florence Proposed Structu N/A
Posti Florence Actual Structure 1 @ 36" RCP
Costs $2,449.2

F.

3.2.3.Backfill Washout behind HeadwdlExample: Sit®5-4-MF)

This site is located oNC 55 in Wayne Counfyand it was damaged after Hurricaiatthew and
Florence The compiled information on Site 9BMF is summarized ifmable9. The photos of
damage after Hurricandattheware shown irFigure 19. The photos ofdamage after Hurricane
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Florenceon the outlet sidare shown inFigure 20. The official description of Matthew and
Florence damage is quoted below.

Hurricane Matthew: Culvert washed out. 34x42x10 fill material for shoulder. ABC and
replace the doubl®CBC. Pull surface over patch.

Hurricane Florence: Permanent repair (9/19/18). Shoulder washed on top of headwall and
damaged to adjacent shoulders. Backfill shoulder with compacted material.

In this site, a substantial repair was performed after Hurricane Matthew to replace the RCBC with
a CMPA with headwall. However, damage still occurred during Hurricane Florence when the
backfill behind the headwall was washed away. This damage was lestargiath than during
Matthew butwas still evident. In the materials used in the structure repairs after Hurricane
Matthew, No. 57Stonewas listed, but it is not evident exactly whether that material was actually
used in the backfill or used elsewheretle repair processVashout of backfill behind the
headwallwas observed ifive Wayne Countyitesamong those visitedror three of these sites

the washout was seen on thket side and in two sites it was seen on the outlet side. Among sites
investigated, this type of washout was not seen in other counties.

Table 9. Information on Site 95-4-MF.

Prei Matthew Structure 2 @ 6' X6' (72"
Posti Matthew Proposed Structure 1 @ 117"x79" CN
Posti Matthew/Pre& Florence Actual 1 @ OMP w/ HW
Structure
Costs after Matthew $173,485
Posti Florence Proposed Structure N/ A
Posti Florence Actual Structure 1 @ 96" x74" CMI
Costs after Florence $14,476

Bortr & T NG

Figure 19. Photo of damage after Hurricane athew in Site Qﬂ-MF.
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Fiue 20. Photos of darﬁage after urricane Florence irsite 954-MF-.

An investigation othecollected data on site visits suggested thadrag the visited sites

l

The information recorded for proposed pipes after Florence in 20rsRedeson, Wayne,
Lenoir, Harnett, Columbus, Cumberland, and Bladen couistiest consistent with what

is observed in the site visits in terms of size and/or type of pipe and corresponding costs
(i.e., the amount of cost does not seem to cover the expenses for the extent q&pair)
2-MF, 953-MF, 954-F, 955-F, 956-F, 957-F, 959-F, 534-MF, 535-MF, 53-6-MF,
42-1-MF, 252-F, 234-F, 82-F, 8 1-MF, 82-MF, 8-6-F, 772-F, 77-3-MF, and 774-MF).

In four sitesin Robeson, Wayne, and Cumberland courtigss/er dams were observed on
thesite, could possibly contribute to the vulnerabi(@p-1-MF, 95-6-M, 77-5-M, and 77

10-M).

Evidence of ongoing erosiam shouldeembankmentpavement, pipe, behind headwall,
joints, etc.was observed id0 sitesin all eight countiedn M-only sites, even though they
were not flagged as damaged after Florence there was clear evidence of continued erosion
since Matthew, which could cause issues in future e\@at4-MF, 95-1-MF, 952-MF,
95-6-MF, 95-7-M, 95-9-M, 95-3-M, 95-6-M, 95-1-F, 952-F, 95-4-F, 957-F, 9511-F, 53

1-MF, 53-3-MF, 534-MF, 53-5-MF, 53-9-M, 53-3-M, 53-5-M, 53-6-M, 53-2-F, 42-1-F,
251-MF, 25-2-M, 23-1-MF, 23-2-MF, 23-5-MF, 234-F, 235-M, 8-4-M, 77-2-M, 77-3-

M, 77-4-M, 77-5-F, 7T7-6-F, 73-MF, 77-4-MF, 77-10-M, and77-13-M).

In 5 sites in JohnstonWayne, and_enoir countiesa localized depression from excessive

er os i olowlfoie. yas gbserfredn the bottom of channelear the culvert outlet
(51-4-MF, 9511-F, 53-4-MF, 53-5-MF, and 536-M).

In 8 sites in Johnston, Wayne, Lenoir, Harnett, and Columbus counties part of their rip rap
waslost or dislocate@1-4-MF, 95-1-F, 952-MF, 953-M, 53-1-MF, 53-4-MF, 42-1-MF,

and 232-MF).

3.2.4.Inconsistency with Survey 123 (Examglel-MF)

This site is located on Hodges Chapel Road, and it was damaged after both Hurricane Matthew
and Florence. The compiled information for this site is present&alote 10. The photos of
damage after HuitaneMatthewon the inlet side is shown igure21l. The photos of damage

after Hurricane Florence also on the inlet side is showsigare22. The official description of
damage is quoted below.
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Hurricane Matthew: The flood waters from Hurricane Matthew eroded and washed
around a triple (3) 48nch diameter x 40 linear feet CAAP culverts. The pipes were
rendered nonfunctioning which resulted when the supporting soils lost the ability to
maintain he designed location of the pipe. This also allowed the pipes to separate
exacerbating the saturation and erosion problem. An area of asphalt road base material
measuring 20 ft. x 12 ft. x 11 inches became highly saturated, eroded and washed away.
These cnditions created voids and the material lost the ability to support the asphalt road
surface. An area of asphalt road pavement measuring 20 ft. x 12 ft. x 5 inches was damaged
when the supporting base material became saturated and was unable to suppertast
support caused the road surface to wash away/erode which created an unsafe traveling
surface.

Hurricane FlorenceHurricane Florence DR 4398BIC, flood waters with velocigroded

and washed around a 9Bch diameter 64nch triple barrel CMP pipe culverton SR

1709, Hodge Chapel Road. Flood waters causexsion of unclassified fill material on

the shoulder and embankment areas and damaged the roadway bed and the asphalt
roadway pavement surface and rip rdpamages include the followingJnclassified fill

on the shoulders and embankments, measuring 54 ft. x 14 ft. xAgffregate roadway
basematerial measuring 25 ft. x 6 ft. x 4 #Asphalt roadway surfaced course measuring

25 ft x 6 ft x 4 in-Rip Rap measuring 12 ft x 15 ft.

Table 10. Information on Site 421-MF.

Prei Matthew Structure 3@ 48" CMP or CA
Posti Matthew Proposed Structure 1 @370 x 87" CMPA
Posti Matthew/Pré Florence Actual 3 @"x9 536C/IMPAR o(ssi bl y t he
Structure Matthew i)s the

Costs after Matthew $13,592

Al t 1: 25620 x 706408a
Al t 211 60550@x 7610 SPPA
Posti Florence Actual Structure 1 @ 780 x 252" CM

Posti Florence Proposed Structure

Costs after Florence $528,964

'r!’(r;fqm\\&’\\‘.\w \

Figure 21. Photos of damage aftér Hurricane Matthew in Site 42-MF.
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Figure 22. Photos of ama afteHurricane Florence in Site 421-MF.

In this site, it is listed that prior to Matthew, three CMP pipes with 48 inch of diameter was in
place and after Matthew, three CMPA pipe with 95 x 67 inch were placed and these types of pipes
were also explained in the damage descriptions. Comparingphts from Matthew and
Florence, it seems like it is the same pipes. The amount of cost does not seem to cover the pipe
replacements. Also, the pipe that it is currently in place (1 CMPA pipe#gith 252 inch with
headwall) does not match with the tygred size of proposed pipes listedTiable10. This is an
example of inconsistencie®servedetweerarchived anaollected information.

3.2.5.Presence of Beaver Dam (Example: Sitel@4MV)

This site is located o@akgrove Church Roa@&nd it wasalso damaged only after Hurricane
Matthew.The compiled information for this site is presentedablel1 and he photo®f damage
after HurricaneMattheware shown irfFigure23. The damage at this site occurred on the inlet side.
The official description of damage is quoted below.

Flood waters with velocity eroded and washed away an area of the shoulder and or
embankment measuring 45 ft. x 22 ft. x 2 ft. with an area of vegetation (mulch and grass)
measuring 45 ft. x 22 ft. also eroding and washing away. This area had been pyeviousl|
established and maintained for erosion control. Flood waters with velocity eroded and
carried away the highly saturated soils creating voids in the fill material between asphalt
and aluminum box culvert measuring 48 in x 45 ft. The existing culvertistagedd and
damaged beyond repair. An area of road base material measuring 45 ft. x 22 ft. x 4 ft.
became highly saturated, eroded and washed away. These conditions created voids and
the material lost the ability to support the asphalt road surface. Aa af asphalt road
measuring 45 ft. x 22 ft. x 6 inches was damaged when supporting base material became
saturated and was unable to support the asphalt road. The lost support caused the road
surface to wash away which cause an unsafe traveling surface.

Table 11. Information on Site 77-10-M.
Prei Matthew Structure 1@ 24'1" x 6'6" AABC
Posti Matthew Proposed Structur 1 @ 24'4" x 8'2" ABC w/HW
Posti Matthew Actual Structure 1 @ 142" x 91" CMPA w/HW
Costs $646,150.9
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Figure 23. Photosf dame after Hurricane Matthew in Site 7-10-M.

Photographs of the current condition at the site are shokigume24. Measurements taken during

the site visit confirm the size listed Trable 11 currently exists. The visit also found the existence

of what is believed to be a very large beaver dam on the inlet side that appeared to have at least
two major branches; one parallel to the culvert (visible in the first panel) and another perpendicular
to the culvert extending to the wood line (not clearly visible in the first panel photo). The red lines

in the first pane are drawn to help show where the dam exists. At this site, the ponded water
extended as far to the left as was visible through the woods. In addition, as the second panel shows,
it also appeared that hole approximately 1 foot deep existearow at the edge of the headwall

on the side where the perpendicular branch of the beaver dam existed. Some ponding of the water
on that side of the culvert can be observed in the third paféafe24.

