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CHAPTER 1

Introduction

In 1979, Senator Jacob Javits (R-New York) intredlSenate Bill 104. The legislation,
whose short title was “The Community Conservatiat”Aattempted to establish a bank from
which loans to improve and protect deterioratingamrand rural infrastructure could be obtained.
Had the bill not died in committee, it would hagtablished and funded a non-governmental bank
for the purpose of providing money to United Statesmunities for maintaining and improving
deteriorating infrastructure including roads, bedgand sewers (Senate Bill 1049, 1979).
Although the bill was never sent to the Senaterflimp action, the problem of deteriorating
infrastructure remained. The American Society ilEngineers’ (ASCE) “2013 Report Card
for America’s Infrastructure” gives the US infrastture a grade of “below average” or “D”. This
grade is a composite based on the individual gratidse various types of infrastructure (ASCE

2013).

One of the infrastructure components assessed IGEAS bridges. Bridges are used to
span topographical and human-made features tatéaeitravel on roads and railways. When a
bridge fails, the immediate consequences can lastigis. A somewhat recent example was the
collapse of the I-35W bridge spanning the MissigisiRiver in Minneapolis, Minnesota, in August
2007. This bridge failure resulted in 13 fatafitiend injuries to another 145 individuals. In
addition to the tremendous tragedy from loss &, lihe bridge was closed for 14 months while

repairs were completed (NTSB 2008, MPR 2008). Whralges fail, in addition to the immediate



and direct costs relative to loss of life and ré&bnog, there are indirect costs from increaseddrav

and transport time due to detours (Stein 2006).

Adding immediacy and complexity to the problem afidge degradation is the
phenomenon of climate change. Current climate msogleedict an increase in frequency and
severity of precipitation events along with a cam@ant increase in floods (IPCC 2007). Along
with increased flooding comes the potential foréased bridge damage due to scour. Fortunately,
bridges can be armored for scour and adapted thidrgging climate. Given these factors, having
a tool for rapidly assessing bridges under futdodd scenarios and prioritizing them for

adaptation is prudent especially under today’stechavailability of funds for such activities.

To ensure clarity, the terms “adaptation” and “gation” require clarification. In this
research, “adaptation” is defined as actions takeasponse to climate-change induced events to
minimize their impact while “mitigation” is definegs actions taken to reduce emissions that result
in climate change. In short, “adaptation” is enypld to deal with the consequences of climate
change while “mitigation” reduces the cause of aliexchange. Both approaches are needed since
IPCC models indicate continued emissions will anlgrease climate change which will in turn
increase the impacts to infrastructure (IPCC, 200 he objective of the research presented in this
dissertation is to present a methodology for usarmiicipalities in prioritizing bridges for

adaptation measures.

The dissertation is organized as three separatmtautelated manuscripts. In using this

approach, basic background information regardimgate change and the need for adaptation



planning is present in all three. Where possitddundancy of this material between the three

manuscripts has been minimized.

The first manuscript (Chapter 2) is a review argeasment of available tools for flood and
damage modeling. The review performed for this usanpt resulted in identifying the United
States’ Federal Emergency Management Agency’s HAEKA¥S(also known as Hazus) program
as a potential tool for flood and damage modelifige second manuscript (Chapter 3) provides
details on limitations identified in Hazus whenngsit at sub-county levels. The final manuscript
(Chapter 4) proposes a methodology for assessigaoritizing bridges. As part of Chapter 4,
the methodology is calibrated using a recent flesent, the May 2010 Davidson County
(Nashville), Tennessee floods. Then, the methapols applied to selected bridges in Pulaski
County (Little Rock), Arkansas to demonstrate homuanicipality might use it for prioritizing
multiple bridges for adaptation planning. Chapterovides a summary of research contributions

from this work as well as identifying possible ardar additional research.
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CHAPTER 2

Adaptation planning for floods: A review of available tools

The contents of this chapter were published as
“Adaptation planning for floods: A review of availe tools”
in Natural HazardsVolume 70, Issue 2, January 2014, pages 1327-1337
Reprinted with permission

2.1 INTRODUCTION

With the 1990 publication of the first assessmegport by the United Nations’
Intergovernmental Panel on Climate Change (IPOt&)et has been increasing focus on climate
change and its impacts. Of the many hazards adsdcwith climate change, flooding presents
some of the most frequent and severe consequeliéeddwide in the period from 1900 to 2013,
flooding was the most frequently occurring natwalighster impacting more people than any other
natural disaster. For the same period, floodinthenUnited States was second only to storms in
impacts to people and cost of damage (EM-DAT 20EXacerbating this situation is that flooding

can occur at any time of year and in any part efinited States (Mileti 1999).

It is becoming increasingly apparent that climabarge mitigation efforts, such as
reduction of greenhouse gases, will not be suffidie stop or reverse its increasing impact on the
environment (IPCC 2007). Consequently, adaptasit®ecoming a more prominent risk reduction
strategy, making the development of effective tdolsassist in adaptation planning a prudent
course of action. Examples of adaptation strasegielude strengthening existing infrastructure
or scheduling more frequent maintenance to alleviatreased wear and tear caused by extreme

weather, such as excessive heat or flooding.
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Tools that model flood inundation and perform daenagsessment have historically been
directed at planning for disaster response or dgwad Flood Insurance Rate Maps. (FEMA 2008;
Mudaliar 2011; FEMA 2012; Flo-2D Software 2012)hig paper presents a review of currently

available flood damage assessment tools and thiétydo be repurposed for adaptation planning.

2.2 MODEL SELECTION CRITERIA

The review evaluated currently available flood modgtools with consideration of their
ability to perform flood modeling and damage assesg estimation. Additional consideration
was given to the ease with which a municipalitptbrer organization might both obtain and utilize
such tools (Chau 1995). Criteria employed for eaabn included:

» Extent and resolution of area modeled

» Ability to perform flood hazard analysis at leasta two-dimensional (2D) level

* Presence of infrastructure damage assessmemsmdstimation function

* Ability to perform or support spatial data viewgircapabilities, such as geographic
information systems (GIS)

» Affordability

» Technical skills required for use

» Training required/available

* Technical support

* Hardware requirements

The latter four factors are considered “organizalariteria” in the ensuing discussion and

represent those that are not critical for pure dgevanalysis, but may become limiting in a



municipality’s ability to utilize the tool for ad#gion planning. We next discuss each of these

criteria.

2.2.1 Extent and Resolution of Area Modeled
Tools capable of covering a large area with swgfitistream detail are critical to ensure
sufficient flood extent and impact definition. Aviorable selection criterion is a tool that can

perform estimates over a wide range of areas Wwelpbtential for high resolution.

2.2.2 Ability to Perform Flood Hazard Analysis

Flood hazard analysis includes the ability to mquehmeters defining a flood event with
an ability to view or evaluate the potential foodtling, its extent (inundation area), and flow
characteristics (Scawthorn, Blais et al. 2006).a8ceptable tool should be capable of performing,

at a minimum, 2D flood analysis to show both thptdend extent of a flood event.

2.2.3 Presence of Damage Estimation Function

Once the flood boundaries are defined, the capplidi estimate damage is essential.
Damage estimation can be performed as a core &imafithe software or externally via export to
another product. Tools that explicitly perform daga estimation, particularly those that assess
damage categories (e.g., damage by building tyderamdation level) are considered desirable

under this criterion.

* Damage includes all consequences associated Widbhdievent such as loss of life, direct physloak, and
indirect and direct financial impact.



2.2.4 Ability to Perform or Support Spatial Data Viewing Capabilities

Research has shown that public forums with rich imede improve message clarity
(Baker, Addams et al. 2005). Spatial data viewirtigjzing geographic information systems (GIS)
technology, provides for a means for effective camivation. Such visualization can display

specific areas of flood impact and resulting damage

2.2.5 Affordability*

Price may be a limiting factor in software selectid\ favorable attribute for this criterion
is a tool (inclusive of any ancillary software ragal) whose acquisition cost is affordable. With
municipalities in mind as potential users, a puseheost of $10,000 is considered a reasonable

affordability threshold.

2.2.6 Organizational Criteria

Tools that are easy to use, sufficiently detaitegrioduce meaningful results and can be
manipulated by someone familiar with common busrssftware are preferred, given the wide
variety of personnel who may use the product. Gtierion of short duration, domestically
available training minimizes personnel time awayrfrwork and ensures no unforeseen embedded
cost in the product. Since problems often ariseaftware use, having an accessible technical
support base, in any form, works to minimize disiaups. Finally, software that runs on commonly
available platforms (e.g., the Intel Core 2 prooesamily or their AMD equivalents) allows the

system to run without any special hardware or a&uithl expense.



2.3 TOOL EVALUATION
The following presents a review of commercially italgle flood tools and an assessment
of their ability to meet the aforementioned crideconsidered desirable in supporting adaptation

planning.

2.3.1 Flo-2D

Flo-2D is a software program capable of performomge-dimensional (1D) and 2D
hydrodynamic analysis (simulated channel flow, uriiceed overland flow and street flow over
complex topography). The two-dimensional flood moagis based on user input and various
topographic features. Flo-2D does not have alsimeto the area modeled and can model grid
elements as small as 100 square feet (Flo-2D, 2(2pd damage assessment may be performed
using depth-damage functionality inherent to thegpam, although it requires the user to develop
cost tables and the polygon association for exfwoe GIS program (O'Brien 2009). Damage
estimation is performed using GIS data comparisoctions to estimate amount of damage within
a given polygon based on flood extent/depth. Thdmmage estimates are linked with the
polygons’ associated cost data and summed for tatsl. The primary shortcoming of this
approach is that the definition of data to inclunl€ost estimates is at the discretion of the user
with no standard for impact analysis. The prograquires no adjunct software for flood modeling
and uses extensions included with the softwardltaveGIS export and mapping functionality
(Flo-2D 2012). The program is priced at $3,495d@ingle user license. Additional capabilities
for hydrodynamic modeling of riverine flooding eixithrough RiverFlo-2D, which can be

purchased for $3,950. The developer offers omdiaining at a cost ranging from $50 and $200



depending on the course taken and whether techsiggbort is through telephone or email

communication.

2.3.2 TUFLOW

TUFLOW flood modeling software may be used as addakbne application or can be
integrated into other flood model software. Thévgare consists of two numerical engines: 1)
TUFLOW which does 1D/2D modeling and 2) TUFLOW FWYioh does three-dimensional (3D)
modeling. To use TUFLOW, a GIS program, text adispreadsheet program and a 3D surface
modeling program, such as Surface-Modeling SoftwgMS) or waterRIDE is required
(Aquaveo 2013; WorleyParsons 2013). As a stanéaldblFLOW uses GIS software to create
data files such as 2D grid locations, topography digital terrain models, as well as viewing
model output. If the GIS cannot perform the funetiseparate three-dimensional surface modeling
software is used to create the digital terrain nedd@ text editor is used to create items such as
simulation control files, while the spreadsheettwafe is used for boundary time-series data
(BMT Group LTD 2012). Pricing for TUFLOW begins$#,000 for a single license (BMT Group
LTD 2012). Data inputs for damage assessment needbe user to develop depth-damage
relationships and link these through a tool suchG#s with the flood data from TUFLOW.
Software training is available at a cost of rougfiB00 per class (BMT Group LTD 2012).

TUFLOW offers technical support both through a vaite as well as through contracted services.

2.3.3 Surface Modeling Software (SMS)
SMS (Agquaveo 2013) is a suite of software packagmaprised of SMS-TUFLOW, SMS-
SRH2D and SMS-ADCIRC, that is available for a viyrief applications. SMS-TUFLOW uses a

graphical-user interface (GUI) with TUFLOW as thmgyme for modeling complex surface flows.

10



SMS-SRH2D is a version with higher capability fooaeling stream flows and which incorporates
greater ability to include in-stream structures aader returns (Aquaveo 2011). SMS-ADCIRC,
is used for modeling flows in and around ocean$th@se options, SMS-TUFLOW is the most
relevant product relative to the review criteriag(faveo 2011). The data from SMS-TUFLOW
can be used by the program itself or output to &ifdvare. SMS-TUFLOW models hydraulic
data but does not perform damage assessment ¢at $lcenarios. An advantage of the software
is its ability to model very large areas for floogdior inundation (Ballard 2012). SMS-TUFLOW
costs approximately $9,000 for a single user lieendquaveo 2011). The developer offers
training at a cost of approximately $1,400 for @&-@veek course on 1D/2D modeling using the

product.

2.3.4 XP-SWMM

XP-SWMM can be used to model a variety of hydraatenarios, including floodplain
management (XP Solutions Inc. 2011). The softwareperform 1D and 2D analysis, but requires
an add-on, XP2D, to perform flood inundation aniglys As with SMS-TUFLOW, the XP2D
module uses the TUFLOW engine. Although a GIS-literface is available with the product,
the data can also be integrated with external Gé§rams for different modeling area sizes (XP
Solutions Inc. 2012). Software training is avai#abeginning at $1,300 for a two-day class or
$350 for an online training event. A single useense, which includes XP-SWMM and up to
10,000 cells of XP-2D, is available for $3,200 (®Blutions Inc. 2012). The tool is priced based
on number of cells modeled. If a finer resolutcal is used (e.g., 100 feet by 100 feet), the area
modeled will be smaller than a larger cell sizef8wot 2012). Given this condition, the user must

have some idea as to what resolution will be regluas well as the size of area to be modeled.

11



Failing to appropriately size the modeling spacg fead to results with insufficient resolution or
unnecessary expenditure. As with SMS, the softlvaseno inherent damage assessment function
and would rely on integration with a secondary paogto perform damage analysis (XP Solutions

Inc. 2012).

2.3.5 MIKE Flood

MIKE Flood also performs 1D and 2D flood analy3ise program utilizes aspects of three
software packages: 1) MIKE 11 for river modeli2y,MIKE URBAN for urban flows, and 3)
MIKE 21 for 2D flow modeling (DHI 2011). The pragn has a toolbox for flood damage
assessment that integrates with ArcGIS which clrulzde damage per unit area in any specified
currency. However, the user must supply spec#iotidkdamage estimates for various land uses
(Landrein 2011). Training is available for bottban and river applications of MIKE Flood, with
each course costing $1,110 (DHI 2012). MIKE Fldieénse fees begin at $18,500 (Johnston

2012).

2.3.6 waterRIDE

waterRIDE offers a GIS interface as well as cajgtitb export to other GIS platforms. It
performs both 1D and 2D flood hazard analysis usidgLOW as well as having the ability to
use multiple other models (e.g., HEC-RAS, MIKE11KH#21, XP-SWMM). The software can
use fine scale digital terrain models for the ek#emd resolution of area modeled (Worley-Parsons
2012). waterRIDE can also perform damage assessrbgrusing depth-damage relationships
generated from regional experience, such as inearaaims and damage research. The program

extrapolates the flood model depths and extentsstonate the amount of damage to a given

12



structure type (e.g., concrete slab constructionfrastructure components can be modeled if the
necessary data is included in the depth-damagdapewent (Lam 2012). As with MIKE Flood,
waterRIDE offers a tool with integrated flood madgl and damage estimation. waterRIDE

licensing fees begin at $15,000 (Copenhaver 2012).

2.3.7 ISIS

ISIS is a group of flood modeling tools comprisédRiS Professional, ISIS 2D and the
ISIS-FAST program. ISIS Professional performs 1&deling of flows found in settings such as
open channels or estuaries. The ISIS 2D prodatheaname suggests, performs two-dimensional
modeling of water flow. It can be used for wateamagement plans and flood modeling. ISIS
Fast is designed to rapidly assess a variety ofdfteg scenarios, including tidal surge and levy
breaching. Each of these products has its owni@é¢®face or output can be directed to other GIS
applications. ISIS also offers a variety of ad&an perform functions such as increasing the
number of nodes for flooding, mapping output frdme tools, and linking ISIS with TUFLOW.
ISIS is supported by both a free, online user comityitas well as a fee-based support system
(Halcrow Group 2012). Property loss estimates iafrdstructure damage are based on depth-
damage relationships. As of December 2011, ISigaes only depth-damage information for
the United Kingdom, so users in other locations ivdne required to develop data for their native
area (Adams 2011). Although there is a no-dosted version of ISIS available, the full-featured
program begins with a base price of $7,680 per fgraa single user license. Additionally, there
is an annual support and maintenance fee startirgf,850. Classroom training is available

beginning at $400; however, course offerings arddtbin Great Britain (Halcrow Group 2012).
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2.3.8 HEC-RAS

HEC-RAS is the United States Army Corps of Engise¢USACE) Hydrologic
Engineering Centers’ River Analysis System. Ifree software that performs 1D hydrologic
modeling for natural and constructed channels.dBlmage assessment function is provided, but
flood data can be output to ArcGIS through the ofsan ArcGIS shapefile or HEC-GeoRAS.
Although HEC-RAS contains its own viewer for floosualization, the HEC-GeoRAS program
provides a more robust interface with ArcGIS (UFAE012), providing a tool kit for using
ArcGIS to create input files for HEC-RAS analysis well as to use HEC-RAS output for
presentation in ArcGIS (USACE 2009). Neither tigbWHEC-RAS itself nor through the HEC-
GeoRAS tool does the program provide damage asalysivever. For non-governmental users,
training and support for the tool is solely thep@ssibility of the user. Should support in using
the software be required, USACE recommends perfggran online search for vendors offering

this service (USACE 2012).

2.3.9 HEC-FIA

Also available from USACE is the Hydrologic Engineg Center's Flood Impact
Analysis (HEC-FIA) tool. HEC-FIA differs from HE®RAS in that it utilizes data relative to
structures, crops and people to perform flood daretplysis. Flood data is provided to the
system through a watershed tool, which allows #ex to either create a watershed and associated
attributes or import them from other HEC softwdd&SACE 2012). Once created, an impact area
is identified by the user. HEC-FIA allows the useeither develop and import their own data for
structural inventories (e.g., buildings, vehicles)mport the structure data from FEMA’s Hazus

database for buildings. Once imported, HEC-FIA sisean make both global and specific
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modifications to certain structural attributes sasifoundation height, occupancy, structure value
and content parameters (USACE 2012). Similarly,CHHA allows agricultural data to be
imported from Hazus with modifications for crop $asinctions (USACE 2012). Of note is the
loss methodology applied by HEC-FIA to structured agriculture. For structure damage, HEC-
FIA looks only at flood height to predict damagestauctures. Flood depth, time of year flooding
occurs, duration of inundation and drying time ased in determining agricultural damage.
Additionally, the loss of life function in HEC-FIA rather detailed. The program uses a “warning
diffusion” algorithm to predict how rapidly the plitois made aware of a problem based on the
warning system used. Coupled with this is a mphiion function to determine how quickly
personnel can evacuate to a safe zone (USACE 20h2se loss functions allow for very specific
and detailed analysis of flood impacts within amaar The software runs on commonly available
systems and training courses are offered by USAGEcast of $2,350 per course (USACE 2012).
Software technical support is up to the user skiEE does not list vendors for support nor is it
offered from USACE (USACE 2012). However, trainmwgrkshops are sometimes offered by

professional associations such as the Americaregoaf Civil Engineers.

2.3.10 ArcGIS

ESRI's ArcGIS can perform hydrologic analysis thgbuts Spatial Analyst extension,
which includes a 2D advection flood model. Hydmiggical data is used to generate groundwater
flow fields which then may be used to map at-rigkcels (ESRI Inc. 2012). ArcGIS does not
possess inherent damage estimation functionaldynaruld require the user to develop and import
this information for impacted areas. Additionalilye user would be required to develop damage

relationships, such as depth-damage curves, tondieke impact in a given area. The software has
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a graphical user interface and runs on commonlylaa PC hardware (ESRI Inc. 2012). The
basic ArcGIS program begins at $1,500 with the i@pAinalyst extension costing an additional
$2,500 (ESRI Inc. 2012). Training is availablenir&SRI for $1,000 for a two day course on

hydrologic analysis using ArcGIS (ESRI Inc. 2012).

2.3.11 Hazus-MH

Developed by the Federal Emergency Management Ag@rEMA), Hazus-MH tool
performs flood hazard and flood damage analysisgalith damage analysis for hurricanes and
earthquakes (FEMA 2012). Although Hazus-MH itseliree, it does require ESRI’'s ArcGIS and
Spatial Analyst software which, as previously meméd, costs $1,500 and $2,500, respectively
(ESRI Inc. 2012). Packaged within the Hazus-MHwgafe is a 2D flood modeling tool, an
inventory of land use and estimated values by tk8sus tract, data on critical infrastructure such
as bridges, depth-damage curves for various occypand building types, and algorithms to
predict both direct and indirect losses from flowdi (FEMA 2009). Hazus-MH also has
capabilities to utilize output from more robustdtb models such as HEC-RAS for use in the
damage analysis. Training is available onlineugtoESRI as well as offered to government users
through FEMA’s Emergency Management Institute (EMTuition for Hazus training at EMI is
free but travel costs are not covered except feegament personnel (EMI 2013). Approximately
ten classes are offered online through ESRI forudadH at roughly $30 per course (ESRI Inc.
2012). Technical support is available through Hezus-MH webpage and the FEMA Map

Information Exchange toll-free line (FEMA 2012).
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2.3.12 Summary of Tool Analysis

A summary of the characteristics of the aforememitbtools relative to the evaluation
criteria for flood adaptation planning is providedlrable 1. All tools surveyed possessed similar
capabilities for modeling flood extent and deptiwad as hardware required to run the programs.
The assessment criterion that provided the gredii#stentiation between tools was the presence
of a inherent damage assessment function with fanly of the tools evaluated possessing this
capability. Beyond having an damage assessmeabiyp built in, the remaining categories

provided only modest differentiation between thaso

The four tools evaluated that had damage assesstapabilities included HEC-FIA,
waterRIDE, MIKE-Flood and Hazus-MH. MIKE-Flood andaterRIDE were removed from
further consideration due to pricing above thes4€ 000 limit of the affordability criterion. HEC-
FIA was further excluded due to an absence of teahaupport and the need for robust technical
skills required for use. Of all the tools evakditonly FEMA’s Hazus-MH fulfilled all assessment

criteria.
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Table 1: Assessment of Tools Relative to EvaluaticCriteria

2.4  FINDINGS AND IMPLICATIONS

A variety of flood modeling and impact assessmealstwere evaluated for potential re-
purposing in flood adaptation planning. Evaluatioiteria considered both technical abilities to
perform flood modeling and damage assessment asalysvell as additional factors which might
limit a municipality’s ability to actually utilize¢he tool (e.g., training, software and hardware

requirements, etc.).
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While a number of products are available that cooéd used to model floods and
corresponding impacts, Hazus-MH was identified las best option for flood and damage
estimation for municipalities. Hazus-MH is ablem@del, within its resident capabilities, flood
scenarios in terms of their area and extent, daresigmation and provides GIS mapping of flood
inundation areas and damaged areas to support eoenunication of results. Moreover, the

software is affordable, both in terms of acquisitcmst as well as training and technical support.

Hazus-MH provides the user with a number of usefiierent functionalities and
inventories. Hazus-MH provides the user the optbmodeling flooding using built-in return
periods for flood events (e.g., 100-yr, 250-yr, B@Pusing digital elevation models and national
data as well as the capability to read output flyymirodynamic models such as HEC-RAS. The
depth-damage functions supplied with Hazus-MH céromen a variety of reputable sources such
as USACE and the US Federal Insurance Administrgzawthorn, Blais et al. 2006). Coupled
with this are pre-loaded inventories of buildingpéyg, economic data, life-line utility data and
agricultural data from sources such as the US GeBsuweau, Dun and Bradstreet and the US
Department of Agriculture. In addition to a depi@aage function and an inventory of businesses
and buildings for a given census area, Hazus-Mbl @snes with the ability to perform direct and
indirect economic loss estimates as well as digolgerson estimates for a flood event (FEMA

2009).

In summary, Hazus-MH comes with multiple options fmdeling flooding and includes
valuable data for a community to utilize in flooduming and damage assessments. Additional

research is required to determine effective incafon of Hazus into adaptation planning.
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CHAPTER 3

Scale and Resolution Considerations in the Applicain of HAZUS-MH 2.1 to Flood Risk
Assessments

Banks, J., J. Camp, et al. "Scale and Resolutiarsiderations in the Application of
HAZUS-MH 2.1 to Flood Risk Assessments.” Naturaratals Revievd(0): 04014025.
American Society of Civil Engineers, reprinted wg@rmission of ASCE

3.1 INTRODUCTION

HAZUS-MH, also referred to as Hazus, is a tool digwed by the U.S. Federal Emergency
Management Agency (FEMA) for performing earthquakaricane and flood hazard modeling
and damage assessment (FEMA 2012). Hazus is edefiod use as a standardized methodology
for community mitigation and recovery planning thgb development and modeling of plausible
disaster scenarios and determining the economicamununity impacts of the modeled events

(FEMA 2013).

Given its intended purpose, it is important to ustind the limitations of applying Hazus
in order to facilitate relevant application. Ofrpeular interest in this work is the scope and
application of the Hazus flood modeling compone®bme prior studies have been performed in
which Hazus flood predictions have been comparedddeled flood events. Ding, et. al. (2008),
compared Hazus models using 10-year, 100-years@dgyear floods with the White Oak Bayou
watershed of Harris County, Texas. Empirical hjolyg and hydraulics data were used in
comparison with Hazus’ predicted flood. The stdioynd that Hazus analysis utilizing digital
elevation models (DEM'’s) with increased resolutand detailed hydrology and hydraulic data

better represented the flood plain. In relate@assh, Qiu et. al. (2010) observed that drainage
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threshold and region size were important factordetermining agreement between Hazus flood
models and FEMA Q3 flood maps. These papers goeriiant in demonstrating ways in which

Hazus’ predictive ability may be increased; howeteey did not compare the Hazus data to an
actual flood event. The focus of this researdo isuild on the work conducted by Ding and her

associates by comparing Hazus’ flood model perfogado a well-characterized flood event.

The event used for this study was flooding in tleviDson County, Tennessee, area that
occurred in May 2010. At that time, Davidson CguiiNashville) was subjected to flooding from
what is estimated to be a 1,000-year rainfall ewdren over 13 inches of rain fell over a two-day
period during what was characterized as “abnormally” middle Tennessee spring.
Compounding the rapid rainfall was the rainfalltpat. The U.S. Army Corps of Engineers
(USACE) operates an extensive number of flood cbakams on the Cumberland River system,
the predominant water body flowing through David€wunty. Although it is part of a dammed
and man-managed river system, the rains of the 2049 event fell on downstream areas which
severely limited flood control capacity due to tiofeyear and storm area concentration. Together,

these factors combined to create a significantfleeent in Davidson County (USACE 2010).
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3.2 HAZUS SOFTWARE

Hazus performs flood modeling and damage assessroeatacterized as a Level 1, 2 or
3 analyses. A Level 1 analysis utilizes basic blalry concepts built into the program and a
localized digital elevation model (DEM) to determifiood depth and extent combined with local
census data to approximate economic losses. Huaadsls floods by using various parameters
such as flood return frequency, discharge parasyedad ground elevation to generate flood depth
and extent. Scawthorn, et. al. (2006) providedgsaudsion and summary of flood modeling
functionality. However, in brief, the return frequey and discharge parameters for Level 1
analysis are provided with Hazus, while ground a&liew is imported through a DEM. These
parameters are then used to estimate flood ddpthg £levation, and flow velocity to perform
flood impact analysis using basic overland flowlgsia (FEMA, 2012b). Level 2 analysis may
use a combination of Level 1 modeling and analgasbilities in addition to user supplied data
relative to flood parameters and/or property/buaiddicontent values. Although there is no
definitive delineation between Level 2 and 3 analyisevel 3 is generally characterized as having
a larger number of user-provided input parametush as flood data, user-defined facilities,
building inventories, and depth-damage relatiorshgupplied or modified to fit the situation
being modeled by the user (ESRI Inc. 2007). Ha#ss has provisions for incorporating output
from more advanced flood models, such as the UmyACorps of Engineers Hydrologic
Engineering Centers’ River Analysis System (HEC-RAS improve the accuracy of the flood

impact for Level 2 and 3 analysis (FEMA, 2012c).

The flood loss estimation method used by Hazusiders direct physical damage and

induced damage on items contained in Hazus’ invgntdhis is accomplished through the use of
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depth-damage curves which associate a depth afifigao the percent damage sustained by a
structure. The depth-damage relationships cordanithin Hazus are based on curves developed
by the USACE, the Federal Insurance and Mitigafidministration and the USACE Institute for

Water Resources. Note that HAZUS-MH, version 2etyice pack 2, was used for this paper.

3.3 THE 2010 FLOOD IN DAVIDSON COUNTY

Empirical data on the extent of flooding and asstecd damages from the 2010 flood in
Davidson County, Tennessee, was obtained from twmapy sources. The Metropolitan
Government of Nashville and Davidson County coneld@& physical survey and assessment of
flood impacted areas including high water marksesidences. Based upon the high water mark,
a residence was assigned a damage level rangimgOié (see Table 1). The US Army Corps of
Engineers (USACE) Nashville District provided floakpth grids from a HEC-RAS model

calibrated to high water marks following the ev@figure 1).
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Damage Amount of Damage Description
Rank

0 Extremely minimal

1 Minimal Waterline anywhere on the
structure (involvement in flood)

2 Moderate Waterline above floor elevation
(water just invading home, mayhe
damage to mechanical units)

3 Major Waterline 2 to 6 feet above floor
elevation

4 Severe Waterline greater than 6 feet
above floor elevation

Table 1: Damage Ranking and Criteria for PhysicaDamage Survey used by Nashville Metro Government

Legend

- 2010 Flood Inundation Data

Figure 1. Davidson County Tennessee 2010 Flood Arefrom US Army Corps of Engineers
(46.08 mi2 flood surface area)
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3.4 COMPARISON OF HAZUS FLOOD MODELS TO ACTUAL EVEN T

Iterative flood models were run to determine wha€kazus’ predicted floods (based upon
return period) provided the best estimation of #2840 Davidson County flooding. Model
simulations were performed using a two-square oniégnage area, flood return periods of 100-,
500- and 1,000-years, and DEM'’s obtained from th8. Geological Survey (USGS) for the
region with 1 and 1/3 arc-second cell size resmutl arc-second 30 meters and 1/3 arc-second
(010 meters). A two-square mile drainage area veasl in all scenarios for consistency. By
contrast, the range of return periods were usextdate floods of increasing impact, while the
DEM resolutions were varied to evaluate the infeeof increased DEM resolution similar to the

work of Ding et al., 2008.

Variations within each DEM type were noted for #stimated flood surface areas. For
the 1 arc-second DEM, there is approximately thsgeare miles of surface area difference
between the 100-year return period flood and blo¢hS00- and 1,000-year return period floods
and only a 0.5 square-mile flood surface area wiffee between the 500 and 1,000 year return
periods. Similarly for the 1/3 arc-second DEM, rthés approximately a seven square-mile
difference between the 100-year return period ai the 500- and 1000-year return period, while
there is essentially no difference in flood surfacea between the 500- and 1000-year return
periods. Results similar to those observed by Rnal. (2008) are seen here in that increased
DEM resolution results in improved flood predictio®verall, the combination of the 1/3 arc-
second DEM with the 1000-year return period resulethe greatest agreement with actual flood

events observed in 2010. The modeling resultsamenarized in Table 2.
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Estimated Flood Surfacg  As % of Estimated Flood As % of Observed
Flood Return Area Observed Surface Area (square Surface Area
Period (square miles) Surface Areal miles) (46.08 mf)
(Years) 1 Arc-second DEM (46.08 mf) 1/3 Arc-second DEM
100 34.76 75% 33.53 73%
500 37.28 81% 40.16 87%
1000 37.78 81% 40.17 87%

Table 2: County-Wide Summary of Flood Inundation Aeas at Varying Levels of
DEM Resolution and Flood Return Periods

While Hazus was able to reasonably approximatedflocation and surface area for the
entire county, differences in specific inundati@tterns were noted in several smaller areas of the

county. Areas A, B and C (Figure 2) denote genlecdtions within the study area where these

differences were observed. Figures 3, 4 and 5.eaddrach area, respectively, in greater detail.

Figure 2: Selected Areas of Difference
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Area A demonstrated notably less predicted inundathan was observed during the 2010
flood (Figure 3). The cross-hatched area repreasgihie 2010 flood shows an actual flood surface
area of 4.48 square miles, while 3.00 square miflé®od surface area were predicted by the 1/3

arc-second DEM and 1000-year return period model.

£73] 2010 Flood Inundation Data
[[]1000 Year Return Period, 1/3 Arc-Second DEM

Figure 3: Area A Difference in Inundation Area

Similarly, the predicted inundation pattern for Ar& is markedly different than the
observed pattern (Figure 4). Hazus estimated $&y6ére miles of inundation in Area B whereas

only 3.08 square miles were observed.
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2010 Flood Inundation Data

1000 Year Return Period, 1/3 Arc-Second DEM

Figure 4: Area B Difference in Inundation

Area C showed the greatest variation between obdeamd predicted values (Figure 5).
The 2010 flood produced 13.16 square miles of feurfiace area in this region; in contrast, Hazus

estimated almost 50% less flood surface area atdgQare miles.
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|F%24 2010 Flood Inundation Data
1000 Year Return Period, 1/3 Arc-Second DEM

Figure 5: Area C Difference in Inundation

Analysis was also conducted for specific sub-cowargas to determine if using higher
resolution DEMs improved agreement between Hazedigions and observed data. Selection
of these areas of study was based on the facthb@mtwatersheds were contained entirely within
Davidson County. To determine the extent of DENureed for a model, Hazus creates a shapefile
area defining the boundary of watersheds that ibri& to the hydrology of the study area. The
DEM requirements are then based on the shape avdhershed polygon. If the DEM does not
include the area of the watershed polygon, the raragwill not develop stream networks or
perform further analysis (HAZUS Help Desk 2013nc& available LIDAR data only covered the
interior of Davidson County, this selection techuaanly allowed the use of DEM data with a 1/9

arc-second grid (1/9 arc-seconi® meters) for two specific areas (USGS 2006). .Z5&Gquare
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mile drainage area (the smallest drainage areavedloby Hazus), precipitation event return
periods of 100-, 500- and 1,000- years, and DEM'd,01/3 and 1/9 arc-second (LiDAR)
resolution were considered as model parametergedoh of these areas. Figure 6 shows the
locations of the watersheds selected for additishaly using the LIDAR data, hereafter referred

to as North Area and South Area.

[ 2010 Inundation Areas

77 Davidson County
] watersheds in Davidson County

Figure 6: Hazus-Defined Watersheds Intersecting Dadson County, Tennessee

Modeling for the North Area was attempted usingXh&/3 and 1/9 (LIDAR) arc-second
DEM resolutions and for 100-, 500-, and 1000-yedmnm periods. Figure 7 presents the North

Area and the stream network developed by Hazus.
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—— Reaches

Figure 7: North Area with Stream Network
(The dashed line indicates the break point where Haus failed to perform hydraulic analysis.)

Although stream development proved successfuhiNorth Area at all DEM resolutions,
hydrology calculations were problematic. Dependorg the return period, Hazus failed to
compute portions of the hydrology. For the 100ryesturn period, hydraulic analysis was
successful for the lower reaches of the study avede for the 500- and 1000-year return period
hydraulic analysis was successful for the uppestres of the study area (see Figure 7 and 8). The
program’s inability to complete hydraulic calcutats for this study area precluded comparison

with the observed 2010 flood.
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Figure 8: Modeled Area and 2010 Inundation
(The dashed line indicates the break point where Haus failed to perform hydraulic analysis.)

As with the North Area, the South Area modeling \aiempted using the 1, 1/3 and 1/9
(LIDAR) arc-second DEM resolutions and for 100-050and 1000-year return periods. Hazus
was able to develop flood maps for the 1 and 1¢3sacond DEMs for all return periods, but
experienced problems when the LIDAR DEM was usgdya center reaches covering the interior

portion of the study area could not develop hydeaulFigure 9).

35



[ 1000 Yr, 1/3 Arc-Second DEM, Unedited
I 2010 Inundation Area

Figure 9: Raw Predicted Flood Area

The raw predicted flood areas for the South Areged from a low of 0.42 square miles
using the 1 arc-second DEM and 100-year returroged a high of 0.5 square miles using the 1/3
arc-second DEM and 1000-year return period (Fi@dreAs was the case with the county-wide
flood model, the 1000-year return period and 1£3s@cond DEM most closely approximated the

observed flood area of 0.68 square miles (Table 3).
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Estimated Flood As % of Estimated Flood Surface ~ As % of
Flood Return Surface Area Observed Area (square miles) Observed
Period (square miles) Surface Area 1/3 Arc-second DEM Surface Area
(Years) 1 Arc-second DEM (0.68 m?) (0.68 m?)
100 0.42 62% 0.45 66%
500 0.47 69% 0.48 71%
1000 0.48 71% 0.50 74%

Table 3: Raw Flood Areas for South Area Using 1 ah1/3 Arc-Second DEMs

3.5 DISCUSSION OF FLOOD MODELING

Although a significant portion of the actual floedas predicted by Hazus, very little
variation in flood surface area was seen betweerb@®- and 1000-year return periods for both
the 1 and 1/3 arc-second DEM models. Hazus uiilitted-frequency regression equations for
each region to develop flow for each modeled reduich are in turn used to predict flood extent.
These flood-frequency equations are provided uped00-year return period after which Hazus
uses a Log Pearson Type Il distribution to intémpe values for longer return periods (HAZUS
Help Desk 2013). Given the similarity of the pitdd flood surface areas between the 500- and
1000- year return periods in both DEM resolutionis suggests possible limitations with the
regression equations or the approach used by Harusturn periods greater than 500 years.
Because of this possible error, care should becesezt when modeling flood return periods greater
than 500 years. Also, the authors fully recognie terrain is a major factor in development of
an inundation area and should be considered whapang extent of flooding for various return

periods.

As previously discussed, Hazus using a 1/3 arcrebBiM and a 1000-year flood return
period developed a flood prediction at the couetsel that approximated 87% of the flood surface

area observed in the 2010 floods. At a sub-colav®, however, Hazus produced more notable
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variation between predicted and observed flood saf@able 4). Not only are the percent
differences in inundation level quite large, bugrthis not a consistent trend of Hazus in under or
over predicting the flood surface area. This saggthat down-scaling the use of Hazus to sub-

county levels should proceed with considerableicaut

Predicted Flood Area
Study Area 1/3 Arc-Second DEM 1000 2010 FIood_Area %.Difference
Year Return Period (square miles) (Predicted/Observed)
(square miles)
A 3.00 4.48 34%
B 3.66 3.08 118%
C 5.92 13.16 55%

Table 4: Summary of Predicted and Observed FloodBfaces for Sub-County Areas

Hazus uses the DEM to identify reaches, providedgogphic parameters to regression
equations used for hydrologic analysis, and to ideyarameters during hydraulic analysis and
flood depth grid generation (FEMA 2009). Resuitsti the 1000-year return period using a 1
arc-second DEM suggest that this would lead to niraglenprovements, as when applied to Area
A, Hazus estimated 2.49 square miles of flood seraea compared with a 3 square mile surface
area estimate using the 1/3 arc-second DEM. Isgrgaesolution from a 1 arc-second DEM to
a 1/3 arc-second DEM improved agreement betweettigheel and observed by 10%. Although
increasing DEM resolution increases accuracy, tagimum benefit from using high resolution
DEMSs, such as LIiDAR, appears to be limited. The&slaof DEM data should be taken into
consideration also to ensure the most current datesed. As was previously noted, Hazus
determines DEM coverage requirement by analyzihgvatersheds that intersect a study area.
Although LIDAR data was available for all of Davais County, it was not sufficiently large

enough to cover the watershed extents intersettiengounty. Figure 10 presents the view of the
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required DEM (reqDEMpolygon) as determined by Hatws extent of the available LIDAR data,
and the Area A boundary. As is shown, the avalaliDAR data is insufficient when compared

to the required DEM polygon used by Hazus.