Figure 24 Current photos of Site 7710-M.
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3.2.6.Evidence of Continued Erosion (Example:4#i)

This site is located oklt. Moriah Church Roadand it was damaged only after Hurrichhatthew

The compiled information for this site is presented@aible12. The photo®f damage on the inlet
sideafter HurricaneMattheware shown irFigure25 andphotosof the current condition also on

the inlet sideare shown irFigure26. In this site, evidence of erosion can be seen around the pipe
and on the shoulder even though it was not flagged as damaged after Florence (as highlighted by
yellow arrows inFigure25 andFigure26). Evidence of continued eros was observed in at least

nine sitesamong sites visited in Robeson Courtymostcasesthe sites were only reported as
damaged after Matthew (as was the case with the site shown here), but that was not a consistent
pattern some cases were damaged only after Florence and some cases were damaged after both
events. Among the nine sites, in six sites the evidence of erosion is seen on the inlet side and in
one site on both inlet and outlet site.

Table 12. Information on Site 77-4-M.

Prei Matthew Structure 1@ 48" CMP
Posti Matthew Proposed Structu 2 @ 66" CMPwW/HW
Posti Matthew Actual Structure 1 @ 48" CMP

Costs $1,157.15

g Y
e N

Figure 25. Photos of damage after Hurricane Mate in Site 7-A-M.

igure 26. Current phots of Site 774-M.
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3.2.7.Blowhole in Channel (Example: Site-BaVIF)

This site is locateth Lenoir Countyon Dalys Chapel Rogdnd it was damaged after Hurricane
Matthew and Florencélhe compiled information on Site BBMF is summarized iTable 13.
The photos ofdamage after Hurricandatthew on the outlet sidare shown irFigure27. The
photos ofdamage after Hurricaridorenceon the outlet sidare shown irfFigure28. The official
description of Matthew and Florence damage is quoted below.

Hurricane Matthew Flooding caused by the torrential rainfall (exceeding 10 inches in

Lenoir County) produced by Hurricane Matthew resulted in the washout of the roadway
shoul der for approximately 806 and pavemen
structure. Somadlf material washed downstream. There was also fallen trees across this

site and exposed utilities.

Hurricane Florence: Flooding caused by the torrential rainfall (exceeding 18 inches in
Lenoir County) produced by Hurricane Florence (on September 13, 2018) resulted in joint
failures and pavement and material loss which caused further pipe damage.

The current photos of this site on the outlet side are showigure 29. In this site, based on
investigating the current photos (identified wiéhd arrows), evidence of erosion (blowhole) on

the bottom of channel was observed. Also, in this part of the channel, rip rap is dislocated into the
channel (as identified with a red arrow kingure 29). This type of erosion isimilar to the
previously reported site 4-MF (MasseyHolt Road in Johnston CountyThis erosion could

show that during the summer (time of site visits) the channel is dry, but during extreme
precipitationevents the floodwater enters the channel and culvert with a high velocity and might
create a vortexke flow, which could cause ongoing damage and make the structure vulnerable
over time. Among sites visited, two sites showed this type of erosion ohdhea and both of

them were damaged in Hurricanes Matthew and Florence. In one of these sites, the erosion was
seen on the outlet (Site BBMF) and in the other site (Site BMF) it was seen on the inlet side.

Table 13. Information on Site 53-4-MF.
Prei Matthew Structure 2 @ 60" CMP
Alt1l:1 @ 112" x 75" CAPA w/HW
Alt2: 2 @ 66' w/HW

Posti Matthew Proposed Structure
Posti Matthew/Pré& Florence Actual

Structure 2@ 60" CMP
Costs after Matthew $60,655
Alt1:1 @ 11:5" x 7-1" CASPPA w/HW
Posti Florence Propose8tructure Alt 2: 2 @ 66" Pipe w/HW
Alt 3: 2 @ 81" x 59" CAPA w/HW
Posti Florence Actual Structure 1@ 79" x 134" CMPA w/HW
Costs after Florence $238,645
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Figure 29. Current photo of Site 534-MF.

R

3.2.8.Rip Rap Lost or Dislocated (Example: Site B3M)

This site is located oWayne Memorial Driv§fWayne County)and it was damagezhly after

HurricaneMatthew The compiled information on Site @M is summarized iMable14. The

photos ofdamage after Hurricanldattheware shown irFigure 30. The official description of
Matthew damage is quoted below.

The flood waters from Hurricane Matthew washed around and dislodged twin 84"dia x 60
linear ft of CMPs. The event eroded and washed away 20 ft long x 6 ft wide x 4 ft deep
roadbed/embankment/shoulder with a 2 to 1 slope. The event damaged an area of asphal
measuring 2 ft long x 20 ft wide x 6 inches deep of asphalt The event damaged 20 ft x 6 ft
of vegetation that had been established for erosion control.
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The current photos of this site on inlet and outlet sides are shawgure31. As highlighted in

this figure, part of the rip rap has been lost on the inlet side and on the outlet side part of rip rap is
dislocated into the channel. As shownHigure 30, dislocation of rip rap was also seen after
Hurricane Matthew. This erosion could be due to issue of the placement of rip rap, size distribution
of rip rap, or high velocity flowAmong the sites visited, this type of erosion was observeigji

site and six of these were damaged in both Hurricanes Matthew and Florerfoar bf these sites

the erosion was seen on the outlet, in three other site it was seen on the inlet side, and in one site
it was seen on both sides.

Table 14. Information on Site 95-3-M.
Prei Matthew Structure 2 @ 84" CMP
Al t  1: 2 @ 112" x75™"
Alt 2:-11" @X'"18A'ASPPA (req
Posti Matthew Actual Structure 1 @ 171" x 115" CMI]
Costs after Matthew $421,593

Posti Matthew Proposed Structu

AR “"' ‘ 0ut|e i
Figure 31. Current photos of Site 953-M.

3.3.Hydraulic Analysis of Site Performance

3.3.1.Base Peak Discharge Results

Results obtained from the hydraulic analysis involved predictinpehdwater depths, tailwater
and/or criticalvelocity using both HDS and HY¥-8 models.Table15 shows a few examples of
the headwater tadiameter(HW/D) ratios resulting from these predictions for tpeak design
dischargdevels and structures that existed-ptatthew, postMatthew/preFlorence, and post
Florence. A direct comparison with the outputs from Hbb&d HY¥-8 was completed to evaluate
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the similarities and differences in analysis outcomes for all case studyastiesling to the

overtopping

Some minor differences are notadhen comparing the base discharges results from the two
software programsas shown ifmmable15. For example, in cases -95MF, 53-4-MF, and77-1-

MF, their PostMatthewPreFlorencestructures have HW/M 1.20 (adequatelydesigned)for
HDS-5 but have HW/D> 1.20(under designedh HY-8. Though the H¥8 values forcases 95
1-MF, 53-4-MF, and77-1-MF are above the criteria for adequate desigjsissegreviously,

the number of inputs for H8 greatly outnumbers the inputs for HBSand any one of those

criter:i

a of

HW/ D O

1.20

inputs could account for this difference between the two analyses. One input that could cause the

HY-8 values to be slightly highethan the HDS5 value is that the H¥8 model incorporates the
length of the pipe into the analysis, whereas FD#®es natDespite the differences in results that
HY-8 yields due to incorporating more input values, the HW/D vslfgr the peak design
discharge during hurricae®latthewand Florenceseems to be unusually higbr case 771-MF
and 421-F respectivelyas shown inrable 15. The high HW/D can be attributed to insufficient
culvert size since before hurricane Matth&ite 77-1-MF conveying 681 fis of water had a
single 3@jreinforced concrete pipwhile Site 421-F conveying 310.7 s had a single 36
corrugated metal pipgCMP). Due to the culvert beingnder sized by such a substantial amount,
high water levelsvere calculatedipstream of the culvert. Upgrading the culvert to anfo5M;
aluminum alloy box culvert in case -AfMF (PostMatthew), reduced the HW/D value th09 in
HDS-5 and from 4.61 to 1.32 in H8. Case 42A-F did not have adequaled to crown height;
therefore, the number of barrels was increased tong; BB°s to sufficiently convey flow of water.

Table 15. Results of analysis completed utilizing HDS and HY-8 for base peak discharge
some identified sites in Robeson County (red cells have calculated HW/D > 1.20 and green

cells have calculated HW D O

Base Discharge HDS HW/D Base Discharge H¥8 HW/D

Case ID Street Name Base Matthew Base Base Base Base Base

Florence | Current | Matthew | Florence | Current

951-MF | Polly Watson Rd 1.04 1.01 1.09 1.8 1.8 1.13
95-5-MF Corbett Hill Rd 0.88 0.53 0.53 0.95 0.6 0.59
95-4-M James Hinson Rd 1.63 1.44 1.44 1.62 1.46 1.46
534-MF | Dalys Chapel Rd 1.01 1.01 0.71 1.24 1.24 0.78
53-6-MF NC 903 0.65 0.65 1.2 0.31 0.27 1.01
53-7-MF Davis Mill Rd 2.61 0.76 0.83 2.12 0.83 0.9
535-MF | Eric Sparrow Rd 1.98 1.98 (855 2.17 2.17 1.29
42-1-MF Harnett 2.5 0.69 1.01 2.68 0.91 0.8
42-1-F Wiry Rd - 36.15 2.36 - 2.43 1.64
25-1-MF Cumberland - 0.60 0.49 - 0.68 0.57
77-1-MF Smith Mill 123.8 1.09 1.09 4.61 1.32 1.32
77- 3-F Fayetteville Rd 3.61 3.61 3.61 2.19 2.19 2.19

In addition,there are somateresting sites to consider sucha@ses95-5-MF, and 53-6-MF,

which areadequately designed according to both hydraanialyseswhile case®9©5-4-M, 53-5-

MF, and77-3-F areunder degjnedfor bothhydraulic analyse€ase$3-7-MF, and42-1-MF on

the other hanavere damaged in Matthew, and both upgraded following that damage, but neither
was redamagedin Florence Hydraulic analysis of HY8 and HDS5 indicated both were

1.

adequately designed in their pddatthewpre-Florencestructure using the base peak discharge

values.It wasthen considexd that the redesigning of these two sites following Matthew was
sufficient in providing additional resilience when Florence occurred. These two sites demonstrate
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what the NCDOT was hoping to determine, that some of the design practices put in place for
Matthew aided in the stateds i nf rAdistofallsites ur e
analyzed for base peak discharge using Fifid HY:8 is provided inTable D1 in AppendixD.