[ ] Study Region Boundary "~
ReqDEMPolygon

Figure 10: Required DEM for Area A

Area B demonstrates errors that can be attributé¢ldet age of the DEM data. A review of
the metadata associated with the 1/3 arc-second BNEMiable from the USGS Seamless Server
indicated that the initial photography from whidtetDEM was derived occurred before 1975.
Moreover, the DEM was last inspected in the ye@02dn 2004, the USACE in conjunction with
Nashville Metro Water Services constructed a floodtrol levee in this area. This levee was

designed with a 99% probability of containing a 4@@r return period flood and a 76%
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probability of containing a 500-year return peritobd (USACE 2012). Since the levee was
constructed after the DEM was created, those t@pbgecal changes were absent from Hazus’
calculations at the 1/3 arc-second level. As malestrated from mapping of the observed flood

data, the levee reduced inundation in Area B (Faghr

Area C is located directly downstream of the Oldckdry Dam, which is used for
hydroelectric generation and navigation controluriBg the 2010 flood, the Dam was used to
control flooding (USACE 2010). Hazus appliesioe@l regression equations for unregulated
streams to calculate discharge values for useadigiing flood height (FEMA 2009). Since the
Cumberland River is a managed stream this likedytdethe discrepancy between observed flood

areas and those predicted by Hazus in Area C (Eigur

Relative to the sub-areas in which LIDAR was ugkd,North Area did not yield usable
results. However, the South Area demonstrated xinmen of 74% agreement between the
predicted and observed surface area in comparm@@io flood event with the 1/3 arc-second
DEM and 1000-year flood return period. Althoughadsuggested predicted and observed flood
surface areas were similar, the distribution offtbeded area differed in the models compared to
the 2010 event. The Hazus model predicted a sognif portion of the flood occurring in the area
to the east of the observed flood surface (Figyre Bemoving those areas outside of the study
boundary decreased agreement between predicteabardved to no more than 60% (Figure 11).
Summary of surface area estimates for 1 and 1/8ezond DEMs compared with the 2010 flood

are provided in Table 5.
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Estimated Flood As % of Estimated Flood Surface ~ As % of
Flood Return Surface Area Observed Area (square miles) Observed
Period (square miles) Surface Area 1/3 Arc-second DEM Surface Area
(Years) 1 Arc-second DEM (0.68 m?) (0.68 m?)
100 0.34 50% 0.37 54%
500 0.38 56% 0.39 57%
1000 0.39 57% 0.41 60%

Table 5: Edited Flood Areas for South Area Using Bnd 1/3 Arc-Second DEMs

[ 1000 Yr, 1/3 Arc-Second DEM
I 2010 Inundation Area

For hydraulics, Hazus utilizes a number of estioretito determine flow and subsequent
flood surface elevations (FEMA 2009).
generation of a synthetic stream network throughyais of the DEM and the drainage area. Even

though a high resolution DEM was used, if areaaajt to, but not included in, the study region

Figure 11: Edited Predicted Flood Area

41

In a Ledehnalysis, Hazus relies entirely on the




contribute to the flow, discontinuous streams mayeibp (FEMA 2009). An example of
discontinuous flow is noted in the South Area. haligh it did not impact 1 and 1/3 arc-second
DEM models to perform hydrology estimations, thecdntinuous stream network may have

impacted the ability to accurately predict the laydics of the reaches (Figure 12).

- Reaches

Figure 12: Stream Network and Reach Hydraulic Prokems

Hazus defines the study area flood plain, the upthe downstream limits of the flood
surface, and creates a centerline for the floodnwberforming hydraulics and flood surface
estimation. From this process, Hazus applies aeaigorithms to define the flood surface (FEMA
2009). Problems with failed reaches were encoadtethen hydraulic analysis was performed on

both the North and South Areas. In the North Areaches failed floodplain delineation for all
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DEM resolutions and return periods while in the thofirea reaches only failed for the LIDAR
DEM. A review of Hazus scenario hydraulic logHftiraulicsLog) indicated that the reaches
failed in both scenarios because the centerlinedidntersect the cross-sections at the endpoints
of the reaches. When brought to the attentiomefHazus Help Desk it was concluded that the
problems are due to program coding and cannotdoéved by the user (HAZUS Help Desk 2013).
Hazus users are encouraged to review the “fIHydrslubg.txt” file when reaches fail hydraulics
to determine whether this is the cause (FEMA 200%his error may be limited to small scale

application since it did not occur on the countglgvmodels.

3.6 COUNTY- LEVEL DAMAGE ESTIMATION USING HAZUS

An additional study was performed to compare Hasisnated damage and what was
observed from the 2010 floods. This analysis wa®mplished by contrasting Hazus-estimated
damage for residential structures with the resofita survey of residential damage found in the

aftermath of the 2010 floods.

Total loss by census block was calculated by Haased on the 1/3 arc-second DEM and
a 1000-year flood return period. Hazus utilizeptbdedamage relationships to assign percent
damage to the average property value for a cerleak &nd does not estimate damage to specific
structures. This method of estimation is expedberitmay lead to discrepancies when modeled
damage is compared to actual damage. Utilizingusfaminctionality that allows users to define
structures and values for an area may provide iwgot@ccuracy when comparing modeled to
actual damage (FEMA 2009). Figure 13 providesiheus-predicted damage areas, with lighter

areas depicting where the least damage occurrethardhrker areas associated with greater loss.
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Hazus loss predictions range from a total by cebsask of $743,000 to $17,408,000, depending

on the location.

Residential Building
Loss in Dollars($000)
|0-763

I 764 - 3130
B :131-8142
I :143- 17408

Figure 13: Hazus-Projected Losses

A physical survey of damaged structures was coreduoy Metro Nashville Government
in the areas impacted by flooding. Surveyors wssthndardized damage rating of 0 through 4,
with 0 being little or no damage and 4 being sdyatamaged (Table 1). All damage levels within
each parcel were summed to represent the magmofuthee sustained damage. The results are

shown in Figure 14.
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Sum of Damage Level by Census Block
0-14

15 -862

I 63 - 169

B 170 - 389

; ) n I 390 - 1098
R -

Figure 14: Sum of Observed Damage Levels by CensB#ock

3.7 DISCUSSION OF COUNTY-LEVEL DAMAGE ESTIMATION

A direct comparison of estimated damage betweerusiand the 2010 flood was not
possible since the evaluation outputs were exptessdifferent terms (i.e., monetary loss vs.
gualitative levels). To overcome this limitatidtearson’s Product Moment Coefficient (Pearson’s
r), which measures the strength of a linear relatignbetween two variables, was utilized. The
values of Pearsontsrange from -1 to 1, with -1 indicating a strongyagve linear relationship, 1
indicating a strong positive linear relationshimda0 indicating no relationship between the
variables (Mendenhall, Beaver et al. 2013). Resflthe Pearsoniscalculation on these data
sets indicated a value ot 0.45 (n=114). This indicates a moderate, pasitorrelation between

the Hazus-predicted damage magnitude by censuk &tatthe observed damage levels by census
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block. This correlation was found to be significahthe p=0.005 level with a calculated t value

of 4.27 (df = 112) andhos of 2.576.

An analysis of damage was also undertaken in NrthSouth Areas. The North Area’s
incomplete flood delineation provided a very linitdood impact area and a concomitant
reduction in flood damage. Significant variatioasmnoted in the distribution of the damage when
the 1000-year, 1/3 arc-second model was comparte tp010 observed damage (Figure 15). Of
the census blocks in the study area, Hazus oniypatsd damage in 26 blocks while observations
from the 2010 flood showed some level of damag@3irblocks. As was previously indicated,
significant portions of the North Area failed hydlia analysis thereby providing only a limited

area of flood impact when compared to the 2010dfloo

1000 Yr, LIDAR DEM
Sum of Damage Levels by Census Block
0.1

1000 Yr, LIDAR DEM
Residential Buliding Loss in Dollars ($000)
2.00to 98.00

12-5 98,00 to 377.00
- 6-25 s 377.00 to 670,00
— 26 - 83 s 670.00 to 2220.00
_— 84 - 122 — 2220.00 to 3767.00

Figure 15: North Area Observed Damage (Left) and Redicted Damage (Right)
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For the South Area, Hazus predicted 14 census dladth some degree of residential
structure damage using the 1000-year, 1/3 arc-sebD&M model. The observed values for the
area indicated that 10 census blocks had sustaioee@ level of residential damage during the
2010 flood. However, when the census blocks ifiedtby Hazus were compared with the blocks
that sustained damage in 2010, there was coincideindamage between only two census blocks
(Figure 16). Therefore, although Hazus correctigntified the general area of impact, the

distribution of damage was not the same.

1000 Yr, 1/3 Arc-Second DEM

Residential Building Loss in Dollars ($000)
0.00to 48.00

[ 48.00 t0 173.00

B 173.00 to 410.00

1 410.00 to 820.00

1 520,00 to 1000.00

Sum of Damage Levels by Census Tract
()

2

35

G- 55

Figure 16: South Area Observed Damage (Left) andredicted Damage (Right)
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3.8 ISSUES IMPACTING AGREEMENT OF HAZUS AND OBSERVED FLOOD

DATA

A number of factors impact the ability of Hazus docurately predict the area and
magnitude of impact from a flood event. DEM resioln, age of DEM data, and flood prediction
equations all contribute to improving the predieti@bility of Hazus when compared to actual

events.

Increasing DEM resolution provides greater accuracgtream development and flood
estimation. Therefore, using a DEM with the higlesilable resolution is prudent (Ding, White
et al. 2008; Qiu, Wu et al. 2010). The main lia@ga of using higher resolution DEM’s is in
ensuring that the selected DEM has sufficient cagerof the required watershed area as
determined by Hazus. A possible solution to tabfem is to use ArcGIS’s “Mosaic” function
to combine high and low resolution DEM’s into agienfile that covers the polygon required by
Hazus (HAZUS Help Desk 2013). This approach wasrgited, but the resulting file took more
than 24 hours of computer processing time to dgvafal was still not usable by Hazus. Although
research is continuing into why this occurred v@aew of forums indicated that the mosaic function
has had problems in past versions of ArcGIS (ESRIE2 and at present, Hazus does not work

with more recent versions of ArcGIS.

Improvement in Hazus’ predictive ability could becamplished by using historic flood
events for calibration, including use of well-caited, higher-level hydrologic model
representations of those flood events (e.g., HEGRAr the area under study. If Hazus appears

to over or under estimate inundation areas rowtleén adjustments can be made (e.qg., correction
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factor) when utilizing the software for predictisgodeling and mitigation planning purposes. In
the current study, Hazus routinely underestimabedirnundation area at the county level by 13-
25% with the higher resolution DEM providing bettesults. Following that rule of thumb, the

most accurate elevation data available was LiDAR,limited coverage for the area of interest
constrained its use to only a few sub-basins withencounty. If available, LIDAR offers the

potential to provide the greatest agreement betw@ns modeling and the “real world” situation,
but LiDAR is costly and often paid for by local maipalities as opposed to having availability

through national data sources such as USGS.

3.9 CONCLUSIONS

Results of this study suggest that Hazus, even whgsloying Level 1 data, may be used
at a county level as a screening tool in determgirireas of flood impact and estimates of loss.
When considering the total surface area of flodks,higher resolution DEM’s provided better
agreement with the observed flood event, and el ével 1 and 2 analysis provided agreement
between predicted areas of greatest impact. Atcthenty level, the location and relative
magnitude of flood damage, as a function of casiligted by Hazus corresponded to those areas
of Davidson County that experienced higher residerdamages during the 2010 floods.
However, Hazus experienced significant problemspieting hydraulic modeling when areas
smaller than a county were attempted. Becaudeesktproblems, it is recommended that Hazus
be used primarily for larger, county level estimat as a screening tool to identify high impact
areas that may require further analysis using satmer, more advanced hydrologic analysis.

The cost, availability and ease of use of Hazusiges significant incentive for applying

the tool when studying flooding and its impactsr{Bs Camp et al. 2014). Although this study
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indicates several problems with the program, Halmamonstrates value at predicting reasonable
estimates of flooding and flood damage when ap@iedounty levels even for extreme events.
Further research is needed in integrating Hazwsantoverall flood damage estimation approach
for sub-county areas due to the limitations idédifin this paper. Using Hazus’ more advanced
analysis abilities, more accurate flood estimamsd be imported to the program from other

hydrologic modeling tools (e.g., USACE’'s HEC-RASdaREC-FIA) to possibly improve

hydraulic models in small watershed areas.

3.10 REFERENCES

Banks, J., J. Camp, et al. (2014). "Adaptation mpitag for floods: a review of available tools."
Natural Hazard®: 1327-1337.

Ding, A., J. F. White, et al. (2008). "EvaluatiohHAZUS-MH Flood Model with Local Data
and Other Program." Natural Hazards Revé®): 20-28.

ESRI. (2006). "Mosaicing multiple jpegs-ErrorsRetrieved October 21, 2013, from
http://forums.esri.com/Thread.asp?c=93&f=1740&t=195.

ESRI Inc. (2007). "Introduction to Using HAZUS-MH Assess Losses from a Riverine Flood
Hazard."

FEMA (2009). HAZUS-MH MR4 Flood Model Users ManuBEMA: 3-53 to 53-54.

FEMA (2009). HAZUS-MH MR4 Flood Model Users ManuBEMA: 3-66 to 63-70.

FEMA (2009). Technical Manual HAZUS-MH MR4: Floodddel. Washington, DC, FEMA.

FEMA. (2012). "FEMA: Hazus." Retrieved April 12012, from
http://www.fema.gov/plan/prevent/hazus/index.shtm.

FEMA. (2013). "Hazus." Retrieved September 14,3206rom http://www.fema.gov/hazus.
50



HAZUS Help Desk (2013). Request ID 8203: How ddézUS define reqDEMPolygon? J. C.
Banks, HAZUS Help Desk.

HAZUS Help Desk (2013). Request ID 8270: DetaildHow Hazus Works - 2 Part Question. J.
C. Banks, HAZUS Help Desk.

HAZUS Help Desk (2013). Request ID 8450: FloodRegion Equations. J. C. Banks, HAZUS
Help Desk.

Mendenhall, W., R. J. Beaver, et al. (2013). Intiitbn to Probability and Statistics,
Brooks/Cole.

Qiu, X., S.-s. Wu, et al. (2010). "Effects of tHmekl drainage area and study region size on
HAZUS flood analysis.” Cartography and Geographfoidmation Scienc87(2): 93+.

Scawthorn, C., N. Blais, et al. (2006). "HAZUS-MHb&d Loss Estimation Methodology. I:
Overview and Flood Hazard Characterization.” NdtHazards Review(2): 60-71.

USACE (2010). After Action Report: May 2010 Floggdent Cumberland River Basin 1-3 May
2010. Nashville, US Army Corps of Engineers Grealtds and Ohio River Division.

USACE. (2012). "Metro Center Levee." Retrieveddber 14, 2013, from
http://www.Irn.usace.army.mil/Media/FactSheets/BhetetArticleView/tabid/6992/Artic
le/6282/metro-center-levee.aspx.

USGS. (2006). "National Elevation Dataset - Frediyehsked Questions.” Retrieved
September 19, 2013, from http://ned.usgs.gov/fag.ht

51



CHAPTER 4

A Screening Method for Bridge Scour Estimation and-lood Adaptation Planning Utilizing
HAZUS-MH 2.1 and HEC-18

4.1 INTRODUCTION

The 2013 Report Card for the Nation’s Infrastruetyublished by the American Society
of Civil Engineers, estimates that more than 10%mefover 607,000 bridges in the United States
are structurally deficient. To correct these deficies, it is estimated that $120 billion will ee
to be invested over the next 15 years (Americane®pof Civil Engineers 2013). Engendering a
further sense of urgency for prioritizing and addieg bridge integrity is the impact of projected
climate change and associated weather events.mbBerecent assessment report published by
the Physical Science Basis of the Intergovernmétdakl on Climate Change’s (IPCC) concludes
that the frequency of heavy precipitation eventagseasing along with a concomitant increase in
severe flooding (IPCC 2013). These factors, calpligh scour being the leading cause of bridge
damage, demonstrates a need to develop screenthgdasdor assessing and prioritizing bridges
most deserving of adaptation measures to addrése filood scenarios (Khelifa, Garrow et al.

2013).

Traditional approaches for determining bridge scowolve engineering and field
analysis. The United States Department of Trartapon (USDOT), Hydraulic Engineering
Circular 18 (HEC-18), “Evaluating Scour at Bridggesffers guidance for analyzing scour. HEC-
18 recommends a procedure that includes revievhefstructure design as well as a physical

bridge inspection to include channel conditions latth surface and sub-surface bridge structures
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(US DOT 2012). Significant limitations of this appch include labor (e.g., engineers,
technicians) and specialized resources (e.g., eenaheras, SCUBA equipment) to perform the
inspection. Additionally, assessment of the bridgeermines its status at time of inspection and

does not consider impact from future flood events.

Given the current extent of bridge deterioratioml d@ne increasing impacts of climate
change, developing screening tools for assessiiggéiscour under future flood conditions is
needed. Of the tools available to satisfy thisihdee HAZUS-MH program, also known as Hazus,
developed by the US Federal Emergency Managemesn®g(FEMA), coupled with the HEC-
18 equations, offer a potential solution (Banksn@aet al. 2014). Hazus has the ability to model
a variety of flood return periods, estimate theeclirand indirect economic impacts of an event,
and provide spatial viewing of damage and its dased monetary value at the census block level.
A shortcoming of Hazus is its assumption that keglgre point locations and are destroyed under
complete inundation. This “all-or-nothing” damafymction offers minimal predictive ability,

thus the need for the current research.

This paper describes a methodology for utilizingzitsa coupled with HEC-18 scour
equations as a screening tool for estimating darfragefuture flood events and presents a process
for its use for adaptation planning. Of the sciypes covered in HEC-18, contraction, pier and
abutment scour were considered in developing tiethadology, utilizing the most basic equations
presented in HEC-18. Flood conditions for thisessh are generated using Hazus’ native flood
modeling functionality while aggradation/degradatiscour is not considered due to the

complexity required in modeling stream bed behavi@hould be noted that more involved flood
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modeling and intricate engineering analysis coddbrformed to arrive at similar conclusions;
however, Hazus was developed to be a tool for louaticipalities to perform low-cost hazard
mitigation planning and it is this audience that duthors have in mind in development of this

methodology with costs and accessibility being feeyors in the suggested approach.

4.2 SCOUR ANALYSIS

4.2.1 HEC-18 Overview

HEC-18 is designed to assist engineers in desigeoagir-resistant bridges as well as
assessing scour for existing bridges. The docupresents the types of scour impacting bridges,
calculations for estimating scour, and guidancesémducting bridge evaluations. The main types
of scour covered by HEC-18 include aggradation dedradation of channels, as well as
contraction, pier and abutment scour (US DOT 201&though bridge scour for both riverine

and tidal waterways are covered in HEC-18, onlgniive scour is addressed in this paper.

4.2.1.1 Contraction Scour

Contraction scour occurs where a stream conveyeimenel contracts. For bridges, the
bank or bridge abutments may contract or restigffiow area of a stream under the bridge. This
type of scour may occur as either clear waternvar lied scour. In clear water scour, bed material
is transported only from the contracted sectionydacer, in live bed scour, flow velocity is
sufficient to transport bed material from upstraato the contracted section. The initial step for
calculating contraction scour is to determine thigcal velocities for the material sizes comprgin

the stream bed to ascertain whether clear watireobed scour is occurring:
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where \¢ is the critical velocity (feet/second) at whichrtsport begins to occur, y is the average
depth (feet) of flow upstream of the bridge, ani$ Ehe average diameter (feet) of the particle size
of concern. Kis a correction factor for English units (11.1M)the velocity in the stream is less
than \, then clear water scour is present. If strearnoil is equal to or greater than,\then

live bed scour exists for the given particle si@d.note is that since stream beds consist of ugryi
particle sizes, during the same flood event sommgcpes may transported while others are not.
Once determination is made as to which type of istooccurring, the respective equations for

clear water (see Equation 2) or live bed scour Espeation 3) are applied:

3
2 /7
Yo = [—K"Q ] 2]

%/
3
D, w2

In Equation 2, yis equilibrium depth (feet) in the contracted smthfter contraction scour,D
is diameter (feet) of the smallest non-transpoetgi@rticle in the bed material, W is the width
(feet) of the bed at the contraction, iK the correction a factor for English units (@) and Q
is the discharge through the bridge in cubic fegtgecond (CFS). It is important to note that D

can be assumed to be 1.25 times the median dianfdatex bed material.

2= (&))" o

V1 Q1 w,
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In Equation 3, yis equilibrium depth (feet) in the contracted sm@thfter contraction scour; ys
average depth in upstream main channel (feat)s @he flow in the upstream channel (CFS), Q
is the flow in contracted channel (CFS); W&the width of the upstream channel (feet),iS\the
width (feet) in the contracted section minus pi@tis, and kis a variable determined using the
ratio of the shear velocity to the fall velocitytbke particle. As a note, shear velocity is estada
by taking the square root of the product of grdioteal acceleration, depth in upstream section
and slope while fall velocity is estimated usingiatipns developed by the University of Illinois
Hydrolab (Parker 2004). As previously noted, clgater scour takes place only in the contracted
section; therefore variables describing conditionk/ during contraction appear in Equation 2,
while Equation 3 contains variables representinth ltbe upstream area and contraction since

scour is occurring in both areas (US DOT 2012).

4.2.1.2 Pier Scour
Piers in the flood area which support the bridgekag structure are also susceptible to
scour. In HEC-18, the equation for pier scour $akéo account pier geometry and flow, and may

be used for both clear water and live bed condition

e _ a\%65 43
% = 2.0k koks (yl) Fr 4]

where ¥ is scour depth (feet):yis flow depth directly upstream from the pier (jed: is a
dimensionless value based on pier nose geometiyg,&kdimensionless variable to correct flow

angle of attack, kis a dimensionless correction variable for bedd@wn, a is pier width (feet),
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and Fi is the Froude number upstream from the pier. Hio®&ide numbers used in pier scour

estimation are derived using Equation 5:

where Vi is velocity (feet per second) directly upstreanpi@r, g is the acceleration of gravity

(32.2 f/€) and y is flow depth directly upstream.

Values of k are used to account for frictional and turbulemtés created by varying pier
nose geometries. These values, presented in Tahte from HEC-18 and vary between 1.1 for
square nose piers (poor hydrodynamic propertiesrammdased resistance) and 0.9 for sharp nose

piers (good hydrodynamic properties and decreaesidtance). Values ohlare derived as

follows:

0.65
k, = (cos 6 + ésin 9) [6]

Table 7.1. Cormrection Factor, K;,
for Pier Nose Shape.
Shape of Pier Nose K4
(a) Square nose 1.
(b) Round nose
(c) Circular cylinder
(d) Group of cylinders
(e) Sharp nose

[ ] | W] |

Table 1: Correction Factor for Pier Nose Shape(UBOT 2012)
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where# is the angle of attack of the stream to the fias the length of the pier (feet), and a is
pier width (feet). Values ofsktake into account dunes that can develop in strieads which
impact pier scour. Kvalues vary between 1.1 for clear water and sohalles to 1.3 for large
dunes. All calculations for pier scour describedhis paper used & kalue of 1.1. This was
selected since all streams under consideration sreadler and less prone to medium and large

dune formation (US DOT 2012).

4.2.1.3 Abutment Scour

Bridge abutments and roadway approaches may bectuioj scour from a variety of
processes, including contraction scour, streamtopping, local scour and channel migration.
HEC-18 offers an equation to estimate abutmentrsatich accounts for abutment geometry,

angle of flow to abutment, flow area and flow obsted by the abutment:

y L 0.43
Ys = 227K, K, (y—) Frost 41 [7]

Ya

where ¥ is scour depth (feet),aVis flow depth directly upstream from pier (feetK: is a

dimensionless value based on abutment shape,’asthe length of obstructed active flow (feet).
K2 is a dimensionless variable to correct flow argjlattack, calculated using Equation 8, with
values of@ less than 90 if embankment points downstream aaddes greater than 90 if

embankment points upstream:

0.13
K2 = (%/90) [8]
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The Froude number for abutment scour is calculdiéerently than the one used for pier scour:

QeAe
Fr= (gya)°® (9]

where Q is the flow obstructed by the abutment/approacharkment (cubic feet/second)s i&
the flow area obstructed by the abutment/approadtaekment (square feet), g is the acceleration

due to gravity (32.2 f/3, and y is the depth of flow on the floodplain (feet) (D®T 2012).

4.2.2 Estimating Scour Damage

The following methodology provides a three-stepcpss for estimating the monetary
value of scour damage from a future event. Th&alrstep involves gathering the data required
to solve the HEC-18 equations. The second stequlesds scour for a given future flood event
and uses the resulting data to determine a scotorfaThe final step applies the scour factor to

an estimate of bridge construction cost to pro@aeonetary estimate of flood damage.

4.2.2.1 Data Gathering - Hazus

Hazus was originally developed by FEMA as a toolbw used by communities for
earthquake disaster planning and later expandedctode planning for hurricanes and floods
(FEMA 2012). The program requires ArcGIS with 8patial Analyst tool pack and has the ability
to model floods through native functionality as & to import flood data, such as that generated
by the US Army Corps of Engineers (USACE) HEC-RASgomam (FEMA 2009). Scawthorne,
et. al. provides a summary of Hazus flood modetiagability (Scawthorn, Blais et al. 2006). In

addition to software functionality provided with Ees, all native functionality of ArcGIS and the
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Spatial Analysis tool pack are available for usersion 2.1, service pack 3 of Hazus was utilized

to generate the data for this research.

Salient features of Hazus and ArcGIS used in sequations are the raster cell-as-depth
feature, digital elevation models (DEM), flood fueomcy model data, and ArcGIS length
estimation tools. Upon completion of a flood mod#dzus outputs a raster layer representing the
flood and its extent. When Hazus creates this en#ite values assigned to the raster cells are
equivalent to the flood depth in feet (ESRI IncO2D This feature allows the user to access the
ArcGIS information tool to obtain estimated flooeépths for use in the HEC-18 equations.
Similarly, the values of the topography raster <elteated by Hazus from the DEM provide
elevation, measured in feet above sea level (FENI@O2 These values are also accessed using
the ArcGIS Information tool and are helpful in deténing stream slope. The flood model, in
addition to creating raster imagery, retains tHeutations to determine flood extent and depth in
the flIHydraulicslog.txt file stored by Hazus in Bascenario sub-directory for each study region
directory. This file is important since it contsitine volumetric flow for each reach, in CFS, which

is used in the HEC-18 equations.

Several other variables used in scour estimatiencafculated from data obtained via
Hazus and ArcGIS. Output of the Hazus flood maagldes an ArcGIS shape file showing flood
extent and shape. Using this shape file and Ara@é&surement tools, the width of the flood is
determined, which is used in calculating the chaflo area. Slope of a given reach is calculated
by determining the elevation upstream and downstre&the bridge and then measuring the

distance (feet) through the stream bed betweehnhgoints. This value is then divided by the
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distance (feet) between the two elevation pointslétermine the river slope. Similarly, the
velocity of a given section is determined by dimglithe volumetric flow rate, in CFS, by the

flood’s cross-sectional area, in square feet.

4.2.2.2 Data Gathering - Other Sources

In addition to flood model outputs from Hazus, saVvether data sources are utilized.
These include the US National Bridge Inventory (NB3oogle Earth™, direct observation, and
the United States Geological Survey (USGS) streangg network. The NBI provides data
relative to total bridge structure length and widtAll elevations for decking, approaches and
normal stream depth may be obtained using Googith®aor direct field observation of the
bridge under analysis. Non-flood stream depth el as stream bed elevation can be estimated
from USGS stream gauge data, if available, diretd bbservation, or extrapolated using Google

Earth™ elevation.

4.2.2.3 Scour Calculations — Design and Future Ewo
Determining the damage for a future flood evergasomplished by solving the HEC-18

equations for two flood conditions. The first ftbgondition represents scour that would occur
from an event for which the bridge was designedjene second flood condition represents
scour from a future flood event. The scour estifat which the bridge is designed acts as the
reference value of acceptable scour, hereafter knasv“base scour value”. The flood return
period from which to calculate the base scour vahag be chosen from actual bridge design
documentation, if available, or from current desggandards. If a structure is known to have
existing scour problems or is nearing the end ofise, a short flood return period (e.g., 5 or 10
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years) may be appropriate to represent the rediifeedxpectancy. After computing the base
scour value, the user chooses a return period fistuege flood, creates a second flood model, and

calculates the estimated scour from the future teven

As noted earlier, contraction scour can occur\aslhbed or clear water scour, depending
on particle size of the stream bed material. Tdresk this consideration, contraction scour is
calculated for three particle sizes representiraygr sand and clay. Selection of particle size
values is based on the median value for the gaawklkand particle ranges, while clay is based on
the upper cutoff for the size range as describethbyUSDOT (US DOT 2006). For each size
range, critical velocity calculations (Equatiorat¢ applied to determine if the particle experisnce
clear water (Equation 2) or live bed (Equation &)tcaction scour for the given flood conditions.
To facilitate uniformity of calculation, all convagce channels are treated as triangular, open flow
channels, with the triangle base defined as thé&watithe water surface upstream from the bridge

and the flood depth at centerline being the triarmglight (Bengston 2010).

4.2.2.4 Scour Factor

From the scour values obtained for the base vahdefature event, a scour factor is
calculated. This factor is used in estimatingdhemage from the future flood event and involves
three steps. The first step consists of establisthie fraction of additional scour from the future

event compared to the base scour value:

|(1 . Base Scour Value ) [10]

Future Scour Value
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This scour ratio is calculated for pier, left andht abutment, and the three particle sizes
considered for contraction. The term “base scalue’ indicates the predicted scour for the given
bridge element for the designed flood return pevitdle the “future scour value” represents the
predicted scour for the future flood return periddhe absolute value of the quantity is used in the
calculation since Hazus may return future floodelsvthat may be less than base flood levels.
Analysis of this phenomenon, the scour equatioms ,eguation input data did not readily identify
the cause of this anomaly; however, it is theoribed the flood prediction algorithm native to the
Hazus application is responsible. If no scogredicted for either the base or future case, @eval

of zero is used.

Equal weighting is used for the three types of s@mnsidered. Since contraction and
abutment scour include multiple elements, thesaeghre combined prior to weighting. For
contraction scour, 33% of the scour value for epalticle size is summed to develop the
contraction scour value, while 50% of each abutnseonur is summed to develop the aggregate
abutment scour value. Equations 11a and 11b pedkilcalculation for contraction and abutment

scour ratio, respectively.

Contraction Scour Ratio = 0.33CS, + 0.33CSs + 0.33CS, [11a]

Abutment Scour Ratio = 0.5LA + 0.5RA [11Db]

For Equation 11a, subscript g, s and c representtaxtiion scour ratio (CS) of gravel, sand and
clay, respectively, while in Equation 11b, LA aRd represent the left and right abutment scour

ratios, respectively. Note that Equation 1la ckinsdf contraction scour calculated for three
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particle types. Traditional use of scour equati@uglires analysis of the composition of the stream
bed to establish particle sizes present and tisgirlgition. Once this analysis is complete, @kan
fiftieth percentile diameter particle §b) value for the stream bed is used in the cleaenstour
calculation. In recognition of the varied compimsitof stream beds, this methodology calculates
contraction scour for the median diameter partifléhe three major types of transportable bed
material, gravel, sand and clay as defined in tB€H.8 publication (US DOT 2012). The values
obtained are then used to calculate base scouttucefscour ratios for each particle. The final
contraction scour value is obtained by summing thivel of each particle type scour value and
dividing by three. This approach assumes an edsallition of gravel, sand and clay particles.

The final scour factor (SF) is calculated as fokow

(0.33 Pier Ratio+0.33 Contraction Ratio+0.33 Abutment Ratio)
3

Scour Factor = [12]

4.2.2.5 Monetizing Damage

Estimating bridge damage begins by calculatingtdked replacement value of the bridge
using data from the NBI and USDOT. The total beidmirface area (square meters), is obtained
by multiplying the structure length (NBI - Field 4@ meters) by the bridge width (NBI - Field
52, in meters) (US DOT 2012). The bridge areahentmultiplied by average new bridge
construction estimates from the USDOT, which in20tere $1,803 per square meter for National
Highway System (NHS) bridges and $1,783 per sqoaster for non-NHS bridges (US DOT
2012). The scour factor is multiplied by the comstion cost to estimate the damage, in dollars,
for a given flood. To adjust the USDOT bridge caserence value for periods of study prior to
or after 2012, the present value of money formudg tme used. The equation for the future value

of a lump sum is shown in Equation 13, while Equatl4 shows the past value of a lump sum:

64



FV =PV(1+ i)V [13]

_FV
(1+i)N

PV

[14]

where FV is future value, PV is present value, this interest rate and N is the number of

compounding periods (Finkler 2003).

4.3 METHOD VALIDATION

To determine the efficacy of the developed methaglpin estimating scour damage, eight
bridges which incurred damage from a May 2010 fleeent in Davidson County (Nashville, TN)
were selected as a case study. This flood resftitbedithe area experiencing between 17 and 18
inches of rainfall within 36 hours. This histoprecipitation event resulted in flood return pesod
in the area ranging from 70 to 500 years, depenaimthe stream in question(USACE 2010). As
part of the bridge repair and recovery effort, Metropolitan Government of Nashville and

Davidson County compiled information on costs fribmod damage on these bridges.

4.3.1 Return Period Selection

For the purposes of this case study, a flood rgbenod of 100 years was chosen as the
design flood for the bridges. The return period Wwased on the age of the bridges, available data
and prevailing design standards in Tennessee (T20I2). To approximate the flood
experienced in 2010, a future flood return perib@820 years was used. This value represents the

average of flood return periods experienced actiossarea during the 2010 flood event. The
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average was used since neither rainfall nor fladrn period was homogenous across the area

and only a few larger streams had actual gauge data

4.3.2 Scour Calculation and Damage Monetization

Table 2 provides a summary of scour results anddtwilated scour factor for each bridge.
The results indicate a range of conditions as ftpbeen experienced by the selected bridges.
None of the bridges were expected to experiencgr soothe gravel particle size, while six of the
eight experienced scour only for clay bed materiststhree instances, bridges were predicted to
experience no contraction scour at all. Pier secas observed across all bridges modeled with
the exception of two structures which had no pieégamilarly, abutment scour was consistently
observed across all structures. Of note is ordgbis abutment was not estimated to have any
scour. This was due to the Hazus flood model ptedy no flood waters in that area. Figure 1
shows the location of the bridges within Davidsayufty as well as their position relative to the

2010 flood.
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Contraction Abutment
Return Scour
Period Pier Gravel Sand Clay Left Right Factor
Bellevue Rd at Flat 100 0 0 1.92 1.94 3.77 3.25
Creek 0.0254
ree 320 0 0 2.58 2.6 4.03 3.46
. 0.0153
Richland Creek 320 0 0 0 4.94 2.33 2.66
Old Harding Rd at 100 20.41 0 72.81 83.12 6.98 0
e rath B 0.0190
arpetn iver 320 22.7 0 78.48 89.6 7.34 0
\ 0.0300
Harpeth River 320 15.98 0 0 28.86 3.07 4.13
Antioch Pike at Mill 100 16.19 0 0 16.39 9.97 12.61
0.0161
Creek 320 17.91 0 0 16.29 10.45 13.29
Farnsworth Dr at 100 335 O O 0 398 403
; 0.0138
Richland Creek 320 3.8 0 0 0 3.95 4
Newsome Stn Rd at 100 14.67 0 0 14.87 13.11 8.71
: 0.0276
Harpeth River 320 16.26 0 0 15.29 10.06 8.85
Pettus Rd at Mill 100 7.82 0 2.37 2.27
0.0223
Creek 320 8.71 0 2.27 2.69

Table 2: Predicted Scour and Scour Factor
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Figure 1: Bridges Studied in Davidson County

As discussed previously, bridge damage was monkbyedetermining the bridge area
from NBI data and multiplying it by the 2012 USD@$timate of $1,803 per square meter for
new construction cost. The resulting values weea tadjusted to 2010 dollars using Equation 14,
employing an interest rate of 2.5%. This interast represented the average inflation rate for the
period of 2000 to 2013 (McMahon 2014). Resultthefcalculations indicated predicted damage
ranging from a low of $2,400 to a high of $78,00Dable 3 provides a summary of predicted

damage and observed damage for each bridge.
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Estimated Estimated
Bridge Cost Cost
Scour 2010 Unit in 2012 Adjusted to Estimated 2010

Bridge Factor | Area (m2) Cost/m2 Dollars 2010 Dollars Damage Damage
Bellevue Rd @ Flat
Creek 0.0254 55.3 $1,803 $99,700 $94,900 $2,40( $3,0(
Harding Pl @ Richland
Creek 0.0153 636.12 $1,803 $1,100,00d $1,090,000 $16,700 $13,000
Old Harding Pk @
Harpeth River 0.019 959.12 $1,803 $1,700,000 $1,600,000 $30,400 19,080
McCrory Lane @
Harpeth River 0.03 1533.81 $1,803 $2,700,000 $2,600,000 $78,000 30,080
Antioch Pike at Mill
Creek 0.0161 843.48 $1,803 $1,500,00d $1,400,000 $22,500 $17,000
Farnsworth Dr @
Richland Creek 0.0138 112.24 $1,803 $202,000 $192,000 $2,600 $3,0
Newsome Stn @
Harpeth 0.0276 568.32 $1,803 $1,020,00d $975,000 $26,900 1,080
Pettus Rd @ Mill
Creek 0.0223 533.6 $1,803 $962,000 $915,00 $20,4Q0 H01,¢

4.3.3 Analysis of Predicted and Observed Damage

Table 3: Estimated Damage and Observed Damage

An assessment of data agreement between the e dictl observed damage values was

conducted using the Pearson Product Moment Coafti¢iPearson’s).

This test indicates if

correlation exists between data sets and if theetadion is positive or negative. Values of th&t te

range between -1 and 1, with -1 indicating a stroagative correlation, 1 indicating a strong

positive correlation and 0 indicating no correlatidendenhall, Beaver et al. 2013). Results of

the Pearson’s indicated a value af = 0.94, p<0.05, suggesting a statistically sigaifit, strong

positive correlation between the monetary damagelipied for the subject bridges and that

observed arising from the 2010 flood.
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Before applying additional statistical tools, arsayof normality was conducted on both
the predicted and observed data. Results of thpi&RWilk’'s Normality Test indicated both the
predicted data and observed data were normallyiliséd. Normal probability plots were also
constructed for each data set. An ideal normabadndity plot will be linear when the data is
ranked from lowest to highest and plotted agaimstetxpected Z score for each data value. If the
data is not normally distributed, the result of ghet shows random scattering of the data points.
As shown in Figures 2 and 2, the probability pegproximate linearity consistent with normality

(NIST 2013).