As shownin Table16, using theHDS-5 and HY-8 base peak discharge valydssign flows)the
research team furthdetermined the proportion of structures that were eéttiequatelylesigned
or under designedjiven current design standardsor all the structures damaged in both
Hurricanes Matthew and FlorenddK-siteg, approximately72%, 55%,and 33%of the sites were
underdesigned fothe Matthew Florence,and Currenbase flow estimatesespectively While
28%, 45%, and 66% of all the Mifteswereadequatelyesignedor the Matthew, Florence, and
Current base flow estimates respectivélysimilar trend is observed in tls¢ructures damaged in
either Hurricane Florenceonly sites (F-sites) or Hurricane Matthew only (M-site9, with the
proportionof under designedtructuresiecreasingrom the Pre MatthewPreFlorenceevens to
PostMatthew/Post-lorencestructures The proportion ofadequatelydesigned structureslso
increagd from the PreMatthewPreFlorence structures to PostMatthew/Postlorence
structures As earlier noted, he research teanmattributedthe decreamg proportion of under
desgned pipe®r the increasing proportion aflequatelylesigned pipesom hurricane Matthew
to Florence andinally to currentstructurego the re-designing(upgrading the pipe sigandbr
changimg the structures well asinclusion of headwallstc) of thestudysites.

Table 16. Proportion of culverts that wereadequatelydesigred and under designedvith
respect to floodingevent.

Site Timing Base Flow HDS5 Base Flow HY-8

Type Under-designed Adequately designec Under-designed Adequately designed

PreMatthew 2% 28% 76% 24%

MF PreFlorence 55% 45% 62% 38%

Current 34% 66% 38% 62%

M PreMatthew 64% 36% 64% 36%

Current 27% 73% 33% 7%

= PreFlorence 74% 26% 78% 22%

Current 37% 63% 37% 63%

3.3.2.Peak Discharge Results Adjusteging Ratios 1 and 2

The research team also estimated the potential flow these stretpesenced during the storms.
Recall, Ratio 1 (R1) is determined using the NOAA definition chR4vent(starting at 12:00
AM GMT or 7:00 AM ET, going until 6:59 AM ET the following calendar deafid Ratio 2 (R2)

is calculated from the heaviest-Bd period.Table17 shows the sites that were estimated to have
overtopped in either hurricane Matthew or Floreoakeulated using their respective definitions
of the 24hr precipitation levelsFor HY-8, almost all sitegrom the sample selected for the
purpases of this reporhad HW/D > 1. for adjusted peak discharge values, excapts 53-6-

MF (Matthew R1 and R295-5-MF and42-1-MF (FlorenceR1 and R32, which were adequately
sizedfor the respective stormg/hereas for HDS, there were onlfive combinations of adjusted
peak discharge values that provided HW/D valDé&s0.
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Table 17. Results of analysis completed utilizing HDS and HY-8 for adjusted peak
dischargefor some identified sites irDivisions 1, 2, 4, and %red cells have calculated

HW/ D > 1.20 and green cells have
Adjusted Discharge HDS5 HW/D Adjusted Discharge HY-8 HW/D
Case ID | Street Name | Matthew |Matthew | Florence [Florence/Matthew | Matthew |Florence| Florence
R1 R2 R1 R2 R1 R2 R1 R2
95-1-MF | Polly Watson K 1.59 1.59 0.94 0.94 2.04 2.04 1.65 1.65
955-MF | Corbett Hill Rd 1.62 1.61 0.68 0.68 1.43 1.43 0.75 0.75
954-M |James Hinson R 3 35 2.72 2.72 1.87 1.9 1.83 1.83
534-MF | Dalys Chapel R 1.14 1.14 2.01 2.01 1.43 1.43 2.07 2.07
53-6-MF NC 903 0.73 0.73 1.08 1.08 1.18 1.18 1.69 1.69
53-7-MF Davis Mill Rd 3.07 3.07 1.58 1.58 2.16 2.16 1.22 1.22
53-5-MF | Eric Sparrow Rd 2.31 2.31 5.08 5.08 2.22 2.22 2.48 2.48
42-1-MF Harnett 3.37 4.4 0.65 0.65 2.87 3.02 0.85 0.85
42-1-F Wine Rd - - 20.13 36.15 - - 2.22 2.43
77- 1-MF Smith Mill 243.90 377.90 1.84 2.59 4.99 5.28 2.40 2.76
77- 3-F Fayetteville Rl 6.08 8.88 9.77 12.32 2.32 2.42 2.44 2.50

Comparing the values fromable 15 and Table 17, it can be seethat for Casé3-7-MF, the

c al

structure was repaired after Matthew, and the new strustaseadequately designed for the base

peak discharge. Howevexhen assessing the structures for the estimated storm even flows it is
found thatcase53-7-MF was prone to overtopping with HW/D vakief 3.07, and 1.58, for

Matthew R1 and R2 respectivelgnd2.16 and 1.2Zor Florence R1 and R2 respectively. As
shown inTablel5, using base peak discharge valwase 955-MF was adequately designed using

both HDS-5 and HY-8. However, using adjustgqueak discharge flow values ustd estimate
potential flows during each storas shown infable17, case 9%-MF wasundersizedduring

Hurricane Matthew for both HDS and HY-8 with HW/D values as 1.62 and 1.43 respectively.

A list of all sitesanalyzed for adjusted peak discharge using 328d HY:8is provided inTable

D.2in AppendixD.
In summary, as shown ifable18, for all the structures damaged in both Hurricanes Matthew and

Florence(MF-sites), approximately9o, and69% of the sitesradundersizedstructuredor the
HurricaneMatthew and HurricaneFlorencerespectively Similarly, for both tre M-sites and F

sites, approximately 67%, and 81% culvertsenerdersizedor Hurricanes Matthew and Florence

respectively. Comparing values frohable 16 and Table 18 showsthat the proportion of under
sized culverts is slightly higher théime proportion ofinder designed culvenighich suggestthat
the flow levelsn somesites greatly exceled(about200 and500-year return intervalthe design

duringHurricaneMatthew and Florence

Table 18. Proportion of culverts that were adequately sized and undesized with respect to

flooding event.

Site Timing Base Flow HDS5 Base Flow HY-8
Type Under-sized Adequately sized Under-sized Adequately sized
ME PreMatthew 79% 21% 79% 21%
PreFlorence 69% 31% 79% 21%
M PreMatthew 67% 33% 73% 27%
F PreFlorence 81% 19% 81% 19%
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3.3.3.Damage Level CorrelationResults

In addition to assessing whether the structures were-gimbet or adequately designed for specific
storms other parameters were evaluatedeadwater depth to Bed-Crown ratio (HW/BC),
drainage area (DA), Be-Crown distance (BC), and backfill deptihs noted in the
methodology, lte exploration of these parameterss conducted on tHeasis of flows estimated
using thedesign eventOf the 85 sites that were visited, 53 were considered for the analysis of
potential failure pathwayand correlation between damage level and design fadtotsall sites
could be evaluated becausdinfitationsin the data that codlbederived from both hydro reports
and sites visitsHowever, fom these53 sites, a total of 73 different conditions were considered
since some sites were damaged in hatlricaneMatthew and Florence

The firstanalysis evaluated the relationship betweerert damage leveiW/BC ratio. In 35 of

the 73 cases considered, overtopping (HW BC
12 RCPs, 19 CMPs, three CMPAs, and one HDPE culvert. As shoWable 19, the results of

the analysisndicatel that 6% of the casesvhere overtopping is estimated to occur during the
design evenfiad a damage level of 2 for pipe dama@8phad a damage level of 1 for pavement
damage, and 40% had a damage l@feB for shoulder damage. These findings suggest that
calculated overtopping potential is a weak indicator of potential damage during a storm,
particularly for pipe and pavement dama§eatter plots showing this correlation are shown in
Figure D13in Appendix D.

Table 19. Percentage of culverts overtopped in the correlation between Damage Level and

HW/BC.
Overtopped (HW/ B
Damage Pipe Pavement Shoulder
Level
Damage Damage Damage
0 23% 38% 3%
1 14% 58% 34%
2 61% 6% 23%
3 3% 0% 40%

A secondanalysisevaluated theelationship betweedamage levels and drainage aseal the
results are summarizéa Table20. To interpret the results of this analysis, it should be recognized

¢]

that design methods change depending on the drainage area. For drainage areas of 0 to 0.1 square

miles, the Rational Method is used. For drainage areas between 0.1 and 1 square mile, USGS

Urban and Small Rural (2014) is used, while all other drainage areas (>1 square mile) use USGS
Rural (2009). For this analysis, the initial expectations weaettiere would be potential for

higher damage levelgith anincrease in drainagaea Slightly higher damage levedseobserved

with respect to shoulder damage whatelamage level of three (3), 22% of the 73 culvert cases
have a drainage area greater than 1 square mile anchd%8drainage areabetweerD.1 to 1

square mileOn the other hand, pavement damage and pipe ddmaagethe highest proportions

at damage levels 1 and 2 respectively. These results suggest that the relationship between higher

levels of damage and increasing drainage aseasveak indicator of potential damage during a

stormfor shoulder, pavement, and pipe damage. Details of these analysis are expressed in scatter

plots in Appendix D and illustrated Figure D14.
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Table 20. Proportion of culverts categorized bydamagelevel inrelation to drainage area.

Damage |0Sg.mi<DA< 0.1Sg.mi<DA< DA>1
Level 0.1 Sg.mi 1 Sqg.mi Sqg.mi
Shoulder Damage |
0 0% 1% 1%
1 5% 14% 14%
2 4% 8% 14%
3 1% 15% 22%
PavemenDamage
0 7% 15% 22%
1 3% 21% 21%
2 0% 3% 1%
3 1% 0% 7%
Pipe Damage
0 1% 11% 16%
1 3% 3% 7%
2 5% 22% 18%
3 1% 1% 10%

The orrelation between Damage level and BedCrown (BC)and backfill depth were also
analyzed. In the case of B&horter BCdepthshad no significant impact on the damage level of
culvertsand hence the relationship betwd@mmage level andhorter BC values does naitd in
theresilienceassessmermif culvertsduring a stormLikewise, with respect to backfill, al3 cases
were found to havexdequate backfillmaterial andthus no discernable correlation could be
detected. The detaii results of these correlations are showifrigure D15 andFigure D16 in
Appendix D.