Predicted Damage Normal Probability Plot
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Figure 2: Predicted Damage Normal Probability Plot
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Observed Damage Normal Probability Plot
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Figure 3: Observed Damage Normal Probability Plot

A comparison of the means of the two data setssmasequently performed using the
Student’s t-Test assuming unequal variance, alsavknas Welch’s t-Test. This method was
chosen for two reasons: 1) since only two data aetdeing compared, more complex methods
such as analysis of variance is not applicable, Znithis modification allows a t-statistic to be
calculated when the variance of the data sets ksawn or unequal. A unique feature of this
method is it does not utilize the traditional folmwf n-1 for degrees of freedom, instead
employing a method in which the variances are wemjho calculate degree of freedom (NIST
2013). Results of the t-test exhibited a p valé®.82, indicating no statistically significant

difference between the means of the predicted hsdroed data sets (Table 4).
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Estimated Damage 2010 Damage
Mean 24987.5 13375
Variance 564369821.4 78267857.14
Observations 8 8
Hypothesized Mean 0
Difference
df 9
t Stat 1.295649787
P(T<=t) one-tall 0.113669089
t Critical one-tail 1.833112933
P(T<=t) two-tail 0.227338177
t Critical two-tail 2.262157163

Table 4: Results of Student's t-Test

4.4  ANALYSIS OF SENSITIVITY

Although analysis indicated the predicted valwasbiridge damage were not statistically
different from observed damage, the data did iridieatimated replacement cost correlates closely
with estimated damage (Pearson’s 0.998). This finding suggests ranking bridgesthsir
estimated replacement costs alone may be an dlterna using scour factor analysis. To
determine the significance of this observation sgesty analysis was performed on the scour
factor methodology to determine if varying condisonould result in the methodology providing
rankings different from estimated replacement @she. Sensitivity analysis is performed by
changing individual key variables in an equationlevholding all other variables constant. In
doing this, the overall impact of the individualrigdle on the equation’s outcome may be
observed. This process is done in an iterativega® with each variable until all have been

assessed.
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The equations for pier, contraction and abutmentuss previously discussed, each use
variables associated with the bridge as well astilgam they span to estimate scour for the given
component. The pier scour equation (Equation ¥ixes pier width, angle of pier to the stream,
and nose geometry of the pier as significant factorpier scour calculation. The pier width is
significant since it is the denominator in the dtrds main ratio while pier nose geometry
determines the value ofi KTable 1) and pier angle is used in the calculatibk. (Equation 6).
Contraction scour may occur as either clear watéwe bed scour as shown in Equations 3 and
4, respectively. Analysis of these equations iatdis that width at the contraction is a contriltin
factor as an inverse square function for clear msteur and as an inverse function in live bed
scour. Additionally, bed composition, represerigd in the clear water equation, is an inverse
function and may vary from stream to stream. Bnahe abutment scour equation (Equation 7)
employs abutment length as the denominator in thie quation ratio while abutment type and

abutment angle to stream are used to calculatk tlaed K coefficients, respectively.

Five of the eight bridges used for the originalwscfactor calculations were chosen for
analysis representing the extreme high and lowsdostbridge replacement as well as three mid-
range replacement cost bridges. The estimate@aeplent values of the bridges range from
$2,600,000 to $193,000 with three bridges clustendtth values near $1 million. Scour
calculations were performed for each bridge compbnssing two additional values for the

identified variables (Table 5).
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Table 5: Variable Values

McCrory old ngdmg Farnsworth Antioch Pike Harding
Lane Pike Dr. Place
Pier Width 6 and 9 feet 8 and 12 fegt 2 and 6 feet8 and 12 feet
-g_:’ Pier Nose Square, Sharlp Round, Sharp  Square, Sh8quare, Sharg  No Piers
Angle 10 and 20 degrees
Abutment 8 and 14 feet 7and 11 feet 20 and 25 fe@@ and 90 feet 8 and 14 fegt
€
(]
£ Angle 10 and 20 degrees
3
< Abutment
Type Wing Wall, Spill Through
c
g Contraction 90 and 98 fegt 32 and 36 feet 77 an@®3| 32 and 96 feet 50 and 55 fget
g
§ Bed Particle Individually gravel, clay and sand

From these calculations minimum, median and maxirsamponent scour factor values

were identified, new bridge scour factors calcuatend new monetary damage estimated. Results
of the analysis indicated maximum and median vajuesided scour factors whose damage
estimates were consistent with replacement cosealwowever, scour factors calculated with the

minimum component values provided a change in cadkr (Table 6).
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MAXIMUM
RE;}';E?;SN Maximum Contraction | Abutment Scour Estimated Rank
Cost Pier Scour Scour Scour Factor Damage
McCrory Lane| $2,600,000 0.05225 0.01357 0.09960 5510 $143,000 1
Old Harding $1,600,000 0.03474 0.01575 0.00847 9561 $31,000 2
Farnsworth $193,000 0.03956 0.0000( 0.00288 0.01415 $2,700 5
Harding Place $1,090,000 0 0.03090 0.02034 0.01708%$19,000 4
Antioch Pike $1,400,000 0.03183 0.000671 0.01613 1€RQ $23,000 3
MEDIAN
Estimated
Replacement Pier Contraction | Abutment Scour Estimated
Cost Scour Scour Scour Factor Damage Rank
McCrory Lane| $2,600,000/ 0.05225 0.01347 0.02432 0.03001 $78,000 1
Old Harding $1,600,000| 0.03329 0.01574 0.00809 0.01904 $30,00 2
Earnsworth $193,000 | 0.03908 0 0.00249 0.01386| $2,600 5
Harding Place $1,090,000 0 0.03086 0.01515 0.01534 $17,000 4
Antioch Pike $1,400,000| 0.03169 0.00067 0.01602 0.01613 $22,000 3
MINIMUM
Estimated
Replacement Pier Contraction | Abutment Scour Estimated
Cost Scour Scour Scour Factor Damage Rank
McCrory Lane| $2,600,000 0.02442 0 0.01968 0.014y0 38,600 1
Old Harding $1,600,000 | 0.03143 0 0.0066 0.01268 $20,000 3
Farnsworth $193,000 0.03327 0 0.00230 0.01186 $2,3p 5
Harding Place $1,090,000 0 0 0.0117y 0.00392 $4,300 4
Antioch Pike | $1,400,000 [ 0.03166 0 0.01376 0.01514 $21,000 2

Table 6: Sensitivity Analysis

Results of this analysis suggest that estimateldecement value may be of use in performing a
gross ranking of bridges for adaptation planningriy with the scour factor method useful for

refining estimates when bridges have closely ctesteeplacement values.
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4.5 FURTHER DISCUSSION

Results of the statistical and sensitivity analgsiggest that using estimated replacement
cost and scour factor analysis may be useful iarpiding bridges for adaptation measures for
future flood events. However, further discussienwiarranted to ensure the advantages and

limitations of the methodology are fully understood

45.1 Methodology Advantages

The developed methodology provides a straightfadwealy to estimate and refine bridge
priority and scour damage prediction (at a screghenel) for flood adaptation planning using
Hazus, a free and not overly cumbersome tool tlaat fltood modeling capabilities that are
adequate and appropriately supported for local onpalities use within a GIS platform (Banks,
Camp et al. 2014). As previously discussed, s@nalysis for bridges typically involves
potentially time consuming geotechnical engineeand physical assessment of structures above
and below the water surface, and is based on ¢onsliat time of survey. Given Hazus’ capability
of modeling floods with varying return periods &hd proposed methodology, planners now have
the ability to estimate damage from a variety afife flood events and to estimate scour damage
on multiple bridges in a few hours. Although latkithe exhaustive and comprehensive nature of
traditional scour surveys, the developed methodology be employed to rapidly assess a suite
of bridges for the purpose of identifying those trmssceptible to scour. This information may
then be used as a screening tool for adaptatiayures prioritization or to identify structures

warranting more extensive scour surveys.
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4.5.2 Methodology Limitations

The natural process of scour and the equationshtnad been developed to describe this
phenomenon are complex. The goal of this resamasito develop a screening methodology that
can be made accessible to a wide variety of ushrshvwproduces an estimation of future flood
impact for use in adaptation planning with litthev@stment in software and training costs. While
being readily accessible by users with a varietyeohnical expertise, the Hazus flood model is
not as complex as other available flood modelirgst¢Banks, Camp et al. 2014). As a result,
although the Hazus flood model provides estimatél®od depth and extent, it does not perform
more complex operations such as tube flow expeggat obstructions such as abutments. Such
limitations could be overcome by using the US Ar@grps of Engineers HEC-RAS tool and
importing the flood data generated by HEC-RAS irtazus (FEMA 2009). Although not
impacting this methodology, a limitation of whickaus should be cautious is the inventory data
included with Hazus, such as building cost, stmectnventory and population data, is over a
decade old (FEMA 2009). Caution should be exetciaebasing any estimates of loss on the

traditional Hazus application unless the underhdata has been updated.

The scour equations presented in HEC-18 providéhenadtical estimates of complex
natural phenomena. These mathematical estimatgsot@accurately describe the actual actions
taking place at a bridge during floods due to sifyiiplg assumptions. As previously noted, scour
for contractions, piers and abutments were constjevhile complex scour conditions related to
stream bed aggradation and degradation were n@tddition, the HEC-18 equations provide only
estimates of scour and do not factor in naturatiguoring scour limiting factors such as bed

armoring (US DOT 2012). Consequently, the HEC-fi8a¢ions may produce results for a
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specified flood condition that overestimate scé@ead Table 2 contraction scour for “Old Harding

Road at Harpeth River”).

4.5.3 Methodology Application Scenario - Pulaski Qanty (Little Rock), Arkansas
Regional downscaling of climate models indicatesigmificant likelihood that Pulaski

County (Little Rock), Arkansas will experience cétae change-induced extreme flooding events
(Camp and Abkowitz August 2014). Given the cityasregional nexus of several major
components of the National Transportation Systemoyipzing and adapting the transportation
infrastructure for resilience to these events igdpnt (US DOT 2012). The NBI indicates that
Pulaski County contains approximately 712 bridgegtoch 504 pass over water (US DOT 2012).
Of the overwater bridges, three were selected toodstrate application of the scour factor
methodology for adaptation prioritization relatitcea 1000-year flood event. This example was
done without regard to pre-screening by estimatpthcement value to provide a demonstration
of how the scour factor methodology alone woulkehigloyed. For actual implementation, bridges
would first be triaged by estimated replacemenu&akith scour factor used to refine data for
bridges with similar replacement value. For theppsges of this example, a 100-year flood event
is stipulated as the return period for which the¢hbridges were designed. The locations of the

bridges selected for analysis and prioritization @resented in Figure 4.

78



Figure 4: Pulaski County, Arkansas (Little Rock) Bidges

To perform the analysis, data is required that rless the bridges as well as the floods.
Estimates of bridge and component dimensions wetareed from Google Earth™ and the NBI
while elevations were estimated using Google Eartm® ArcGIS. USGS stream gauge data was
consulted for non-flood water levels. Values footl depth at abutments, centerline flow depth,
stream volumetric flow, and width of the flood wetagtained using Hazus. Depths were obtained
using pixel values for the stream centerline angtraknt. Width was determined immediately
upstream from the bridge contraction and was medsparallel to the bridge across the entire
flood width. In accordance with guidance in HEG-8lood width exceeded bridge span, the
bridge span was used as flood width (US DOT 2012here flood width exceeded bridge span,
the ratio of span to the total flood width was nplied by total volumetric flow to represent
volumetric flow impacting bridges. Table 5 summas data obtained for the bridges and streams

from sources outside of Hazus while Table 6 sunerardata obtained from Hazus.
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Required Data Data SH161 at [-430 NB at [-430 NB at
(Dimensions are in feet) Source Bayou Meto White Oak Bayou Fourche Creek
. Google
Deck Elevation Earth™ 247 266 290
. . Google
Contraction Width Earth™ 158 253 337
Distance from Bottom of Google
Deck to Stream Bed Earth™ 9:5 2171 15.59
. Google
Right Abutment Length Earth™ 75 261 217
. . Google
Right Abutment Height Earth™ 75 29 15.59
Google
Left Abutment Length Earth™ 0 261 217
. Google
Left Abutment Height Earth™ 0 29 15.59
. Google
Number of Piers Earth™ 0 3 4
. . Google
Pier Width Earth™ 0 4 4
. Google
Pier Length Earth™ 0 31 42
Average Non-Flood Google 3 3 5
Stream Depth Earth™
. Google
Channel Width Earth™ 35 20.38 183
Bridge Length NBI 165 289 337
Bridge Width NBI 31 63 42

Table 7: Data Required for Scour Analysis and Souwre
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Required Data Data SH161 at I.-430 NB at I-430 NB at

(U_nless _otherW|s_e noted, Source Bayou Meto White Oak Bayou Fourche Creek

dimensions are in feet) 100 RP | 1000 RP| 100RF 1000RP 100RP 1000 RP
Flood Depth Hazus/ArcGI§ 21 22.9 20.38 28.43 21.23 22.77
Flood Width Hazus/ArcGIS| 165 165 172 172 337 337
Volumetric Flow (cfs) Hazus/ArcGIS 32,535 | 49,905| 10,761 15,875 15699 24,208
Left Abutment Flood Depth Hazus/ArcGIS 11.89 13.04 16.7 23.26 7.98 10.5
Right Abutment Flood Depth  Hazus/ArcGI5S 15.18 14.76 16.68 16.34 7.98 10.7
Bﬁéﬁrgg%oéicgggrfrggnt Hazus/ArcGIS 1257 1160 917
Upstream Elevation Hazus/ArcGIB 238 241 271
Downstream Elevation Hazus/ArcGIS 225 238 268
Distance between Elevations Hazus/ArcGIS 3660 2031 3102

Table 8: Data from Hazus

The HEC-18 equations for contraction, abutment @ied scour appear in Table 7, using
the data from Tables 5 and 6 for both a 100-yeasdlyear) and 1000-year (future) flood. Once
scour values were determined, the ratios of theyHa® and 1000-year flood scour were calculated
for the pier, contraction and abutment scour ukiggation 10. To demonstrate calculations, data
for the 1-430 Bridge at Fourche Creek is used. ekample of the scour ratio calculation is

presented in Equation 16 for pier scour.

Contraction Scour (ft) | Abutment Scour (ft)
Return Pier Scour
Period (ft) Gravel | Sand | Clay Left Right
5 3
SH161 at Meto Bayou 100 0 22.06| 22.06 21.61  45.83 42.21
1000 0 22.57| 2257 221 57.37 55.01
1-430 NB at White Oak Bayou 100 17.21 0 241  2.13 17.66 17.6
1000 25.06 0 3.23 2.8¢ 19.84 22.28
=
1-430 NB at Fourche Creek 100 20.54 0 9.15 8.9 34.65 34.65
1000 25.78 0 9.69 9.42 40.91 40.64

Table 9: Scour Predictions for Little Rock Bridges
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20.54
25.78

Pier Scour Ratio:|(1 — )| = 0.2032 [16]

Once individual component scour ratios were deteeah Equations 11a and 11b were
used to determine the composite contraction scoul @omposite abutment scour ratios,

respectively (Equations 17 and 18).

Contraction Scour Ratio = 0.33(0)4 + 0.33(0.0557), + 0.33(0.0552), = 0.0365 [17]

Abutment Scour Ratio = 0.5(0.1530) + 0.5(0.1476) = 0.0366 [18]
After completing scour calculations for bridge canpnts, Equation 12 was employed to

arrive at the scour factor for the 1-430 Fourched&rbridge under 1000-year flood conditions:

0.33 (0.2032) + 0.33(0.0366) + 0.33(0.1503)
3

=0.0429 [19]

Once the scour factor is determined, it is mukiglby the estimated bridge construction
cost to estimate the damage of the future floodhevés was previously discussed, to estimate
the construction cost, the area of the bridge lsutated utilizing bridge length and width data
from NBI (fields 49 and 52). The estimated condian cost per square meter of bridge is adjusted
from its value in 2012 dollars ($1803)to present value in 2014 dollars ($189%/msing
Equation 14 and an interest rate of 2.5%. Tabku®marizes the monetization of damage

estimates for the three bridges.
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Structure Structure .
Length Width Estimated _
(NBI Field 49, | (NBI Field 52, Area 2014 $/m2 for | Replacement Scour Estimated

Bridge in meters) in meters) (m2) Construction Cost Factor Damage
[-430 NB at
White Oak 88.1 19.3 1700 $1,894 $3,200,000 0.0704 $225,000
Bayou
[-430 NB at 4
Fourche Creek 103 12.9 1329 $1,894 $2,500,000 0.0429 $107,000
gg;fj atMeta g4 3 9.7 488 $1,894 $924,000 0.0263 $24,300

Table 10: Summary of Monetized Damage

An alternative method to calculate damage is totheedepreciated present value of the

bridge. There are several methods of depreciabculation available but in keeping with the

goal of developing a tool that is available torgéauser base, the straight-line depreciation ntetho

was chosen due to its simplicity of applicationat§tht-line depreciation is calculated by first

dividing the full cost of the bridge by the strueis designed useful life. This provides the antoun

of depreciation per year. The annual depreciamount is multiplied by the difference between

the year the bridge was constructed and the yeatioh analysis is conducted. The resulting

value is subtracted from the total estimated constin cost to provide the present residual value

of the bridge (FASAB 2013).

Once damage is monetized, the bridges are prieditiar adaptation planning using rank

order of damage from greatest to least value. leT@bprovides an example of straight-line

depreciation applied to the Little Rock bridgesot&that the White Oak Bayou bridge is ranked

as the highest priority.
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vears of Depreciation
Estimated e per Year Total . . Percent
. Year | Depreciation - Residual Estimated ;
Bridge Replacement ; : ($/Yr 100 Depreciation Depreciated
Built | (Construction ; Value Damage
Cost year service (2014 %) Value
to 2014) life)
1-430 NB
at White 0
Oak $3,200,000 1971 43 $32,000 $1,300,000 $1,800,000 26,820 12.5%
Bayou
1-430 NB
FoSrt'che $2,500,000 1973 41 $25,000 $1,030,000 $1,400,000 08,800 7.8%
Creek
SH161 at
Meto $924,000 1954 60 $9,000 $554,000 $369,000 $24,000 .5%6
Bayou

Table 11: Depreciated Monetization

In addition to adaptation prioritization, this metlology may also assist in classifying a
bridge as “failed”. A municipality or planning éiytcould establish a percent monetary damage
relative to the full or depreciated cost beyondalihieplacement of the entire bridge would be
warranted. In such an event, if multiple bridgeseed a municipality’s failure threshold, the
NCHRP Report 107 methodology could be used to rdifféate priority. Utilizing the NCHRP
method on the two 1-430 bridges, the method es@m#ie failure of the White Oak bridge will
produce almost $400,000 more in indirect loss ttten Fourche Creek bridge. Including an
analysis of indirect costs such as this is prudeicomprehend the total risk from a failure event
in determining prioritization. Major factors presen the NCHRP method that will impact
differences in indirect cost are average dailyficatletour length, and percentage of commercial

traffic carried by the structure (Stein and Sedn08@6). Table 10 provides a comparison of

indirect costs for the White Oak and Fourche Ciarédlges.
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Bridge Estimated Indirect Cost
I-430 NB at White Oak Bayou $5,200,000
I-430 NB at Fourche Creek $4,800,000

Table 12: Indirect Costs of Bridge Failure

4.6 CONCLUDING REMARKS

Case study results utilizing the developed methmgiosuggest that Hazus and HEC-18
may be used to establish semi-quantitative estenatescour damage from future flood events.
Predicted and observed damage values for bridgesmgrated strong positive correlation and no
statistically significant difference. However, thidy was limited to only eight bridges in the
same region with similar stream characteristicppliation of the method to additional structures
in other geographic locations is recommended, esgmted in a small case study here, to evaluate
whether the methodology yields consistent resulistlzer sites. Care should also be exercised
due to the comparatively simple manner in which d$amodels flood events. Utilizing more
complex flood models, such as HEC-RAS, and impgrtime data into Hazus could improve

predictive ability, yet would also increase thdlskiequired by the user for implementation.

The developed methodology in conjunction with alitanking by estimated replacement
cost could also be employed by municipalities tovpte a relatively quick and inexpensive
screening tool to identify bridges for traditiorsglour assessment. The mode of implementation
by the municipality would require integration intee larger process of resource allocation, but
having this method available would allow decisioak&rs to communicate potential impacts to
the community. In the context of anticipated ims®es in precipitation frequency and duration

brought about by climate change, utilizing a metilogy for assisting municipalities in cost-
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effective allocation of finite resources to crifigafrastructure, such as bridges, is a prudent

strategy.
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CHAPTER 5

Research Contribution and Additional Research Topis

5.1 INTRODUCTION

The purpose of research is to expand the bodymfledge regarding what is known about
a given topic. Even though knowledge will be gditlerough research, the process will uncover
even more areas for study. The following chajgt@rsynopsis of the contributions made by this

research as well as opportunities identified fothfer study.

5.2 RESEARCH CONTRIBUTIONS

This research focused on developing a decisiona@uppol useful to a wide variety of
organizations with varying technical skills for mdy assessing and prioritizing bridges for
adaptation to climate-induced flood events. Aest#tthe-art review produced a candidate list of
programs used for flood modeling and damage assstsmnalysis of these tools indicated that
the majority were focused on flood modeling withmdme assessment to structures being a
secondary activity. Four of the tools identified Both flood modeling and damage assessment,
with only two, HEC-FIA and HAZUS-MH (also referred as Hazus), offering a possible cost-
effective solution. In all products, bridge damagsessment was absent or only rudimentarily

assessed.

In addition to functionality, the tools were assebeelative to technical expertise required

for use. Hazus was identified as the most promjstommonly available, low cost, and easily
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used program for further study. Analysis was cateld on Hazus to determine its capability for
performing more sensitive bridge damage analyg#issignificant finding during this phase of
research was the limitation of Hazus relative tadelimg floods at sub-county levels. This was

important for understanding the limitations in a$¢he program.

The final research contribution was the developn@nga rapid, minimally complex
methodology for bridge damage assessment. Theooh@thyy was developed using Hazus and
other resources such as the National Bridge Inveritoobtain the variables necessary to solve
scour equations developed by the US DepartmentasfsSportation. These equations were solved
for the bridges’ designed return period as weh &sture return period of interest. A relationship
was then developed between the future scour andodlse year scour that resulted in the
formulation of a scour factor. This scour fact@asamultiplied by the estimated replacement cost
of the bridge to provide a monetary damage estimalte method was applied to eight bridges in
Davidson County (Nashville), Tennessee, and thelteesalidated against actual flood damage
values from floods that impacted the bridges in N@¢0. Results of applying the calibrated
methodology indicated predicted and observed danvafiges did not exhibit a statistically
significant difference (p=0.22,=b05). Additionally, a Pearson’s correlation coeffitieof
approximately 0.94 was observed. The methodology then applied to selected bridges in
Pulaski County (Little Rock), Arkansas, to demoatgruse in decision making. Pulaski County
was chosen since it has been identified as ansaisezeptible to climate-change induced flooding.
Overall, comparison of the methodology to knowroflalamage data suggests it may be used in
conjunction with estimated bridge damage as attostreen bridges for adaptation planning or to

prioritize bridges for more traditional scour assesnt approaches.
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5.3 FUTURE RESEARCH OPPORTUNITIES

In performing the research to develop this methogipla number of areas were identified
that merit further exploration. The following itenare suggested as potential research topics,

either building on or stemming from this originakearch:

» Develop an extension or additional tool for Hazmatitomate the determination of the
scour factor and resulting damage estimate.

« Expand method validation to other geographic regiwhere known flood damage values
are available and use it in actual municipalitidsvarying size to determine its
effectiveness and ability in broad application.

» Perform an in-depth analysis of the United StatesyACorps of Engineers HEC-FIA tool
and Hazus to determine if the tools are complenngiatiad if they could be combined into
a single predictive tool.

* Re-evaluate the equations used by Hazus to estithomigd return frequency and peak
discharge flow in light of climate-change conditon

» To facilitate no or low-cost evaluation of potehtaaptation measures, develop within
Hazus the capability of performing “what if” analy®f the impact of selected adaptation
measures.

» Investigate limitations in Hazus’ hydrology and haulics function with an emphasis on
identifying how high-resolution DEMs may be usednprove flood prediction at both a

county and sub-county level.
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APPENDIX A
Davidson County (Nashville), Tennessee Bridge Data
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100 0 0 1.92 1.94 3.77 3.25
320 0 0 2.58 2.60 4.03 3.46
Ratio 0 0 0.2558 0.2538 0.0645 0.0607
0 0.0844 0.0838 0.0323 0.0303
Composite Scour Pier 0
Contraction 0.05550
Abutment 0.02066
Scour Factor 0.02539

100 0 0 0 3.54 2.23 2.53
320 0 0 0 4.94 2.33 2.66
0 0 0 0.28340 0.04292 0.04887
0 0 0.09352 0.02146 0.02444
Composite Scour Pier 0
Contraction 0.03086
Abutment 0.01515
Scour Factor 0.01534

100 20.41 0 72.81 83.12 6.98 0
320 22.7 0 78.48 89.6 7.34 0
0.10088 0 0.07225 0.07232 0.04905 0
0 0.02384 0.02387 0.02452 0
Composite Scour Pier 0.03329
Contraction 0.01574
Abutment 0.00809
Scour Factor 0.01904

100 13.45 0 0 25.29 3.24 4.51
320 15.98 0 0 28.86 3.07 4.13
0.15832 0 0 0.12370 0.05537 0.09201
0 0 0.04082 0.02769 0.04600
Composite Scour Pier 0.05225
Contraction 0.01347
Abutment 0.02432
Scour Factor 0.03001




100 16.19 0 0 16.39 9.97 12.61
320 17.91 0 0 16.29 10.45 13.29
0.09604 0 0 0.00614 0.04593 0.05117
0 0 0.00203 0.02297 0.02558
Composite Scour Pier 0.03169
Contraction 0.00067
Abutment 0.01602
Scour Factor 0.01613

100 14.16 0 0 0 9.71 6.81
320 16.26 0 0 0 10.06 8.85
0.12915 0 0 0 0.03479 0.23051
0 0 0 0.01740 0.11525
Composite Scour Pier 0.04262
Contraction 0
Abutment 0.04377
Scour Factor 0.02880

100 7.82 0 0 0 2.37 2.27
320 8.55 0 0 0 2.07 2.25
0.08538 0 0 0 0.14493 0.00889
0 0 0 0.07246 0.00444
Composite Scour Pier 0.02818
Contraction 0
Abutment 0.02538
Scour Factor 0.01785

100 3.35 0 0 0 3.98 4.03
320 3.8 0 0 0 3.95 4
0.11842 0 0 0 0.00759 0.0075
0 0 0 0.00380 0.0038
Composite Scour Pier 0.03908
Contraction 0
Abutment 0.00249
Scour Factor 0.01386




APPENDIX B
Pulaski County (Little Rock), Arkansas Bridge Data
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100 0 22.06 22.06 21.61 45.83 42.21
1000 0 22.57 22.57 22.1 57.37 55.01
0 0.02260 0.02260 0.02217 0.20115 0.23268
0.00746 0.00746 0.00732 0.10058 0.11634
Composite Scour Pier 0
Contraction 0.0073
Abutment 0.0716
Scour Factor 0.02631
Area 5115 $ 9,687,810
$ 254,850
100 17.21 0 2.41 2.13 17.66 17.67
1000 25.06 0 3.23 2.86 19.84 22.28
0.31325 0 0.25387 0.25524 0.10988 0.20691
0 0.08378 0.08423 0.05494 0.10346
Composite Scour Pier 0.10337
Contraction 0.05544
Abutment 0.05227
Scour Factor 0.07036
Area 18207 S 34,484,058
$ 2,426,356

100 20.54 0 9.15 8.9 34.65 34.65
1000 25.78 0 9.69 9.42 40.91 40.65
0.20326 0 0.05573 0.05520 0.15302 0.14760
0 0.01839 0.01822 0.07651 0.07380
Composite Scour Pier 0.06708
Contraction 0.01208
Abutment 0.04960
Scour Factor 0.04292
Area 14154 S 26,807,676

S 1,150,566



APPENDIX C
Visual Basic for Applications Code for Scour Calcudtions
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Used with Microsoft Access 2010 to calculate casttom, pier and abutment scour.
Script was executed by the “On Got Focus” everthefoutput form.

Dim IngYellow As Long

Dim IngWhite As Long

Dim Vg, VTRatioG, VTRatioS, VTRatioC, Kg, Ks, Kcjé?Len As Variant
Dim CSTotalScourG, CSTotalScourS, CSTotalScourGyDepthG, NewDepthS, NewDepthC
As Variant

Dim A, B, C As Variant

Dim g, sg As Variant

Dim hb, ht As Variant

Dim PSVarl, PSVar2, FinalPSVar As Double
Dim Dg, Ds, Dc As Variant

Dim ReplG, ReplS, ReplC As Variant

Dim Rep2G, Rep2S, Rep2C As Variant

Dim RepG, RepS, RepC As Variant

Dim RepGS, RepSS, RepCS As Variant

Dim RfG, RfS, RfC As Variant

Dim Xg, Yg, Xs, Ys, Xc, Yc As Variant

Dim CSQ1, CSQ2, Que, LBCSVarl, FloodHt As Variant
Dim Noflowadjustment, RegularFlow As Label
Dim Overtop, NoOvertop, NoPS, EOF As Label
Dim ARK1, ARk2, ALk1, ALKk2 As Variant

Dim RtFlow, LtFlow, RtArea, LtArea As Variant
Dim Rpercent, LPercent As Variant

Dim Ver, Vel As Variant

Dim FrAL, FrRL As Variant

Dim yal, yar As Variant

Dim LeftLength, RightLength As Variant

Dim LAScour, RAScour As Variant

Dim hml, hmr As Variant

Dim BridgeFlow, ContractionFlow As Variant
Dim AbutmentScour As Label

Dim RightAbutment As Label

Dim Done As Label

"This code flags the fields yellow for areas susibépto live bed scour

IngWhite = rgh(255, 255, 255)
IngYellow = rgb(255, 244, 0)

If [VcGravel] < [Velocity] Then [VcGravel].BackColo= IngYellow Else [VcGravel].BackColor
= IngWhite
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If [VcSand] < [Velocity] Then [VcSand].BackColor lngYellow Else [VcSand].BackColor =
IngWhite
If [VcClay] < [Velocity] Then [VcClay].BackColor AngYellow Else [VcClay].BackColor =
IngWhite

If [Velocity] > [VcGravel] Then [LiveBedLabel].Vidile = True Else [LiveBedLabel].Visible =
False
If [Velocity] > [VcSand] Then [LiveBedLabel].Visilel
False
If [Velocity] > [VcClay] Then [LiveBedLabel].Visib
False

True Else [LiveBedLabel].Visible

True Else [LiveBedLabel].Visible

If [VcGravel] < [Velocity] Then [VcGravel].BackColo= IngYellow Else [VcGravel].BackColor
= IngWhite

If [VcSand] < [Velocity] Then [VcSand].BackColor lagYellow Else [VcSand].BackColor =
IngWhite

If [VcClay] < [Velocity] Then [VcClay].BackColor AngYellow Else [VcClay].BackColor =
IngWhite

'‘Begin calculation of live bed scour. All partickddths have both live bed and clear water
calculated
‘These portions are elements common to all partigleations
‘Calculate total pier width to reduce contracti
PierLen = [NumberPiers] * [PierWidth]

‘Calculate V* for the equation

Vg = (32.2 * [hm] * [StreamSlope]) * 0.5

'If flow is such that not all the flow goes throutiie bridge opening

'this section estimtates the amount using a ptmpality relationship between the flood area
‘and the bridge area to estimate flow through laridg

‘The first If Then statement steps over this stépa flag is not set

If [FlowAdjust] = -1 Then GoTo Noflowadjustmien

LBCSvarl =1

CSQL1 = [Flow]

CSQ2 = [FracFlow]

LBCSVarl = (CSQ1/CSQ2)"(6/7)
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Noflowadjustment:

'Resume execution of contraction scour
‘The following determines if pressur flow is presas well as what type of pressure flow, with

‘or without overtopping

'This step determines if overtopping is presentaajdsts flow (Q2) for overtopping.
LBCSvarl =1
CSQL1 = [Flow]
If [hm] <= [BridgeOpenHt] Then GoTo NoPS Else&)= ([FracFlow]) * ([hue] / [hm]) ~ (8 /

7)
LBCSVarl = (CSQ1/Que)"*(6/7)

'The following are calculations for pressure floanditions
'This determines if pressure flow is occuring andether it is with or without overtopping of
bridge
hb = [BridgeOpenHt]
ht = [hm] - hb
hw = [hm] - hb - [DeckWidth]
If [hm] > (hb + [DeckWidth]) Then GoTo Overtdfise GoTo NoOvertop
Overtop:
‘This secton calculates pressure flow scoun tmitdge overtopping
[OTCondition] = "Pressure flow scour with owagrping”
PSVarl = (([BridgeOpenHt] * ht) / [nm] * 2) 2D
PSvar2 = (1 - (hw/ ht)) ~-0.1
FinalPSVar = (0.5 * PSVarl * PSVar2 * hb)
[PST] = FinalPSVar
GoTo EOF
NoOvertop:

"This section calculates pressure flow scoly on

[OTCondition] = "Pressure flow scour only"
PSVarl = (((([BridgeOpenHt] * ht) / [hm] ~ 2)32) * 0.5) * hb
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FinalPSVar = 0.5 * PSVarl * hb
[PST] = PSVarl

GoTo EOF
NoPS:

'‘No pressure flow scour present
[OTCondition] = "No pressure flow scour present

[PST] = "N/A"
EOF:
RegularFlow:

‘The following section computes both live bed aledwvater contraction scour
‘Calculate settling velocity for each partislee

'Particle settling velocity calcualation (Dietr, 1982)used to determine the variable V*/T
'Program asks for D in feet, divide by 0.00828onvert to mm for the equation

g=9.81

sg = 2.65

Dg = ([GravelD50] / 0.00328)
Ds = ([SandD50] / 0.00328)
Dc = ([SiltD50] / 0.00328)

'Explicit particle Reynolds number - Gravel

ReplG = (g * sg * Dg / 1000) ~ 0.5

Rep2G = (Dg / 1000) / 0.000001

RepG = ReplG * Rep2G

RepGS = RepG * RepG

Xg = Math.Log(RepGS) / 2.303

Yg =-3.76715 + 1.92944 * Xg - 0.09815 * Xg gx 0.00575 * Xg * Xg * Xg + 0.00056 * Xg
* Xg * Xg * Xg

[RNG] = RepG

‘Dimensionless fall velociy - Gravel

RfG = (10 ~ Yg / RepG) ~ 0.33
[DFG] = RiG

'Fall velocity converted from cm/s to ft/s biyiding by 30.48 - Gravel
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A = (RfG * ((sg * g * (Dg / 1000)) » 0.5) * 100 30.48

[FVG] = A

'Explicit particle Reynolds number - Sand

ReplS = (g * sg * Ds / 1000) * 0.5

Rep2S = (Ds / 1000) / 0.000001

RepS = ReplS * Rep2S

RepSS = RepS * RepS

Xs = Math.Log(RepSS) / 2.303

Ys =-3.76715 + 1.92944 * Xs - 0.09815 * Xs ¥ X0.00575 * Xs * Xs * Xs + 0.00056 * Xs *

Xs * Xs * Xs
[RnS] = RepS
'‘Dimensionless fall velociy - Sand
RfS = (10~ Ys / RepS) ~ (1/3)
[DFS] = RfS
'Fall velocity converted from cm/s to ft/s hbiyiding by 30.48 - Sand
B = (RfS * ((sg * g * (Ds / 1000)) ~ 0.5) * 10 30.48

[FVS] =B

'Explicit particle Reynolds number - Clay

ReplC = (g *sg * Dc / 1000) * 0.5

Rep2C = (Dc / 1000) / 0.000001

RepC = ReplC * Rep2C

RepCS = RepC * RepC

Xc = Math.Log(RepCS) / 2.303

Yc =-3.76715 + 1.92944 * Xc - 0.09815 * Xc tX 0.00575 * Xc * Xc * Xc + 0.00056 * Xc

* Xc* Xc * Xc
[RNC] = RepC

'‘Dimensionless fall velociy - Clay

RfC = (10" Yc/RepC)~(1/3)
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[DFC] = RfC
'Fall velocity converted from cm/s to ft/s biyiding by 30.48 - Clay
C =(RfC *((sg * g * (Dc / 1000)) ~ 0.5) * 100 30.48
[FVC]=C
'Calculation of k1 for particles
‘Gravel k1
VTRatioG =Vg/A

If VTRatioG < 0.5 Then Kg = 0.59
If VTRatioG > 2 Then Kg = 0.69 Else Kg 60.

'Sand k1
VTRatioS =Vg /B

If VTRatioS < 0.5 Then Ks =0.59
If VTRatioS > 2 Then Ks = 0.69 Else Ks 4.

'Clay k1
VTRatioC=Vg/C

If VTRatioC < 0.5 Then Kc = 0.59
If VTRatioC > 2 Then Kc = 0.69 Else Kc 69.