3.3.4.Design StorntncertaintyResults

Resultsderived from he analysis oAEP equivalents to the 2 storm are depicted inthe
example inFigure32 andin more detail in Appendi®, Figure D1. The line of best fit for the 25
yr storm(indicated by yellow curved and black vertical lines) corresponds to th& p&t&entile
of a 5yr storm, 87.% percentile of an §r storm, 88" percentile of a 19r storm, 74 percentile
of an 11yr storm, 30" percentile of a 5§r storm, 24 percentile of a 6§r storm, 18 percentile
of a 140yr storm, 12.4 percentile of a 189r storm, 4" percentile of a 70§r storm, and the 2'5
percentile of a 1409r storm.This analysis was repeated for multiple drainage areas and, overall,
only a mina variation was observed with respect to the AEP equivalents. For exanep8y,.%'
percentileof the 25yr storm alignedvith the 7.5yr storm for 1 and 5 square milead the 8yr
storm for 2.64 and 10 square mil&milar slight discrepancies are noted in th&,28.5" and
4™ percentilesat different drainage areas summary of the resulis presented ifFigure32 and
in Table21.
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Figure 32 Plot showingrelationship between flow valuegt their respective percentiles and
storm return periods (1/AEP) whendrainage areais 2 square miles.

Table 21. Storm return period equivalent to the Line of Best Fit of the 25yr storm.
Storm R Equivalent Percent

Period 25 storm
5y r 97. 5%
8y r 87.5%
1er 8 0%
liyr 75%
50 r 30%

6 6/r 25%
149r 15%
189r 12.5%
709r 4. %
14¢0 2.5%

The research team furthewnducted grobabilistic analysis of flow values differentpercentiles
AEP equivalentsvere developedrom these plotdy correlating the percentiles of the-g&ar
storm to various returngpiods.

summarizes these equivalencies. As an example of how to interpret the table, consider the first
row, which provides equivalencies for the 7ggrcentile of the 4% AEP. At this percentiliee

4% AEP corresponds to the3 73", 80", and 929 percentiles of the 5@@ear, 200year, 100

year, and 5¢/ear storms, respectivelyn this table, he row (in red) corresponding to the 50
percentile of thel% AEP can b compared tohe $orm return period equivalent to the Line of

Best Fit of the 25/ stormasshown inTable21. Results from the design storm frequency analysis
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show thatn comprehensive assessment of how culverts perform under \&oouseventsallows
for informeddesignand mitigation strategiemnhancing the resilience of culvert structures

Table 22. Annual Exceedance Probability and theirequivalent percentiles to the 4% AER
4% Al Annual Exceedance Probability

Perc:eO. 2 %A0. 5 %A1 %AE 2%AE 10 %AE20 %AES50 %AE

(590 (240 (190 (50r, (KOr, (Fr) (Fr)
97. %t 47 65 80 92 - - -
87.%t 25 39 53 75 - - -
75 15 25 35 57 9 4 - -
50 7.5 11 16 33 8 4 95 -
25 - 4 6 12.¢t 58 8 6 -
12,8 - - 2.5 7.5 40 75 97.¢
2.5 - - - - 12.¢ 40 87.:!

Subsequent examination of the relationship between overtopping flow aesd from peak

design dischargand corresponding percentiles yielded a range of reSilesanalysis primarily
focused on eight culvert cases that experienced damage during Hurricanes Matthew and Florence
Somecases (99-MF-M, 95-8-MF-M, and 423-M) showed instances where low probability for
overtopping did not align with actual culvert performance during the storms, challenging
conventional overtopping criteria. In some imst@s, the inclusion of headwalls and upsizing of
culverts (as seen iRigure D12 throughFigure D12) improved culvert performance during the
design event. However, observed culvert damage documented in the hydro report contradicted
hydraulic analysis resulend showedhe complexities of storsimduced damage

Case 423-M illustrated how dowssizing theculvert size increased the probability of overtopping
after Hurricane Matthew, suggesting that altering culvert dimensions can infloehest
response during a storrases 55-M and 252-F demonstrated a 47% probability of overtopping
during Hurricane Matthewhowever,subsequent upsizinggducedovertopping probabilities to
30% and 21%, respectively. Cases-2ZBIF and 421-MF initially had high overtopping
probabilities (65% and 61%, respectively). Upsizititese culverts lowered overtopping
probabilities, indicating the impact of design modifications. Caé&/8- presented a notably high
overtopping probability during Hurricane Florence, underscoring the vulnerability of culverts to
peak design dischargesyiecific percentile thresholds.

These findings while acknowledging that they are not universally applicable to all culvert case
studies, reflect the intricate interplay between hydraamalyses, culvert design modifications,

and actual performance during storm events, suggesting the need for more nuanced evaluation of
culvert resilience with respect to Design Storm Uncertaityetailed graphical representation of

these cases are showrFigure D.13a), (b), (c), (d), (e), (), (g), and (h) in Appendix D

3.4.Division Practices and Lessons Learned

As mentioned previously, the research team conducted interviews with personnel from Divisions
2, 4, and 6 tgain comprehensivenderstanding dheir practicegand decisionsThese interviews
yielded valuablénsightsthat significantly contribute teesearch studylhe detailed findings from

these meetings are provided in AppendixBased on the totality of the interviews with each
division the following findings are noted:
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1 The common practice for backfilling is different between counties: in Lenoir and Bladen
County, No. 57 Stonelayer is placed as bedding until the top of the pipe; however, in
Wayne County, theNo. 57 Stonelayer is placed as bedding until half of the pipe.
Differences in practices might result in different performances and explain relatively higher
number of damaged sites in Wayne County.

1 A certain amount of time (depending on the time of year and climate of the location) is
needed after repair for the vegetation to become reestablished and the slope stabilized. If
sufficient time between the repair and an event is not given, then thaigipenot perform
as well as expected.

1 Practices to reduce erodibility include but are not limited to proper compaction, matting,
armoring with rip rap on both sides, properly placed side ditches, and use of No. 57 Stone
for joint issues.

1 All threedivisionsunanimously suggested that an erosion or damage is not often detected
until it becomes a problem; therefore, preemptive and more frequent monitoring is needed.

1 Washout of top layer on shoulder is not concerning if the pipe is not damaged and headwall
anchors are not compromised.

1 In some cases, old construction guidelines for pipe and headwall, e.g., not embedding the
concrete headwall, might have aggravated the damage that occurred during Hurricane
Matthew.

1 Some practices to reduce erodibility are not possible because of limitations due to
environmental considerations or placement of utilities.

Other contributing elements include utilities cut through pipes, upstream features, e.g., dam, acidic
soils, and toe wall depth.

3.5.Vulnerability Analysis
3.5.1.Level of Damage

A representative radar plehowing the vulnerability assessmdaot each type of structure is
shown inFigure 33. Various patterns emerged through this graphical evaluation approach. For
example,Figure33(a) has a triangle shape, which was typical of RCP pipes and shows that at
locations with RCP pipes the pipe itself and the shoulder are the most vulnerable components.
Figure33(b) (a CMP pipe) has a diamond shape, which shows that in CMP pipes, the pipe and
shoulder are damaged, but it is also commorsde pavement damageigure 33(c) has a
symmetric diamond shape, which shows that CMPA pipken damagedxperienced damage

to all elements and also required substantial mobilization to répgine 33(d) has a reversed
triangle shape, which shows that in RCBC pipes the pipe can remain largely undamaged, but the
shoulder and pavement can get heavily damaged. It should be noted that the observations are
limited to the cases of this study.

Radar plots were also evaluated in each site for Hurricanes Matthew and Florence and current
conditions.Figure 34, Figure 35, andFigure36 are presented here as exampfegure34(a) and

(b) show the radar plots for Site-83VIF after Matthew and Florence, respectively. In this case,

the pipe was the same in both events and there was no headwall in the strignue®4(b) in
comparison td-igure34(a) has higher damage in all components. It could be due to more severe
stressors or due to the accuntida of damage or vulnerabilities through the two evefitgure

35a) and (b) show the radar plots for Site322B1 after Matthew and in the current condition,
respectively. In this case, the pipe was kept the same after Matthew and there was no headwall in
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the structureFigure35(a) shows a minimal damage aRdure 35(b) indicates no damage. This

result suggests that the repair that was done after Matthew was successful, and it is still in good
shapeFigure36(a) and (b) show the radar plots for Site2B1 after Matthew and in the current
condition, respectively. In this case the pipe was upsized, and headwall was added to the structure.
Figure 36(a) shows a significant damage dridure 36(b) indicates no damage. It shows that
damage after Matthew reqad the pipe change and the improvement and addition of headwall
was successful so that it was not damaged after Florence, and it is still in good shape.
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Figure 33. Representative radar plots of damage level components for: (a) RCP, (b) CMP,
(c) CMPA, and (d) RCBC.

Figure 34. Radar plot for Site 53-4-M
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Figure 35. Radar plot for Site 23-5-M: (a) after Matthew and (b) in current condition.
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Figure 36. Radar plot for Site 25-2-M: (a) after Matthew and (b) in current condition.

Further investigation of the damage level radar plots indicated that in most of the CMP cases, the
same type of structure existed in both events. The pipe may have been trstzsaonet could
have been upsized. This situation was not the case for RCP pipes. In three cases the RCP was
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considerably damaged after Matthew and pipe was upsized to a CMP pipe, damage after Florence
was relatively lower, especially on pipe and pavement component. For example, radar plots for
Site 956-MF are presented iRigure41(a) and (b).
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Figure 37. Radar plot for Site 95-6-MF after: (a) Matthew and (b) Florence.

3.5.2.Vulnerability Score

The damage levels and vulnerability scores were plotitdrespecto one another to examine

the correlation between these values. This plot is presenté&igime 42. Though there is
considerable scatter, the trenslexpecteds that ashe level of damage increases the vulnerability

score increases. This relationship appears to be consistent (though subject to considerable scatter)
up to a damage level of 10, beyond which the trend deviates. However, damage levels above 10
indicate compte or nearlycomplete washouts and initial investigations showed that all these
cases are from Matthew event. Thus, there is greater uncertainty associated with these cases. Also,
most of these cases have CMPA structure type and their washout might be explainetthysele

other than the ones considered in the vulnerability scores, such as shallow toe wall information on
which is not available.
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Figure 38. Correlation between level of damage and vulnerability scores.

In the initial investigation of radar plots for CMP pipes, the plots were categorized based on the
visual pattern. Then within each shape categ@glar plots of scores and damage levels were
compared to explore correlatiosgure39 andFigure40 are presented here as exampfégure

39 shows the radar plots for Site-8aMF as one of the categories. The radar plots of damage
levels were previously discussed in this report. As showEtjure39(c) and (d), the radar plots

of score components for Matthew and Florence are the same except rainfall intensity and
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surrounding features (in this case flood plain) is worse in Florence, so the higher damage level in
Florence can pdyt be explained by this factor.
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Figure 39. Radar plots of Site 534-MF for: (a) damage levels after Matthew, (b) damage
levels after Florence, (c) vulnerability scores after Matthew, and (d) vulnerability scores
after Florence.

Figure40 shows the radar plots for Sites-@MF, 956-MF, 955-MF, and 952-M and shows a
second category of vulnerability behaviors. Comparing the plots of Sitédv#band 956-MF,
Figure4((a), (b), (e), and (f), with Sites ¥8MF and 952-M, Figure40(c), (d), (g), and (h), it

can be seen that the level of damage is significantly different between these two groups. These
differences are present even though their vulnerability score plots are almost similar except for the
headwall component. The foengroup Figure40(a), (b), (e), and (f), have headwall, but the latter
group does not have headwdligure4(0(c), (d), (g), and (h), so the higher level of damage in the
latter group can be partly explained. Also, it is noted that the color of the grapiugiia40(f)

and (g) (green) indicates that in these cases the HW/D with respect toytear2tesign event is

less than 1.2. The orange coloiFigure40(e) and (h) indicates that the HW/D is higher than 1.2.
However, this parameter does not previdrther insight on the correlation patterns, therefore,
further investigation is needed in exploring the correlations between vulnerability score and
damage levetomponent.

Figuredl1(ai h) shows the radar plots for Site-28VIF, 95-5-MF, and 231-MF to show a third
category of the vulnerability radar plots. In this particular case, a combination of the following
factors contributed to the absence of damage to the pavement and pipe, requiring only minor
repairs:

1 Presence of rip rap and No. 57 Stone, along with sufficient cover (due to lack of data during
the events, the cover is qualitatively evaluated based on damage photos): These measures
provided adequate protection against erosion and mitigated the pdandiamage.

1 Absence of surrounding features (i.e., swamp, beaver dam, and wide floodplain) and
channel erosion: The lack of nearby vulnerability and strong flow causing the erosion of
channel minimized the risk of impact on the pavement and pipe.
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1 Low intensity of rainfall and less erodible soil type: The rainfall during the event was of
low intensity, coupled with the presence of less vulnerable soil, further reducing the
likelihood of damage.

In this context, the influence of the lack of headwiijure41(g) and (h), and HW/D ratio (low
in case orFigure41(f) and high in cases dfigure41(e), (g), and (h)) was overshadowed by the
combined effect of these other factors.
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Figure 40. Radar plots of damage level components for: (a) Site 38MF after Florence, (b)
Site 956-MF after Florence, (c) Site 9%-MF after Matthew, (d) Site 95-2-M after
Matthew, and radar plots of vulnerability scores for (e) Site 954-MF after Florence, (f) Site
95-6-MF after Florence, (g) Site 955-MF after Matthew, and (h) Site 952-M after
Matthew.

Figure 42(a i f) shows the radar plots for Site -28MIF and 959-F as another category of
vulnerability radar plots. In this case, a combination of the following factors contributed to the
absence of damage to the pavement and the need for only minor repairs:

1 Use of No. 55toneand headwall: The utilization of No. Stoneand a headwall provided
sufficient protection and stability for the infrastructure, preventing significant damage.

1 Absence of channel erosioivhen no channel erosion is observed it implies that the storm
flow was not strongDue to the lack of strong flow, the pavement and infrastructure
remained intact, avoiding any significant damage.

1 Less erodible soil type and low rainfall intensity: The soil's less erodible nature and the low
intensity of rainfall reduced the risk of damage to the pavement.

However, it is worth noting that the presence of surrounding features and the absence of rip rap
had adverse effeciscluding requiring minor repairgigure42(a), or damaging the pipEjgure

42(b) and (c)Comparatively Site 959-F, Figure42(c), exhibited more significant damage to the

pipe and shoulder due to insufficient cover and a high HW/D ratio when comp&3éd #51-

MF after both Matthew and Florendggure42(a) and (b)
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Figure 41. Radar plots of damage level components for: (a) Site 96F after Florence, (b)
Site 955-MF after Florence, (c) Site23-1-MF after Matthew, (d) Site 23-1-MF after
Florence and radar plots of vulnerability scores for (e) Site 98.-F after Florence, () Site
95-5-MF after Florence, (g) 231-MF after Matthew, and (h) Site 23-1-MF after Florence.
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Figure 42. Radar plots of damage level components for: (a) Si@s-1-MF after Matthew,
(b) Site 25-1-MF after Florence, (c) Site95-9-F after Florence and radar plots of
vulnerability scores for (d) Site 25-1-M F after Matthew, (€) Site 25-1-MF after Florence,
and (f) Site 95-9-F after Florence.

Figure43 (ai j) shows the radar plots for Site-89~, 531-MF, 53-5-M, and 82-MF as another
category ofvulnerability radar plots. In this case, a combination of factors contributed to damage
to all componergtresulting ina diamond shape in radar plot gratticularlyextreme damage
theshoulder The factors involved in this case are as follows:

1 Absence of headwaltip rap and cover: Théack protective measures suchhesdwall,
rip rap, and coveleft the site vulnerable, leading to substantiamage to shoulder and
pipe. It also required moderate to heavy repair.
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1 Presence of surrounding features (i.e., swamp, beaver dam, and wide flocatpdiigh
intensity rainfall: The pesence of surrounding features amdurrence ohigh-intensity
rainfall heightenedhe risk of damage to all componeatghese sites

Use ofNo. 57 StoneThe utilization ofNo. 57 Stongrovided protection and stability for

the pavement

Absence of channel erosionh&@ absence of channel erosion indicates the absence of a
strong flow, which played a role in preventing damage.

It should be noted that low HW/D valughich suggestsufficient desigrhelpedprevent damage
to pipe and pavemenfigure 43(f). However,the combination of factors mentioned above still
had a significanimpact on shoulder, resulting considerable damageigure43(f).
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Figure 43. Radar plots of damage level components for: (a) Si@5-8-F after Florence (b)
Site 53-1-MF after Matthew, (c) Site53-5-M after Matthew, (d) Site 82-MF after Matthew,
(e) Site 82-MF after Florence, and radar plots of vulnerability scores for §) Site 95-8-F
after Florence, (g) Site 53-1-MF after Matthew, (h) Site 53-5-M after Matthew, (i) Site 8-2-
MF after Matthew, and (j) Site 82-MF after Florence.

Similarly, theradar plots for RCP pipesere evaluated antthe plots were categorized based on

the visual pattern. Then within each shape category radar plots of scores and damage levels were
compared to explore correlatioftdgure44 (ai d) shows the radar plots for Site-@5- and 95

6-F as one category ofilnerability radar plots. In this case, a combination of factors contributed

to damage t@ipe and shouldeesulting in a@riangleshape in radar plot. The factors involved in

this case are as follows:

1 Absence of headwalindrip rap: The lack protective measures such as headwdlip

rap left the site vulnerable, leading to substantial damage to shoulder and pipe.

Absence of surrounding features (i.e., swamp, beaver dam, and wide floodplain) and
channel erosion: The lack of nearby vulnerability and strong flow causing the erosion of
channel minimized the risk of impact on the pavement.

Use of No. 57Stoneand sufficient coverThe utilization of No. 55toneand presence of
sufficient coverprovided protection and stability for the pavement.

Moderate intensity of rainfall and erodible soil type: The rainfall during the event was of
moderateintensity, coupled with the presence of vulnerable soil, furitheneasingthe
likelihood of damagéo pipe and shouldeMore specifically, in Site 9%-F, Figure44(d),

the soil is more vulnerable than that of Site9b, Figure44(c), the damage to the shoulder

T
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is higher in Site 9%-F, Figure44(b), even though the rainfall is less intense in Sitd-95
F.
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Figure 44. Radar plots of damage level components for: (a) Site 9BF after Florence, (b)
Site 956-F after Florence, and radar plots of vulnerability scores for (c) Site 98-F after
Florence,and (d) Site 956-F after Florence.

Similarly, the radar plots for CMPA pipes were evaluated and the plots were categorized based on
the visual pattern. Then within each shape category radar plots of scores and damage levels were
compared to explore correlatioriggure45 (ai f) shows the radar plots for Site-88M, 95-2-

MF, and 956-MF as one category @tilnerability radar plots. In this case, a combination of factors
contributed to damage &l components
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Figure 45. Radar plots of damage level components for: (a) Site $BM after Matthew, (b)
Site 532-MF after Florence, (c) Site 536-MF after Florence, and radar plots of
vulnerability scores for (d) Site 958-M after Matthew, (e) Site 532-MF after Florence, and
(f) Site 536-MF after Florence.

The factors involved in this case are as follows:

1- Absence of headwall: The lack protective measures such as headwall left the site
vulnerable, leading to substantial damage to shoulder, pipe, and pavement.

2- Presence of surrounding features (i.e., swamp, beaver dam, and wide floodplain): The
presence of surrounding features heightened the risk of damage to all components at these
sites.

51



3- Moderate intensity of rainfall and erodible soil type: The rainfall during the event was of
moderate intensity, coupled with the presence of vulnerable soil, further increasing the
likelihood of damage to pipe and shoulder.

It should be noted that presence of sufficient cover in Sité-9% and 956-MF provided
protection for the components and the level of damage for these sites is less than that «3#-Site 95

M. Comparing Site 92-MF and 956-MF, it can be seen that usergd rap provided additional

protection and pavement was not damaged in SH& &b despite of Site 92-MF.