‘Calculate new depths after scour
‘Gravel
NewDepthG = [hm] * LBCSVarl * (([ChannelWidth][ContractionWidth] - PierLen)) * Kg)
CSTotalScourG = NewDepthG + FinalPSVar
'‘CSTotalScourG = (NewDepthG - [AvgWaterHt])
‘Sand
NewDepthS = [hm] * LBCSVarl * ([ChannelWidth{[ContractionWidth] - PierLen)) * Ks
CSTotalScourS = NewDepthS + FinalPSVar
‘Clay

NewDepthC = [hm] * LBCSVarl * (([ChannelWidth[[ContractionWidth] - PierLen)) ~ Kc)
CSTotalScourC = NewDepthC + FinalPSVar
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'k1 values used in live bed equations

[k1g] = Kg
[k1s] = Ks
[kic] = Kc

'Populate depth after scour

[NewDepthCSG] = NewDepthG

[NewDepthCSS] = NewDepthS

[NewDepthCSC] = NewDepthC

If CSTotalScourG < 0 Then [CLBScourG] = "N/AlsEé [CLBScourG] = CSTotalScourG
If CSTotalScourS < 0 Then [CLBScourS] = "N/AISE [CLBScourS] = CSTotalScourS
If CSTotalScourC < 0 Then [CLBScourC] = "N/AIsE [CLBScourC] = CSTotalScourC

Clearwatercs:

Dim Q, Dmg, Dms, Dmc, W As Variant
Dim CWg, CWs, CWc As Variant
Dim CSCWG, CSCWS, CSCWC As Variant

If [FlowAdjust] = -1 Then Q = [Flow] Else Q = [Fr&tow]
Dmg = 1.25 * [GravelD50]

Dms = 1.25 * [SandD50]

Dmc = 1.25 * [SiltD50]

W = ([BridgeLength] - PierLen)

'Clear water scour gravel

CWg = ((0.0077 *Q~ 2) / (Dmg ~ 0.66 * W ~ 2)Y3 / 7)
‘Clear water scour sand

CWs = ((0.0077 * Q" 2)/ (Dms " 0.66 * W~ 2)}3 / 7)
'Clear water scour clay

CWc = ((0.0077 * Q A 2) / (Dmc ~ 0.66 * W A 2)X3 / 7)
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"Total Scour

CSCWG = CWg + FinalPSVar - [BridgeOpenHit]
CSCWS = CWs + FinalPSVar - [BridgeOpenHt]
CSCWC = CWc + FinalPSVar - [BridgeOpenHt]

'Display results of clear water scour on form

[CWCg] = CWg
[CWCs] = CWs
[CWCc] = CWc

If CSCWG < 0 Then [NCW(g]
If CSCWS < 0 Then [NCWs]
If CSCWC < 0 Then [NCWCc]

"N/A" Else [NCWg] = CSC®/
"N/A" Else [NCWSs] = CSCW
"N/A" Else [NCWc] = CSCRV

‘Contraction scour analysis
Dim CSLiveBed, CSClear As String

CSLiveBed = "Live Bed"
CSClear = "Clear Water"

If [Velocity] > (11.17 * [hm] ~ (1 / 6) * [GravelDB] ~ (1 / 3)) Then [CSLimitg] = CSLiveBed
Else [CSLimitg] = CSClear

If [Velocity] > (11.17 * [hm] ~ (1 / 6) * [SandD50?} (1 / 3)) Then [CSLimits] = CSLiveBed Else
[CSLimits] = CSClear

If [Velocity] > (11.17 * [hm] ~ (1 / 6) * [SiltD50]" (1 / 3)) Then [CSLimitc] = CSLiveBed Else
[CSLimitc] = CSClear

Vkkkkkkkkkkkkhkkkkkhkkkkkkkkhkkkkkkkkhkkhkkkkkkk

"This section computes basic pier scour

Vkkkkkkkkkkkkkkhkkkhkkkkhkkhkkkhkkkkkkhkkhkkkkkkkkk

Dim PK1, PK2, PK3, Fr, LAc, PierScour As Variant
'Defines or determines the values to use in pieaisequation
'PK1, PK2, PK3 are variables while Fr is the Frondeber
'Equation is 7.1 in the HEC-18 book

PK3=1.1

'Max value of L/A is 12 this evaluates and setsigal
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If [LA] = 0 Then GoTo AbutmentScour
If [LA] > 12 Then LAc = 12 Else LAc = [LA]

PK2 = (Math.Cos([PierAngle] * (3.14 / 180)) + (LAcdMath.Sin([PierAngle] * (3.14 / 180)))) »
0.65

'Max value for pk2 is 5
If PK2 >5 Then PK2 =5

If [PierNose] = "Square" Then PK1 = 1.1 Else IfgfNose] = "Sharp" Then PK1 = 0.9 Else PK1
=1

Fr = [Velocity] / (32.2 * [hm]) ~ 0.5
‘Calculate scour at the pier
PierScour = [hm] * (2 * PK1 * PK2 * PK3 * (([hm] PierwWidth]) ~ 0.35) * Fr ~ 0.43)

[Pierk1] = PK1

[Pierk2] = PK2
[Pierk3] = PK3
[FrPier] = Fr

[TotalPierScour] = PierScour

Vhkkkkkkkkkhkkhkkhkkkkhkkkkkkhkkhkkkhkkkkhkkkkkk

'Abutment scour calculations

Vhkkkkkkkkkhkkhkkhkkkkhkkkkkkkkhkkhkkkkkkkkkk

AbutmentScour:
If [LeftAbutmentLength] = 0 Then GoTo RightAbutment

'Left abutment calcuations
'‘Assign values of k

If [AbutmentType] = "Vertical" Then ALk1 = 1 Elsé JAbutmentType] = "Vert w/Wing" Then

ALKkl = 0.82 Else ALkl = 0.55
If [LeftAbutAngle] = 0 Then ALk2 = 1 Else ALKk2 = (JeftAbutAngle] / 90) * 0.13

If [LeftAbutAngle] > 0 Then LeftLength = Math.Abg{(eftAbutmentLength] * Math.Cos((90 *
(3.14 / 180)))) - [LeftAbutAngle]) Else LeftLength[LeftAbutmentLength]
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'Estimation of obstruction of flow

LPercent = [LeftAbutmentLength] / [BridgeLength]

'‘Ae-the flow area is the depth at the abutmentiplidd by the lenght of the abutment (a square
channel)

LtArea = [LeftAbutmentLength] * [LeftAbutDepth]

'va - this is proportionally adjusted by dividingpth at abutment by total flood depth and
multiplying by hm

yal = ([LeftAbutDepth] / [TotalFloodDepth]) * [hm]

IQe
LtFlow = LPercent * ([FracFlow])

Ve
Vel = LtFlow / LtArea

'Fr number
FrAL = Vel / (32.2 *yal) * 0.5

‘Calculate the scour
LAScour =yal * 2.27 * ALkl * ALk2 * ((LeftLength Aal) ~ 0.43) * (FrAL ~ 0.61) + 1

[LeftScour] = LAScour
[Leftk1] = ALKl

[Leftk2] = ALK2

[Lhm] = yal

[LAe] = LtArea

[LQe] = LtFlow

[LVe] = Vel

[LFr] = FrAL

[LFlowPercent] = LeftLength
[LFlowPerc] = LPercent

RightAbutment:

If [RightAbutmentLength] = 0 Then GoTo Done
If [RightAbutDepth] = 0 Then GoTo Done
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'Right abutment calcuations
'Assign values of k

If [AbutmentType] = "Vertical" Then ARk1 = 1 Elsé [[AbutmentType] = "Vert w/Wing" Then

ARk1 = 0.82 Else ARk1 = 0.55
If [RightAbutAngle] = 0 Then ARk2 = 1 Else ARKk2 fRightAbutAngle] / 90) ~ 0.13

If [RightAbutAngle] > 0 Then RightLength = Math.A{ffRightAbutmentLength] * Math.Cos((90
*(3.14/ 180))) - [RightAbutAngle])) Else RightLgth = [RightAbutmentLength]

'Estimation of obstruction of flow

Rpercent = [RightAbutmentLength] / [BridgeLength]

'‘Ae-the flow area is the depth at the abutment iplidt by the lenght of the abutment (a square

channel)
RtArea = [RightAbutmentLength] * [RightAbutDepth]

'va - this is proportionally adjusted by dividingpth at abutment by total flood depth and
multiplying by hm

yar = ([RightAbutDepth] / [TotalFloodDepth]) * [hm]

IQe
RtFlow = Rpercent * ([FracFlow])

Ve
Ver = RtFlow / RtArea

'Fr number
FrRL = Ver/(32.2 *yar) * 0.5

'Calculate the scour

RAScour = yar * 2.27 * ARk1 * ARk2 * ((RightLengthyar) * 0.43) * (FrRL* 0.61) + 1

[RightScour] = RAScour
[RightK1] = ARk1
[RightK2] = ARk2

[Rhm] = yar

[RAe] = RtArea

[RQe] = RtFlow
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[RVe] = Ver

[RFr] = FrAL

[Rflowpercent] = RightLength
[Rflowperc] = Rpercent

Done:

End Sub
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APPENDIX D
Data Used for Davidson County (Nashville) Scour Callations
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Bridge  Antioch Pike
StreamName
Deck Height(ft)
Deck Elevation (ft)
Bridge Opening (ft)
Height of Parapet (ft)
Bridge Width (ft)
Bridge Length (ft)

Return Period
100

Return Period
320

Mill Creek

3 Width of Channel (ft) 55
502 Width of Contraction (ft) 64

18 Channel Area (sq ft) 2080

3 Average Non-Flood 3

70 Stream Depth (ft)
130 Stream Slope (ft/ft) 0.00038300

Channel Geometry Triangle
Left Abutment Right Abutment  Flood Width

Center Line Depth (fty ~ Flood Depth (ft)

Flood Depth (ft)

Upstream (ft)

29 19 1238
Volumetric Flow (cfs) Stream Velocity (f/s)
23888 1.2060
Left Abutment Right Abutment  Flood Width

Center Line Depth (fty ~ Flood Depth (ft)

29.99 22.69

Volumetric Flow (cfs)

28757
Bridge  Bellevue Rd over Flat Creek
StreamName Flat Creek
Deck Height(ft) 3 Width of Channel (ft)
Deck Elevation (ft) 582 Width of Contraction (ft)
Bridge Opening (ft) 8 Channel Area (sq ft)
Height of Parapet (ft) 3 Average Non-Flood
Bridge Width (ft) 22 Stream Depth (9
Bridge Length () 26 Stream Slope (ft/ft)

Return Period
100

Return Period
320

Channel Geometry

Left Abutment

Center Line Depth (fty ~ Flood Depth (ft)

3.43 1.87
Volumetric Flow (cfs)
2295

Left Abutment

Center Line Depth (fty ~ Flood Depth (ft)

4.6 1.87

Volumetric Flow (cfs)
2662

Flood Depth (ft)

Right Abutment
Flood Depth (ft)

Right Abutment
Flood Depth (ft)

Upstream (ft)

10.59 1238

Stream Velocity (f/s)
1.4082

26.25
22
44.59

0

0.00579710

Triangle

Flood Width
Upstream (ft)

3.43 247

Stream Velocity (f/s)
5.4178

Flood Width
Upstream (ft)

3.43 247

Stream Velocity (f/s)
4.6858
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Bridge
StreamName

Deck Height(ft)

Deck Elevation (ft)

Bridge Opening (ft)

Height of Parapet (ft)
Bridge Width (ft)
Bridge Length (ft)

Return Period
100

Return Period
320

Farnsworth Drive at Richland Creek

Richland Creek

3 Width of Channel (ft) 88
469 Width of Contraction (ft) 71
9 Channel Area (sq ft) 367.2
3 Average Non-Flood 2
15 Stream Depth (ft)
80 Stream Slope (ft/ft) 0.00333492
Channel Geometry Triangle

Left Abutment
Flood Depth (ft)

Right Abutment
Flood Depth (ft)

Flood Width

Center Line Depth (ft) Upstream (ft)

7.18 3.9 3.7 1138
Volumetric Flow (cfs) Stream Velocity (f/s)

4358 0.8343

Left Abutment
Flood Depth (ft)

Right Abutment
Flood Depth (ft)

Flood Width

Center Line Depth (ft) Upstream (ft)

9.02 3.98 3.77 1182

Volumetric Flow (cfs) Stream Velocity (f/s)

4497 0.6905
Bridge  Harding PI at Richland Creek
StreamName Richland Cr
Deck Height(ft) 3 Width of Channel (ft) 46.25
Deck Elevation (ft) 504 Width of Contraction (ft) 45
Bridge Opening (ft) 8 Channel Area (sq ft) 423.95
Height of Parapet (ft) 3 Average Non-Flood 0
Bridge Width (ft) 56 Stream Depth (9
Bridge Length (ft 192 Stream Slope (ft/ft) 0.00484392
Channel Geometry Triangle

Return Period
100

Return Period
320

Left Abutment

Center Line Depth (fty ~ Flood Depth (ft)

6.95 4.45
Volumetric Flow (cfs)
3865

Left Abutment

Center Line Depth (fty ~ Flood Depth (ft)

9.7 4.45

Volumetric Flow (cfs)
4421

Right Abutment
Flood Depth (ft)

Right Abutment
Flood Depth (ft)

Flood Width
Upstream (ft)

2.34 968

Stream Velocity (f/s)
1.1490

Flood Width
Upstream (ft)

2.34 968
Stream Velocity (f/s)
0.9417
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Bridge
StreamName

Deck Height(ft)

Deck Elevation (ft)

Bridge Opening (ft)

Height of Parapet (ft)
Bridge Width (ft)
Bridge Length (ft)

Return Period
100

Return Period
320

Bridge
StreamName

Deck Height(ft)

Deck Elevation (ft)

Bridge Opening (ft)

Height of Parapet (ft)
Bridge Width (ft)
Bridge Length (ft)

Return Period
100

Return Period
320

Newsome Stn Rd

McCory Ln at Harpeth

Harpeth River

3 Width of Channel (ft)
545 Width of Contraction (ft)
37 Channel Area (sq ft)

3 Average Non-Flood
42 Stream Depth (ft)
390 Stream Slope (ft/ft)

Channel Geometry

98.88
82
6825

3

0.00091158
Triangle

Left Abutment Right Abutment  Flood Width
Center Line Depth (ft) Flood Depth (ft) Flood Depth (ft)  Upstream (ft)
32 22 759
Volumetric Flow (cfs) Stream Velocity (f/s)
20083 1.5120
Left Abutment Right Abutment  Flood Width

Center Line Depth (fty ~ Flood Depth (ft)
36.95 26

Volumetric Flow (cfs)

22909
Harpeth River

3 Width of Channel (ft)
545 Width of Contraction (ft)
32 Channel Area (sq ft)

3 Average Non-Flood
24 Stream Depth (ft)
252 Stream Slope (ft/ft)

Channel Geometry

Left Abutment
Center Line Depth (fty ~ Flood Depth (ft)
25.19 2.02

Volumetric Flow (cfs)

Flood Depth (ft)

Right Abutment
Flood Depth (ft)

Upstream (ft)

7.78 899

Stream Velocity (f/s)
1.2757

88
95
3551.94

3

0.00058624
Triangle

Flood Width
Upstream (ft)

747 1010

Stream Velocity (f/s)

19088 1.3408
Left Abutment Right Abutment  Flood Width
Center Line Depth (ft) Flood Depth (ft) Flood Depth (ft)  Upstream (ft)
27.34 5.76 8.74 1010
Volumetric Flow (cfs) Stream Velocity (f/s)
21476 1.4017
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Bridge
StreamName

Deck Height(ft)

Deck Elevation (ft)

Bridge Opening (ft)

Height of Parapet (ft)
Bridge Width (ft)
Bridge Length (ft)

Return Period
100

Return Period
320

Old Harding Pike

Harpeth River

3 Width of Channel (ft)
562 Width of Contraction (ft)
28 Channel Area (sq ft)

3 Average Non-Flood
56 Stream Depth (ft)
192 Stream Slope (ft/ft)

Channel Geometry

56.61
28
1629.31

4

0.00057471
Triangle

Left Abutment Right Abutment  Flood Width
Center Line Depth (ft) Flood Depth (ft) Flood Depth (ft)  Upstream (ft)
22.71 17.41 207
Volumetric Flow (cfs) Stream Velocity (f/s)
18035 6.5238
Left Abutment Right Abutment  Flood Width

Center Line Depth (fty ~ Flood Depth (ft)
24.79 18.38

Volumetric Flow (cfs)

20430
Bridge  Pettus Rd at Mill Creek
StreamName Mill Creek

Deck Height(ft) 3 Width of Channel (ft)

Deck Elevation (ft) 525 Width of Contraction (ft)

Bridge Opening (ft) 17 Channel Area (sq ft)
Height of Parapet (ft) 3 Average Non-Flood
Bridge Width (ft) 31 Stream Depth (9
Bridge Length (ft) 193 Stream Slope (fU/ft)

Return Period
100

Return Period
320

Channel Geometry

Left Abutment
Center Line Depth (fty ~ Flood Depth (ft)
20.45 9

Volumetric Flow (cfs)

Flood Depth (ft)

Right Abutment
Flood Depth (ft)

Upstream (ft)

207

Stream Velocity (f/s)
6.8562

40
191
2262.925

3

0.00094563
Triangle

Flood Width
Upstream (ft)

11.27 2233

Stream Velocity (f/s)

15851 0.6054
Left Abutment Right Abutment  Flood Width
Center Line Depth (ft) Flood Depth (ft) Flood Depth (ft)  Upstream (ft)
22.216 14 2233
Volumetric Flow (cfs) Stream Velocity (f/s)
18093 0.6427
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APPENDIX E
Data Used for Pulaski County (Little Rock) Scour Calculations
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Bridge
StreamName

Deck Height(ft)

Deck Elevation (ft)

Bridge Opening (ft)

Height of Parapet (ft)
Bridge Width (ft)
Bridge Length (ft)

Return Period

100

Return Period

1000

1-430 NB at Fourche Creek

5 Width of Channel (ft)
290 Width of Contraction (ft)
15.5912314635719 Channel Area (sq ft)
3 Average Non-Flood
42 Stream Depth (ft)
337 Stream Slope (ft/ft)

Channel Geometry

Left Abutment

Center Line Depth (fty ~ Flood Depth (ft)

21.23 7.98

Volumetric Flow (cfs)
15669

Left Abutment

Center Line Depth (fty ~ Flood Depth (ft)

22.77 10.5

Volumetric Flow (cfs)

24208
Bridge  1-430 North Bound
StreamName

Deck Height(ft) 5 Width of Channel (ft)

Deck Elevation (ft) 266 Width of Contraction (ft)

Bridge Opening (ft)  21.7134416543575 Channel Area (sq ft)
Height of Parapet (ft) 3 Average Non-Flood
Bridge Width (ft) 63 Stream Depth (9
Bridge Length (ft) 289 Stream Slope (fU/ft)

Return Period
100

Return Period
1000

Channel Geometry

Left Abutment

Center Line Depth (fty ~ Flood Depth (ft)

20.38 16.7
Volumetric Flow (cfs)
10761

Left Abutment

Center Line Depth (fty ~ Flood Depth (ft)

28.43 23.26

Volumetric Flow (cfs)
15875

Right Abutment
Flood Depth (ft)

Right Abutment
Flood Depth (ft)

Right Abutment
Flood Depth (ft)

Right Abutment
Flood Depth (ft)

183
337
4419.755

5

0.00064475

Triangle

Flood Width
Upstream (ft)

7.98 337

Stream Velocity (f/s)
3.5452

Flood Width
Upstream (ft)

10.7 337

Stream Velocity (f/s)
5.1735

20.38
253
3378.41

3

0.00147710

Triangle

Flood Width
Upstream (ft)

16.68 172

Stream Velocity (f/s)
3.1852

Flood Width
Upstream (ft)

16.34 289

Stream Velocity (f/s)
3.4954

115



Bridge  SH 161 at Bayou Meto

StreamName Bayou Meto
Deck Height(ft) 4
Deck Elevation (ft) 247
Bridge Opening (ft)  9.46475409836066
Height of Parapet (ft) 3
Bridge Width (ft) 31
Bridge Length (ft) 165

Return Period
100 21.7

Return Period
1000 22.9

Center Line Depth (ft)

Volumetric Flow (cfs)

Center Line Depth (ft)

Volumetric Flow (cfs)

Width of Channel (ft)
Width of Contraction (ft)
Channel Area (sq ft)

Average Non-Flood
Stream Depth (ft)

Stream Slope (ft/ft)

Channel Geometry

Left Abutment
Flood Depth (ft)

11.89

32535

Left Abutment
Flood Depth (ft)

13.04

49905

116

Right Abutment
Flood Depth (ft)

Right Abutment
Flood Depth (ft)

35
158
2037.75

3

0.00355191

Triangle

Flood Width
Upstream (ft)

15.18 165

Stream Velocity (f/s)
15.9661

Flood Width
Upstream (ft)