3.5.3.Soil Erosion Vulnerability Scores

Resultsas shown infable23 derivedfrom thevisual manual classification abils showedthe
sites visited had a range of soil types from well graded §8W3$ which are considered to have

high erodibility, to silts(ML i Low plasticity silts) which are considered to hanedium or low

erodibility.
Table 23. Soil types collected at respective case sites.
Case ID Street Name Soil Type Soil Group Symbol
95-2-MF Mark Herring Rd Well graded Sand with Silt SW-SM
95-4-MF NC 55 Well graded Sand with Silt SW-SM
95-9-MF North Center Street Silty Sand SM
95-8-MF Raynor Mill Rd Sand with Silt ML w/S
95-3-M Wayne Memorial Drive Silty Sand SM
95-3-F Pinkney Road Poorly Graded Sand with Sili SRSM
95-4-F us 117 Poorly Graded Sand SP
53-6-MF NC 903 Silt with Sand ML w/S
53-3-MF N Croom Bland Rd Silty Sand SM
53-6-M Falling Creek Rd Clayey Sand SC
53-2-F W. Pleasant Hill Rd Poorly Graded Sand with Sill SRSM
42-1-F Wine Rd Silty Sand SM
42-3-M Brick Mill Rd Well graded Sand with Silt SW-SM
25-2-F LA Durham Rd Poorly Graded Sand SP
8-4-MF Brown Creek Church Rd Silty Sand SM
8-2-F Everette Byrd Road Well Graded Sand SwW
23-1-MF Union Valley Rd Poorly Graded Sand with Sill SRSM
23-5-MF Jordan Rd Silty Sand ML
234-F Peacock Rd Sandy Silt ML

The soil erosion vulnerability scores ranging from 0 to 1 were then determined using Eff)ation

shown below andhe erosion categoriesbt ai ne d

from Bri

(Briaudet al, 2017) It should be noted, as showrFigure 1landFigure12 t h a't
charts for geomaterials have erosion categories one (1) to six (6) covering a range of soils.
However, our cases, as per the soil types analyzed, only cover a narrow range of soils with the

highest being category J3able 24showssoil erosion vulnerability scoresformation obtained

aud?ods

Br i

er osi
audos

from thevisual manuakoil classification Theresults obtainesvere therused as supplementary

information to understand the influential param&téat contribute to soil vulnerability scores.
-13EC) 4

where;

SES= (
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SES = Soil Erosion Vulnerability Scores, and
EC = Erosion Categories.

Table 24. Relationship between il erodibility and soil type.
Erosion Categories  Soil Erosion Vulnerability Scores

Soil Group

(EC) (SES)
SP 1 1
SRSM 1.25 0.92
SM 1.5 0.83
SW-SM 1.75 0.75
S 1.75 0.75
sc 2 0.67
ML 2.25 0.58
MH 3 0.33

As shown inTable 24, soil erosion vulnerability scores are highest in sands and lowest in silts.
Therefore, soils with higher fines content such as silts (MH, ML) would help redireerability
of culverts with regards tercsion as compared to soils with less fines content.

3.6.Discussion on Contributing Factors

After conductinganalyses on the correlation between the level of damage and vulnerability scores
in Section 3.5Figure39 throughFigure45, specific features have emerged as vulnerabilities that
requireconsideration in the management process. These vulnerabilities encompass the presence of
surrounding features and erodible soil. Notably, featsuwel as swamps, beaver dams, wide flood
plains, and strong flow (indicated by erosion in the bottom of the channel) should be acknowledged
as potential vulnerabilities. The combined presence of these features can elevate the susceptibility
of the structue to damage. However, it is important to highlight that the existence of only one of
these features does nataessarily indicate an increased vulnerability.

Section 3.5 highlights that the analyses conducted on the correlation between the level of damage
and vulnerability scores have identified specific design elements that play a crucial role in offering
protection for the structure. These elements encomipassieadwall, rip rapNo. 57 Stone
sufficient cover, andesserodible soil. It is vital to recognize that the combination of these
elements collectively contributes to the overall protection and resilience of the structure. It should
be noted that theresence of only one of these elements may not be adequate to provide the desired
level of protection.

Another parameter to be considered is the presence of side diBithesditches help guide
floodwater through channedsd the total volume of water that they feed into the culvert crossing

is likely accounted for during the design procddswever,an aspect thamay be overlooked

during the design is the potential for cascading effects to the channel from damage in the ditches
or turbulent flows that are induced when the ditch empties into the chBangistancethe photos

from Google Earth isite $-1-F, located on Nahunta Roadow a case where side ditch and main
channel damage occurs at their intersectiahighlighted with yellow arrows ifigure46, the
floodwater can enter the stream from side ditcBeawing from the interviews conducted with
division engineers, as detailed in Section 3.4.3, successful practices were implemented in response
to roadside slope washouts observed in the aftermath of Hurricane Matthew. The implementation
of measures suchsaflattening side ditch longitudinal gles and/or back/foreslopes (where
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feasible) and installing gutters to regulate floodwater proved to be effective. Division engineers
noted in cases where such mitigation steps were taken that no issues were reported following the
occurrence of Hurricane Florence.

Figure 46. Photos from Google Earth in Site 951-F on the inlet side (left) and on the outlet
side (right).

As detailed in Section 3.2.6, evidence of ongoing erosioohannels or feeder ditchegas
observed during site visits. When discussing this matter with division engineers, it was clarified
that these erosion issues are frequently not detected until they reach a problematic stage and begin
to impact the road or traffi€arly detection of such erosion could serve as a warning that a site is
vulnerable to or subject to turbulent flows and/or a weakening or failing drainage system.

Based on the analysis of available data and surveys, it was observed that some sites were not
previously flagged as damaged in events prior to Hurricane Florence. However, when evaluating
satellite photos from Google Earth for these sites, indicationsasuphtches or overlays on the
pavement were evident in different yedfsr instance, the photos from Google Earth in Site 95

2-F, located on North Washington Street were investigated. As highlightedure47, during

different times overlay on top of the location of pipe is detectdlbiis.site was only flagged after
Hurricane Florence, but the overlay and sign of recurrence issue is evident prior to Hurricane
Florence and in current condition.
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Figure 47. Photos from Google Earth in Site 92-F on (a) February 2023, (b) August 2021,
(c) June 2012, and (d) January 2008.
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4. CONCLUSIONS AND RECOMMENDATIONS

4.1.Conclusions

Based on the interviews, sisits, and data analysis conducted in this research, the following
conclusions are made.

1 The actions taken by the NCDOT hydraulics unit and maintenance operations group
following the recent hurricanes have been effecteincreasing the robustness and
reparability (i.e., resilience) of roadways with pipe crossiiggse actions include design
and repair decisiorss well aglecisions to create a database to catalog damage assessments.

1 When pipes and culverts were redesigned following either Hurricane Matthew, Hurricane
Florence, or both, they were almost always upsized. Between approximately 67% and 75%
of the damaged sites evaluated were undersized by current design standardstipeior to
being damaged.

1 Beyond upsizing, some design features were found to prgvatection for the structure
and reduce/mitigate the damage from extreme fldese elements include:

o Headwall: The presence of a headwall helps provide structural stability and protection
for the pipe during flood events.

0 Rip rap: The use of rip rap, especially along the banks or embankments, helps prevent
erosion and provides additional protection to the structure.

0 No. 57Stone The utilization ofNo. 57 Stone for bedding and backfdffers protection
and stability for thepipe as well as theavement.

o Sufficient cover: Having sufficient cover over the structure helps shield it from external
forces and potential damage.

o Soil erodilility: Constructing the structure amd/or with les®rodible soil reduces the
risk of soil displacement and erosion, enhancing the overall resilience.

o Side ditch mitigation: In some cases, adjustments to the slopes (longitudinal, backslope,
and/or foreslope) can mitigate damage not only to the side ditches, but also to the
channel and pipe.

1 The following featureareconsideredvarning signs of potential vulnerabilitigaesence of
erodible soil and/osurrounding features such as swamps, beaver dams, wide flood plains,
and strong flow (indicated by erosion in the bottom of the chariffed.presence of only
one of these features does not necessarily indicate heightened vulnerability.

4.2.Recommendations
On the basis of the study reported here, the research team makes the following recommendations.

71 Design and Repair Strategiekhe NCDOT continue to utilize the same design and repair
strategies enacted after Hurricandatthew and Florence.

1 Survey 123 Database Enhancemefitee NCDOT should consider enhancing the Survey
123 database to include more details ondbeisiormaking process from the design stage
through the construction sta¢geg., storing hydraulic designs andaslt data into Survey
123)including the data of final pipe placemewhen a hydraulic design is provided for a
culvert, often multiple options are provided; the precise details of the design (or a
modification based on available resources) that is installed ors site recorded within the
123 Database and may not be centrally repoésb, the design practices at the time of
installationmay significantly impacen  p i vplreedalsility to flooding. This information
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would be crucial for assessing the performance of infrastructure over time and understanding
the aging effects on its resiliendeis also recommended thainor repairs or maintenance
activities be recorded comprehensivielghe same database where catastrophic damage and
repairs are recordedt. is recognized that recording these additional daurvey 123 is
redundant for the division engineeksowever, the lack of such detailed information was a
hurdle for the research team in this project. Hguimore complete information centrally
stored would greatly simplifypostmortem evaluationand continual assessmeand
identification of potential improvement areas.

Selected Site Monitoringdt is recommended that the NCDOT select a subsample of sites
from this project and conduct continual monitoring of the overall performance and flow
characteristics at the site. The research team noted substantial uncertainty with respect to the
design flavs estimated using current USGS equations and continued damage at some sites.
By better understanding the characteristics of sites that lead to higher or lower real flows
than those estimated by the design equations, the NCDOW omake more precise and
accurate flow estimates and decisions on pipe sizing.
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5. IMPLEMENTATION AND TECHNOLOGY TRANSFER PLAN

The Maintenance Operations and Fleet Management group and the HydraulafshénKCDOT

will be the primary users of this product. The products of this research will be usedréwe
existing maintenance and hydraulic design specifications, which will result in cost savings. T
researcltan be used tonprovespecificationghrough theecommendationsade in the previous
chapter.

For follow-up activities, the research team believes that the NCDOT could consider the following
activities:

1 allocating resources to evaluate the vulnerability and damage factors from this study on
additional sites across eastern and western North Carolina. It is likely that additional
contributory factors could be identified in western counties (i.e., channgitudinal
slope) and used to improve the recommendations from this project;

9 allocating resources to enhance the Survey 123 database and data collection training. The
research team noted some inconsistencies across Divisions/Counties and more consistent
photo logging of praepair and postepair conditions might be beneficial; and

1 allocating resources to continue to monitor a subset of sites identified in this study
including stream monitoring and subsequent modeling work to improve upon the flow
estimation process used for design.
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APPENDIX A: DETAILED LITERATURE REVIEW

INTRODUCTION
Infrastructure resilience has become an important topic for North Carolina. Rececdénes and
other extreme eventshaweaused more than $450 million in d

infrastructure.In addition to the cost of the infrastructuréetNCDOT spent considerable
resources to redesign and repair many elements after eachfex@riew of the NCDOT records
following Hurricane Florence suggest that more than 3,000 disruptions occurred. Some of these
locations were identical to those damaged duHigricane Matthew. However, the amount of
damage wadifferent betweetthe two events, suggesting that DOT strategies were effective. The
potential reasons for thiscluding but not limited to:

1. when the infrastructure was initially desi
codes and standardswerendhe same as those used post Mat
of headwalls),

2. the infrastruct ur andpearhaps Mal taccimelated wamage that dhae r
weakened the infrastructure,

3. flooding intensities, though similar and walbhove normal expectations, may halféered,
and

4. debris flow/actual capacity due to deferred maintenancehaagalso differedin the two
events.

The current study will identify and evaluate the specific elements, design features, or repair options
used in the new infrastructure that positively contributed to the improved performance during
Hurricane Florence and those that did not positively douiei Though guidance on improved
and/or resilient design exists from the FHWA, AASHTO, NCHRP, and others, these issues are
highly context sensitive with many contributing factors including age, maintenance levels, rainfall
intensity, etc. that necessitata North Carolina specific investigation. This research will a)
evaluate the design process for roadway infrastructure that was repaired following Hurricanes
Matthew and Florence, b) identify the specific elements of the new infrastructure that positively
contributed to improved performance during Hurricane Florence, and c) develop recommendations
on design elements that improve the resilience of NCDOT roadways.

In order to carry out this investigation, a review of some important topics is necessary. This review
is divided into fiveprimarysections Section 1 (this section) provides an overview of the research
plan and description of the literature review organizatsection 2describeshe relevant studies
regardingbasic process of hydraulic desigBection 3reviews the most recent and relevant
guidelines for hydraulic design on national, regional, and state level. Section 4 reviengdimng

or recently capleted research studies to understand more fully what other agencies have done to
improve their designs in the face of extreme evantsmake them more resilient. Finally, Section

5 provides a summary of the literature review and points out the important knowledge gaps in the
previous studies.

OVERVIEW OF HYDRAULIC DESIGN PRACTICE

In the following sections, the basic process of hydraulic design will be outlined at a national level.
According to Federal Highway Administration (FHWA) design philosophy, the primary purpose
of highway drainage facilities is to prevent surface runoffnfneeaching the roadway and to

65



remove rainfall or surface water efficiently from the roadway. Two disciplines utilized in highway
drainage design that this research project will focus on are hydrology and hydraulics. The
determination of the quantity and frequency of runoff is the Hgdiro portion of the design
process. The hydraulic design of a drainage structure is determining the appropriate capacity to
divert water from the roadway, remove water from the roadway, and pass collected water under
the roadway.

For a given structure that services a specific drainage area, an estimate of the amount of runoff that
will occur for a storm is considered to be a major component of the hydraulic design process
(Kilgore et al., 2016)A number of hydrologic methods are available in oreanalyze and
determine peak runoff for a given storm. From these runoff estimates, design engineers utilize the
runoff in conjunction with frequency analyses to characterize the risk for a given drainage area
and structure. During desigterms of annual exceedance or recurrence intervals are used to
describe the probability of occurrence of a gipeecipitation event. Based on the probability of
occurrence of an event and the peak runoff that will occur for that event, a hydraulesergin

design the drainage structure to be able to withstand that precipitation event.

When designing for drainage facilities, a range of discharges with a range of flood frequencies are
used, typically termed the fAbase floodo and i
storm having a 1 percent chance of being equaled or @éadee any given year, or 1% annual
exceedancerobability (AEP) Owing to the fact that the inverse of the AEP is a whole number
indicative of occurrence in a given year (i.e., a 1% AEP is equivalent to a 1 in 100 probability),
this event is often referteto as simply thelOOyear flood. This terminology may give the
impression that there is certainty that this event will only occur once every 100 years. However,
in reality it is simply a probabilistic assessment of its likelihood. Thus, a 1% AEP event has a
39.5% probability of occurrencat least once during a given-g8ar time frame, a 8.9% chance

of happening at least twice over the same 50 year time frame, and a 1.4% chance of happening
three times over the same time period.

In the following sections, this literature review will examine the design process utilized by national
and state agencies, outline hydrologic methods utilized to inform those design decisions, and
design practices of North Carolina Department of TranspontédNCDOT) and how the design
process and best practices can differ from other state agencies in the region.

Resources for Estimating Probability of Annual Exceedance

There are many methods in use to estimaitdall intensity. Peak discharge estimates from these
methods are dependent on precipitation data recorded from national agencies, specifically the
National Weather Service (NWS) and National Oceanic and Atmospheric Administration
(NOAA). The most recenwidespread analysis pfecipitation data foNorth Carolina igpresented

in NOAA Atlas 14 Vol 2. This volume was released 2006 and the last datar the estimates
presented thereiwas gathered in 2004. Meoti of an updated contract with NOAA indicated that

the Southeastern US dataset will be updatgain in2023, published as Vol 13.

Rainfall intensity is the rate at which precipitation occurs. Intensity is usually stated irrespective
of the duration of the rainfall, although it can be stated as total rainfall in a particular time period
or duration. Frequency is expressed as the pilbtyaof a given rainfall intensity being equaled

or exceede (Kilgore et al., 2016)Rainfall data are used to derive intensityrationfrequency

curves necessary in hydrologic analysis, as mentioned in the Rational Method. Two methods for
selecting raifall data used in such frequency analyses @rpannualseries and?2) partiat
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duration series. Annuaeries analysis considers only the maximum rainfalafgiven year and
ignores the remaining rainfalls, even though these lesser rainfalls could exceed the maximum of
other years. The partidluration series analysis considers all of the high rainfalls, regardless of the
number occurring within a given year. & FHWA guidelines recommend when designing
highway drainage facilities for return periods greater than 10 years, the difference between the two
series is unimportant and cha ignored. However, when the return period or design frequency is
less than 10 years, the partihiration series is believed to be more appropriate.

Uncertainty and Extreme Events Consideration in Current Guidelines

Design eventsarry statistical uncertainty from the estimation process due to the sample size and
statistical techniques adopted. The uncertainty can be translated into confidence intervals using the
mean intensity or the mean return period. For example, the lardgstofa record of 50 samples

may be assumed as the expected value of thee&0event. The exceedance probability of this
event is often estimated through the Weibull plotting position aQ51) = 0.0196, whose 95%
confidence intervahas been demonstrated to be included between 0.0005 to(8€Tialdi et

al., 2015) These values, in turn, correspond to return periods of 2000 and 14 years, respectively.
Similar considerationcan be drawn whethe sample is analyzed statistically by fitting a
probability distribution functionTo account for this type of uncertainty, NOA#Was 14 provides

the expected value for the precipitation intensity associated with a given return period and duration
and the 90% confidence intervala feature Hat was not provided in previous governmental
releases of this precipitation informatiddespite this, design is almost always based on mean
estimates. For example, precipitation data was pulled from one NOAA station located at North
Carolina State University to illustrate the available data. Forlao24 storm duration, the mean

1% AEP is 757 in. with a 90% upper limit estimate of 8.18 in. and a 90% confidence lower limit
estimate of 6.97 in. This mean precipitation frequency estimate and its asshisseplace the

band of uncertainty of the 1% AEP equivalent to a 1.7% AEP and a 0.6% AEP. These differences
translate into a range of probabilities that ah®dir storm that produces 7.57 in. of precipitation

will occur at least once in a 3@ar periodsomewhere between 39.6% and 16.4%. Although the
probabilities of these events occurring would classify theraraseventsthe high impact of these

rare eventdhavebeen giverspecial values in many newly rising fields such as smartacity
autonomousaving (She et al., 2019)

Effects of NonStationarity and Climate Change in Hydraulic Design

Hydraulic designers are well aware of the fact that the built environment-stattonary and that
historical precedence is not always a great predictor of future conditions. This effect is evident in
cases where new developments or other secamomic/demographic changes changeaftn
levels and affect existing hydraulic structures. It has also bedagreasingly evident that
climatological factors represent another type of-stationarity that may need to be considered
when defining design storm everi&erinaldi et al., 2015; Cheng and Aghakouchak, 2014; Salas
and Obeysekera, 2014; CHy, 2012; Mt al., 2008; Jain and Lall, 2001)

This effect has been examined within the NOAA Atlas 14, Vol. 2 release. éldreme event
precipitationand its change over time was evaluated by performing a linear trend test edehe 1
maximum precipitation levels and its variance. Linear model®fitted to thetime-seriesdata

for stations with a minimum of 50 yeansorth of precipitation datal'he results of this analysis

are shown irFigure Al (trend of means) anigure A2 (trend of variances). Stations where the
mean or variance increaseda denoted with a 6+0 symbol I n
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decreased are DdDesgmbdbaodl|l wi ttFh oan t &b@ sé& fERaglasnr e s,
NC show apositive linear trendavith respect to the magnitude and variance, suggesting that it is
very important (more so than many other locations in North Carolina and around the region) to

consider the most ufp-date precipitation data in order to properly identify the design ityens
levels
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Figure A.Ll. Linear trend of 1-day annual maximum from rainfall stations with minimum of
50 years data, NOAA Atlas 14 Vol 2.

Figure A.2. Variance of 1-day annual maximum from rainfall stations with minimum of 50
years data, NOAA Atlas 14 Vol 2.
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FHWA has released manualto provide technical guidance grounded in the best available and
actionable engineering and scientific data and approaches with a framework that is adaptable to
future design situationgKilgore et al., 2016) The manual provides specific information sk

and vulnerability assessments, planning activities, and deBngri-HWA further believes that
incorporating the potential effects of extreme events and climate change on flooditigeland
designing transportation system foora resilience when exposed to extreme flood ewsiiks
enhance the lifecycle benefits.

The North Carolina DOT mentions that the Hydraulics unit has made a commitment to follow
FHWA policy in regard to climate change and its impacindrastructuredesign(Chang, 2016)
Specifically, N Gridrgsuctire ig dedignegl o thandle irpadts offa changing
climate, such as sea level rise, increased frequency and magnitude of heavy precipitation and
tropical storms, etc. Preparing for extreme weather events is critical to protecting the integrity of
transportation and ecological (flopldin and wetland) systems and prudent investment of taxpayer
dol | ar s. The NCDOT staff wi || seek to {follow
effective strategies to minimize climate and extreme weather risks and protect transportation
infrastructuwe. For example, the design engineer will follow the FHWA publication Highways in

the River Environment Floodplains, Extreme Events, Risk, and Resilience, HEGQFHWA-
HIF-16-018), June 2016 (26).

In addition, theNational Cooperative Highway Research Program (NCHR&Juced a guide to
provides a comprehensive framework for considering and incorporating climate chante into
design processes for inland and coastal applications. Climate science and modeling is a dynamic
field that is constantly changing and advancing dmslduide is based on the current state of
knowledge and understanding of possible future conditions developed by the climate community
The models from th€oupled Model Intercomparison Project (CNiIRre utilized to project a

wide range of possible changes in future climate conditidihe main objective of these
projectionss toprovide the data for engineerddetter understand past, present and future climate
changes arising from natural, unforced variability or in response to changes in radiative forcing in
a multtmodel contextThe objedve of the NCHRP gideis notto replace existing state DOT or
other guidancehowever it doeprovide additional toolsnotably the CMIP5 climate processing
tool, for evaluating the potential effects of climate change on transportation infrastiicigoee

et al., 2019)

NATIONAL , STATE, AND REGIONAL HYDRAULIC DESIGN PRACTICES

As mentioned previously, national guidelines outlined by FHWA for hydraulic design are utilized

in order to prevent surface runoff from reaching the roadway and to remove rainfall or surface
water efficiently from the roadway. National guidelines produtedh FHWA do not differ

greatly when looking at state guidelines, as the state guidelines reference often the FHWA reports.

I n particular, North Carolinads hydraulic des
NCDOTO6s gui del i maeson FHWA guidslimeghaag, 2016) t o

NCDOTO6s hydraul i c d@eudeliges forgouainage Studiesead Hydraulicl e d
Design, was published in 2016 and is the result of consolidation and revised guidance from
previous Guidelines with the emergence of new environmental, regulatory, and design challenges
(Chang, 2016)These Guidelines are for use in design, analysis, and maintenance of drainage
structures and systems designed and constructed by or in association with N@Ded
projects.The guidelines outline recommendations forigie®f drainage systems, and highlights
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the methods and procedures for calculations of runoff and storm discharges for a designed
structure. The literature review that focused on the state of hydraulic design guidelines can be
described in 2 parts: 1) the current state of design guidelinestferme storm events and 2) best
practices during the design process. In particular decisions made between the current state of
design guidelines and how they may deviate from the guidelines when put into practice will be
applied to the major storm evenkyrricane Matthew and Hurricanes Florence, which occurred

in 2016 and 2018, respectively

Current State of Practice in North Carolina

Current hydraulic guidelines utilized liie NCDOT rely on hydrologic methods that estimate
peak storm discharge rates. Quantitative knowledge of these storm rates from watersheds is
relevant to understanding and controlling a number of environmental processes, including erosion
and sediment transgopollutant loadings and travel times, and most notably for the purposes of
this project, flooding and draina¢@enereux, 2003Accurate estimation of peak storm discharge
rates from watersheds is importaatthe design of drainage works along roadways and related
infrastructure. Th&CDOT guidelines state that the design engineer should select from a number
of peak discharge methods, depending on the si
by the NCDOT for calculating peak storm discharges are based on the type of stragtgre b
designed, as shown Trable Al. Once a hydrologic method has been selected and implemented,
the results fronthat hydrologicalmethod calculationshould be calibrattand comparedvith
historical site informationln addition, thedesign engineer should consider potential future land
use changes within a watershed over the life of a roadway structure and include this effect when
estimating design discharges

Table A.1. Hydrologic methodsutilized by NCDOT from NCDOT Guidelines for Drainage
Studies and Hydraulic Design, 2016

Hydrologic s (for Rational Highway NRCS
Method NFIP  USCS Method (up  Hydrologic  Method (for
. Methods :
compliance) to 20 ac) Charts routing)
Feature
Bridges X X X
Culverts X X X
Storm Drain Systems X X X
Cr oss PAimdas) X X X X X
Gutter Spread X
Ditches and Channels X X X X
BMP Devices X X
Natural Stream Design X X X X
Storage Facilities X
Floodplain Impacts X X X

Methods used by the North Carolina DOT

Flood Insurance Study (FIS) Method

If a project study site is on a FEMregulated stream that is included irpablished effective
FEMA Flood Insurance Study (FIS)h conjunction with the National Flood Insurance Program
(NFIP), then the discharges specified in the FIS should be used in the hydraulic model to
demonstrate FEMA regulatory compliance. Streams studied by limited detailed methods will list
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the 100year dischargand this information can be used directly by the desigres. methodis
utilized when structures or roadwdyave been designated to be within the NFIPaedequired

for FEMA compliance. The method is used in conjunction with a Floodway Map to determine
whether or not a site is located in a Special Flood Hazard Area (SFHA), V Zone (front row
beachfront properties), or a floodway.

RationalMethod
TheRationalMethod is a simplifiedpproach of calculating peak runoff based on rainfall intensity,
drainage area, and land usefficient, as seen in Equati¢i) below.

Q=CIA (1)

=
>
D
@
D

peak discharge {fs)

QO

C = runoff coefficient (units are consistent with other terms),
| = rainfall intensity (in./hr), and
A = drainage area (acres).

The Rational Method is utilized for corresponding structures as outlingable Al, and is
employed when structures are being designed with drainageugréaé4 acresTypical runoff
coefficients can be found fableA.2 (Genereux, 2003 he rinfall intensity () can be obtained

from NOAA Atlas 14 where they have already been calculdted range of durations and storm
event frequencies at specific locations. Further discussion of NOAA Atlas 14 Vol 2 and how it
rel ates t o NCDGQTanbe fairdisawhere inghis aevidwi c e

Table A.2. Typical runoff coefficients to beused inrational method calculations.

Type of Surface C
Pavement 0.71 0.9
Gravel surfaces 0.47 0.6
Industrial areas 0.57 0.9
Residential (singkéamily) 0.37 0.5
Residential (Apartments, etc.) 0.57 0.7
Grassed, steep slopes 0.37 0.4
Grassed, flat slopes 0.27 0.3
Wood/Forest 0.17 0.2

NCDOT Method

The NCDOTmethod uses a series of des@gm ar t sk nHighway tydrolagib €hari .

This method is onlguggested for use in sizing small pig€sang, 2016)The method utilizes a
hydrologic contour map of North Carolingigure A3) and the corresponding contour is used in
conjunction with the runoff chartF{gure A4) to estimate peak runoff & 50year design
frequency (Q50)Chang, 2016)There are correction factors that can be used to obtain peak runoff
at other design frequencies, which can be se€igure A4. If the drainage &a is larger than 20

acres, NCDOT recommends that the design engineer should consider if the Rational Method would
provide a more appropriate estimate for peak discharge.
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Figure A.3. Hydrologic contour map for North Carolina utilized in the NCDOT Method.

APPENDIX C
Example:
Hydrologic Contour = 5.0
Drainage Area = 32 acres
Read Q50 = 24 ds
T8
= 7:71,000
g I EZ500
En =700
S <400 —+-600
1 e
o 155 4200 17" @
e} 3 id 1300
g L 110 & g
© T2 1100 200 <
Q L 45 ~~Tos, F 3 | <
> - ~7on =+ et 150 w
£ ¢ E
A ~o_ % 4100 £
~_ 1 E
\\ Z
1~ 30 2
E \\\2—40 a
T 10 T30
3 25
FREQUENCY FACTORS 420
02 = Q50 x 030 T 3 15
Q5 = Q50 x 039 13
Q10 = Q50 x 053 —-10
Q25 = Q50 x 075 +1 2
Q100= Q50 x 121
Q500 = Q50 x 1.80 1,

Figure A.4. Example ofRunoff Chart for rural or urban drainage areas from NCDOT
Method (1973) dong with frequency correction factors.

USGS Methods

The United States Geologic Survey (USGS) has a number of reports that describe the estimation
of peak discharge based on regional statistical regression analysis of watershed area and other
characteristics such as land use. These reports outlines matdqueeedures for utilizing stream

gage data to calculate peak discharge for a specific locattnNCDOT recommends that
precedence should be given to this analysis when a USGS stream gage is available at or near the
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study site. NCDOT also outlines peak discharge estimation procedure for sites where gages are
available and unavailable, as presented in USGS report SIRSAG@{Feaster et al., 200@nd

USGS report SIR0145030(Feaster et al., 2014for sites with gged data available, there are
threetypes of estimatef®r peak dischargakwat USGS provides:

1 the recorde@nnual regulated peak flowase fittedto the logPearson Type Il distributign

1 the appropriate regionalized regression equation developed for the hydrologic area of the
gage locations used, and

1 the first two types are used to make the estimate and are then conngimgeal weighted
estimatamnethod.

Additionally, if the site is not located at a reference streameatation, and the drainage area is
within 50% of the drainage area of the referenaggastation, then the peak discharge estimate
from the reference station can be adjusted (or transposed) for the study location. If tlepdinga

site is located between two gaged stations on the same stream, NCDOT guidelines recommend
that two peak discharge estimates can be made using the above procedure and engineering
judgment applied to determine whiishthe more appropriate of the two estimates.

Lastly, two reports have been produced by USGS outlining how the above procedures and methods
for calculating and estimating magnitude and frequency of floods vary from land use type and
drainage ared.he USGS method (201#)utilized for any drainage area under land use designated

as urban, and any rural drainage area that is from 64 acres wggt@are mile (640 acres)he

USGS, 2009s utilized for any rural drainage area from 1 square mile up to 400+ square miles.

National Resources Conservation ServdBCS Method

The Natural Resource Conservation Service produced a method that estimates discharge primarily
based on land use and soil mapping as input parameters. Soil conditions such as hydrologic cover,
soil type, and runoff conditions that are incorporated integtienation method as Curve Numbers

(CN), which can be found farrban andural areas ifable A3 andTable A4 respectively These
CNvalues and rainfall estimateB)(can be utilized in conjunction wiffigure A5 to determine a

runoff estimate foraigven siteds soil conditions.

Figure A.5. Solution for runoff equation to be used in NRCS Method
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