14.76 165

Stream Velocity (f/s)
23.3556



APPENDIX F
Sensitivity Analysis Data
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Old Harding at Harpeth River
2010 Estimated Replacement Value = $1,600,000
; : Scour Factor Estimated
Pier Contraction Abutment Damage
Base Value 0.03329 0.01574 0.00809 0.01904 $30,00p
8 ft Pier 0.03336 0.01574 0.00809 0.01906 $31,004
12 ft Pier 0.03330 0.01574 0.00809 0.01905 $30,00(
5 |Round 0.03143 0.01574 0.00809 0.01842 $29,00(
& [sh arp 0.03474 0.01574 0.00809 0.01952 $31,00(
10 Angle 0.03332 0.01574 0.00809 0.01905 $30,00(
20 Angle 0.03327 0.01574 0.00809 0.01904 $30,00(
7 ft Abutment 0.03329 0.01574 0.00832 0.01912 $31,00(
= 11 ft Abutment 0.03329 0.01574 0.00847 0.01917 $31,000
g 10 Angle 0.03329 0.01574 0.0066 0.01854 $30,004
E 20 Angle 0.03329 0.01574 0.00731 0.01878 $30,00(
< Wing Wall 0.03329 0.01574 0.00772 0.01892 $30,000
Spill Through 0.03329 0.01574 0.00735 0.01879 $30,00(
- 32 ft Contraction 0.03329 0.01575 0.00809 0.01905 $80,00
-% 36 ft Contraction 0.03329 0.01574 0.00809 0.01904 $80,00
8 |Gravel Only 0.03329 0 0.00809 0.01379 $22,000
§ Sand Only 0.03329 0.00787 0.00809 0.01642 $26,000
Clay Only 0.03329 0.00788 0.00809 0.01642 $26,004
Farnsworth Drive
2010 Estimated Replacement Value = $192,000
Scour Estimated
Pier Contraction Abutment Factor Damage
Base Value 0.0391 0.0025 0.0139 $2,70
2 ft Pier 0.0389 0 0.0025 0.0138 $2,700
6 ft Pier 0.0390 0 0.0025 0.0138 $2,700
% |Square 0.0395 0 0.0025 0.0140 $2,700
[ Sharp 0.0396 0 0.0025 0.0140 $2,70(
10 Angle 0.0333 0 0.0025 0.0119 $2,30(
20 Angle 0.0333 0 0.0025 0.0119 $2,300
20 ft Abutment 0.0391 0 0.0026 0.0017 $330
= 25 ft Abutment 0.0391 0 0.0028 0.0018 $340
g 10 Angle 0.0391 0 0.0023 0.0016 $307
E 20 Angle 0.0391 0 0.0026 0.0017 $329
< Wing Wall 0.0391 0 0.0029 0.0018 $345
Spill Through 0.0391 0 0.0025 0.0017 $321
- 77 ft Contraction 0.0391 0 0.0025 0.0139 $2,700
-% 83 ft Contraction 0.0391 0 0.0025 0.0139 $2,70(|)
8 |Gravel Only 0.0391 0 0.0025 0.0139 $2,70(
§ Sand Only 0.0391 0 0.0025 0.0139 $2,70(
Clay Only 0.0391 0 0.0025 0.0139 $2,700
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McCrory Lane
2010 Estimated Replacement Value = $2,600,000
Scour Estimated
Pier Contraction ~ Abutment Eactor Damage
Base Value 0.05225 0.01347 0.0243p 0.03001 $78,do0
6 ft Pier 0.02442 0.01347 0.024332 0.0162b $42,000
9 ft Pier 0.02445 0.01347 0.02432 0.0162b $42,000
5 |Square 0.02457 0.01347 0.02432 0.01630 $42,400
a Sharp 0.02449 0.01347 0.02432 0.01627 $42,0p0
10 Angle 0.02452 0.01347 0.02437 0.01628 $42,000
20 Angle 0.02455 0.01347 0.02437 0.01629 $42,000
8 ft Abutment 0.05225 0.01347 0.02784 0.02671 $69,0p0
= [14ft Abutment 0.05225 0.01347 0.0996( 0.05042 $132,000
g 10 Angle 0.05225 0.01347 0.02664 0.0263D $68,0p0
3 |20 Angle 0.05225 0.01347 0.02844 0.0269L $70,0p0
< Wing Wall 0.05225 0.01347 0.02288] 0.02504 $65,000
Spill Through 0.05225 0.01347 0.01964 0.02398 $62,0p0
< |90 ft Contraction  0.05225 0.01349 0.0243p 0.030¢2 $18,4o0
-% 98 ft Contractionq  0.05225 0.01352 0.0243p 0.03003 $108,d4o
8 |Gravel Only 0.05225 0.00000 0.02437% 0.02552 $66,0p0
§ Sand Only 0.05225 0 0.02432] 0.02552 $66,000
Clay Only 0.05225 0 0.02432 0.02553 $66,0(*)
Harding Place at Richland Creek
2010 Estimated Replacement Value = $1,090,000
Estimated
Pier Contraction Abutment Scour Factor Damage
Base Value 0 0.03086 0.01515 0.01534 $16,70(
No Piers
8 ft Abutment 0 0.03086 0.01902 0.01663 $18,000
=] 14 ft Abutment 0 0.03086 0.02034 0.01707 $19,000]
GE) 10 Angle 0 0.03086 0.01823 0.01636 $18,000
E 20 Angle 0 0.03086 0.01983 0.01690 $18,000
< Wing Wall 0 0.03086 0.01331 0.01472 $16,000
Spill Through 0 0.03086 0.01177 0.01421 $15,000
< |50 ft Contraction] 0 0.02509 0.01515 0.01341 $15,000
-% 55 ft Contractio 0 0.03090 0.01515 0.01535 $17,004
8 Gravel Only 0 0 0.01515 0.00505 $5,500
§ Sand Only 0 0 0.01515 0.00505 $5,500
Clay Only 0 0.03090 0.01515 0.00505 $5,500
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Antioch Pike at Mill Creek
2010 Estimated Replacement Value = $1,400,000
Scour Estimated
Pier Contraction Abutment Factor Damage
Base Value 0.03169 0.00067 0.01602 0.01613 $23,J00
8 ft Pier 0.03171 0.00067 0.01602 0.01618 $23,000
12 ft Pier 0.03167 0.00067 0.01602 0.0161p $23,0&)O
5 Square 0.03166 0.00067 0.01602 0.01612 $23,0p0
a Sharp 0.03173 0.00067 0.01602 0.01614 $23,0p0
10 Angle 0.03183 0.00067 0.01602 0.0161¢ $23,090
20 Angle 0.03180 0.00067 0.01602 0.0161p $23,0J)0
80 ft Abutment 0.03169 0.00067 0.01598 0.016111 $23,0p0
= | 90 ft Abutment 0.03169 0.00067 0.01613 0.01616 $23,0p0
GE) 10 Angle 0.03169 0.00067 0.01376 0.0153F $22,090
g 20 Angle 0.03169 0.00067 0.01477 0.01571 $22,0&)0
Wing Wall 0.03169 0.00067 0.01588 0.0158% $23,04qo
Spill Through 0.03169 0.00067 0.01527 0.0152 $22,000
- 32 ft Contractior] 0.03169 0.00067 0.01602 0.01613 $23,J0
-% 96 ft Contractio 0.03169 0.00064 0.01602 0.01612 $23,J0
8 Gravel Only 0.03169 0 0.01602 0.0159¢ $22,0Jo
§ Sand Only 0.03169 0 0.01602 0.0159 $22,040
Clay Only 0.03169 0.00067 0.01602 0.01618 $23,040
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2010 Estimated Replacement Value = $1,600,00(

Old Harding at Harpeth River

Pier Width
8 ft 12 ft
29.97 23.52
33.34 26.16
0.03329 0.03336 0.03330
Pier Nose
Square Round Sharp
19 17
21 19
0.03329 0.03143 0.03474
Pier Angle
10 20
28.58 35.14
31.79 39.08
0.03329 0.03332 0.03327
Abutment Length
3ft 7 ft 11 ft
9.61 11.46
10.12 12.08
0.00809 0.00832 0.00847
Abutmnent Angle
10 20
3.12 4.1
3.25 4.29
0.00809 0.00660 0.00731
Abutment Type
Vertical With Wing [Spill Through
5.91 4.29
6.2 4.49
0.00809 0.00772 0.00735
Contraction Width 32 Feet
Gravel Sand Clay
100 Yea 0 46.72 51.52
320 Yea| 0 50.36 55.54
0 0.02385 0.02389
Contraction Width 36 Feet
Gravel Sand Clay
100 Yea 0 36.04 38.95
320 Yea| 0 38.85 41.98
0 0.02387 0.02382
Bed Composition
Gravel Only| Sand Only Clay Only
100 Yea 0 72.81 83.12
320 Yea| 0 78.48 89.6
0 0.0079 0.0079

Farnsworth Drive at Richland Creek
201imated Value =$193,000
Pier Width
6 ft
100 Yea| 291
320 Yea| 33
0.03990
Pier Nose
Square Round Sharp
100 Yea| 3.68 3.01
320 Yea| 4.18 3.42
0.0394 0.039%6
Pier Angle
10 20
28.58 35.14
31.79 39.08
0.0333p 0.03327
Abutment Length
20 ft 25 ft
100 Ygar Left Right Left Right
320 Ygar 4.37 4.43 4.71 4.78
4.33 4.4 4,67 4.74
0.00924 0.00682 0.00857 0.00844
0.00265 0.00281
Abutment Angle
10 20
Left Right Left Right
100 Yea| 2.88 291 3.77 3.82
320 Yea| 2.86 2.89 3.74 3.79
0.00699 0.00692 0.00802 0.00792
0.00230 0.00263
Abutment Type
With Wing Spill Through
Left Right Left Right
100 Yea| 3.44 3.49 2.64 2.67
320 Yea| 3.41 3.46 2.62 2.65
0.00880 0.00867 0.0076 0.00155
0.00288 0.00250
Contraction Width 77 Feet
Gravel Sand Clay
100 Yea| 0 0 0
320 Yea| 0 0 0
0 0 0
Contraction Width 83 Feet
Grawvel Sand Clay
100 Yea| 0 0 0
320 Ygar 0 0 0
0 0 0
Bed Composition
Gravel Only| SandOnly | Clay Only
100 Yea| 0 0 0
320 Yea| 0 0 0
0 0 0
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McCrory Lane at Harpeth River Antioch Pike at Mill Creek
2010 Estimated Value =$2,600,000 2010 Estimated Value =$1,400,000
Pier Width Pier Width
6 ft 9 ft 12 ft 8 ft 12 ft
100 Yea 17.14 14.87 12.7 11.02
320 Yea| 18.51 16.06 14.05 12.19
0.02442 0.02445 0.05225 0.03169 0.03171 0.03161
Pier Nose Pier Nose
Square Round Sharp Square Sharp
100 Yea 14.79 121 17.81 14.57
320 Yea| 15.98 13.07 19.7 16.12
0.02457 0.05225 0.02449 0.03169 0.03166 0.03174
Pier Angle Pier Angle
10 20 10 20
18.19 22.02 33.54 46.33
19.65 23.79 37.12 51.27
0.05225 0.02452 0.02455 0.03169 0.03183 0.0318!
Abutment Length Abutment Length
8 ft 14 80 ft 90 ft
Left Right Left Right 100 Yea Left Right Left Right
100 Yea 5.07 7.37 471 4.78 320 Yea| 10.5 13.29 10.99 13.93
320 Yea| 4.75 6.69 5.77 8.24 11 14.01 11.52 14.69
0.06737 0.10164 0.18371 0.41990 0.04545 0.05139 0.04601051 7%t
0.02789 0.09960 0.01598 0.01613
Abutment Angle Abutment Angle
10 20 10 20
Left Right Left Right Left Right Left Right
100 Yea 4.36 6.27 5.96 8.77 100 Yea 3.91 4.77 5.3 6.56
320 Yea| 4.1 5.71 5.58 7.94 320 Yea| 4.07 4.99 5.53 6.89
0.06341 0.09807 0.06810 0.10493 0.03931 0.04409 0.041590479m
0.02665 0.02848 0.01376 0.01477
Abutment Type Abutment Type
With Wing Spill Through With Wing Spill Through
Left Right Left Right Left Right Left Right
100 Yea 2.84 3.88 2.23 2.93 100 Yea 8.35 10.52 5.93 7.38
320 Yea| 2.7 3.57 2.14 2.72 320 Yea| 8.75 11.08 6.2 7.76
0.05185 0.08683 0.04206 0.07741 0.04571 0.05(54 0.043550489Y.
0.02288 0.01968 0.01588 | 0.01527
Contraction Width 90 Feet Contraction Width 32 Feet
Grawel Sand Clay Grawvel Sand Clay
100 Yea 0 0 23.13 100 Yea 0 0 29.41
320 Yea| 0 0 26.4 320 Yea| 0 0 29.23
0 0 0.01349 0 0 0.00067
Contraction Width 98 Feet Contraction Width 96 Feet
Grawel Sand Clay Gravel Sand Clay
100 Yea 0 0 21.37 100 Yea 0 0 12
320 Yea| 0 0 24.4 320 Yegr 0 0 11.93
0 0 0.01352 0 0 0.00064
Bed Composition Bed Composition
Gravel Only| SandOnly | Clay Only Gravel Only|Sand Only| Clay Only
100 Yea 0 0 0 100 Yeqr 0 0 16.39
320 Yea| 0 0 0 320 Yeqr 0 0 16.29
0 0 0 0 0 0.00067
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Harding Place at Richland Creek
2010 Estimated Value =$1,090,000
No Piers Present on Bridge
Abutment Length
8 ft 14 ft
Left Right Left Right
100 Yea 3.23 3.78 3.83 454
320 Yea 342 4.02 4.08 4.84
0.05556 0.05970 0.06127 0.06198
0.01902 0.02034
Abutment Angle
10 20
Left Right Left Right
100 Yea 2.84 33 3.72 4.39
320 Yea 3 35 3.95 4.68
0.05333 0.05714 0.05823 0.06197
0.01823 0.01983
Abutment Type
With Wing Spill Through
Left Right Left Right
100 Yea 2.01 2.26 1.67 1.84
320 Yea 2.09 2.36 1.73 191
0.03828 0.04237 0.03468 0.03666
0.01331 0.01177
Contraction Width 50 Feet
Grawel Sand Clay
100 Yea 0 0 3.54
320 Yea 0 0 4.6
0 0 0.02509
Contraction Width 55 Feet
Grawel Sand Clay
100 Yea 0 0 3.08
320 Yea 0 0 4.3
0 0 0.03090
Bed Composition
Grawvel Only| SandOnly | Clay Only
100 Yea 0 0 3.08
320 Yea 0 0 4.3
0 0 0.03090
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APPENDIX G
Scour Factor Method Users Guide
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| NTRODUCTION

Bridges are important conduits for the transpastatif goods, services and people. When bridges
are damaged both direct costs to the structureraticect costs from increased commute time,
increased gas expenses, or delays in moving goawdtfrom market are incurred. A significant
risk to the structural life of a bridge is sco@cour occurs from water moving in and around the
bridge components, like piers and abutments, liegulh the removal of bed material. Scour can
undermine components and shorten a bridge’s ubfefur lead to catastrophic failure. In recent
years, the United States has experienced heaudaltand severe flooding, factors that increases
bridge scour. This methodology was developed stsasommunities in assessing bridge scour
risk from future floods and prioritizing which bgds may require protective measures. The
method is provided only as a tool and should naidel for budgeting or forecasting activities.

REQUIREMENTS

This scour prediction methodology was developedgBiAZUS-MH 2.1 (or Hazus) and ArcGIS,
Version 10, Service Pack 2. Hazus is availabledimvnload from the United States Federal
Emergency Management Agency. Other flood modebonts may be used to provide the data for
this methodology but the predictive ability has heen evaluated. The user assumes all liability
for the application of this method and any decisibased on the results. No warranty, expressed
or implied, is given.

OVERVIEW OF DAMAGE PREDICTION

Once the bridges for adaptation have been idedtifiee first step is to calculate the estimated
replacement value. This is done by using the MatiBridge Inventory to find the bridges overall
length and width, in meters (fields 49 and 52).eJdnare multiplied together then by $1803 (in
2012 dollars) to estimate bridge replacement c@stce this has been calculated, the bridges can
be ranked in order for prioritization. For bridgésit are within $300,000 to $400,000 of each
other in replacement cost, the following scourdachethod may be used to refine the ranking.

The instructions that follow utilize Hazus to ceeeibod models. Once the models are complete,
data is gathered from the models, and other sowsioesentered into the Scour Calculator. Results
from the Scour Calculator are used to calculatesttmur factor and monetary damage. The
following scenario illustrates how this methodolaggy be used.
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A community has several bridges each designedttestaind a 100-year flood. Community
members are concerned that 450-year floods maynteooore common. Each area with a
bridge has formed a group to lobby for their britbgeng protected first. The town treasury has
limited money which prevents all of the bridgesirbeing protected this year. How do the
leaders of the town determine which bridge to miofiest? Utilizing Hazus and the Scour
Calculator, the community can develop semi-quattganformation to use in addressing the
community’s concerns.

BRIDGE DIAGRAM

The following provides a reference to assist imtdging measurement locations and bridge
components. It is referenced as “bridge diagrdmdughout this guide.

] ] ] ] ] ] ] ] ] ] ] ] ] ?
Parapet E ! i F
O

Label Description
A Contraction Width

B Height of bridge bottom
from stream bed

C Pier

D Abutment

E

F

G

Parapet Height
Deck Height
Channel Width

FLoob M ODEL

Two flood models will be required from Hazus. Tiirst is the model for the bridges’ design
flood. Using our scenario from above, this woutdabflood model with a 100-year return period.
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To determine the design flood for a bridge, consulgineering documents from the bridge’s
construction or historical records for prevailirigredards at the time of construction. The second
model needed is for the future flood event. Agaimg the scenario above, the future flood would
be a model with a 450-year return period. When riogle flood with Hazus use the highest
resolution DEM available. This will improve theogram’s ability to identify streams and
determine flooding. Once the base and future floumtels are complete data for the scour
estimation entered in the Scour Calculator.

ScOUR CALCULATOR —QOVERVIEW

The Scour Calculator is written using Microsoft Ass and Visual Basic for Applications (VBA).

It is used to estimate the amount of scour at piebsitments and bridge contractions. No
programing or complex calculations are requireduse. Using Hazus and other information
sources, the user gathers data on the streamsrigggd of interest and enters the data in the
program. Once entered, the program performsa@ulired calculations. The main screen provides
the interface for data entry. The following illceion shows the main areas of the screen:

1) Scenario Number — The Scenario Number is assignélagsystem and serves as a record
number. The Scenario Number is used during thsieghase to let the program know
which scenario to analyze.

2) Return Period — This is the frequency of the fldloak this scenario models. If it is for a
100-year flood enter “100”. A separate screeroisgleted for each bridge/return period
combination. There will be at least two screenmeted for a given analysis, one for
design return period scour and one for future repariod scour.

3) Bridge Information — This area contains generadrimfation about the bridge

4) Abutments — This area is used to enter data obridge abutments

5) Piers — Data required for pier scour calculation.

6) Stream Information — This area is used to entariétion that characterizes the stream

7) Analysis Button — This initiates the analysis fogigen bridge and return period. When
this is clicked the program will ask for the sceoamumber

£ :
Scenario Number 7 1 eriod (yrs) 100 2 Deck Thickness ()
ERIDGE INFORMATION Frombolfomof ey prevation ) Conracson wioh g ,
e L girdertotop of Above SeaLeyel  Wdh ofopening under Distance from Hexght of bridge bofom
3 Bridge Name Route Carried parapet bridge Upstream Gauge (f) "o sreambed () Parapet Ht (ft)
Smith Town Creek Bridge Smith Town Blvd 3 582 22 478 8.00 3
Abutments Abutments face up or down stream? Down iq ) _ ‘ ~|  Checkifall water
— Bridgelength 26| BridgeWidt 22 =
goes through bridge
AbutmentType |Vertical B
Lenrroreot Abutment (i) 2 Length of Right Abutment (f) 2 S 5 Pier Length (f) 0
Height of Left Abutment () 8 Height of Right Abutment (f) 8 ier Nose Square |~ Number of Piers 0
Left Abutment Angle 0 RightAbutAngle 0 Width of Each Pier () 0.00 Pier Angle fo Stream (Deg) 0
Depth at Left Abutment () 187 Depth at Right Abutment (ft) 343
STREAM INFORMATION 6 Lattitude Longitude Channel Elevation (f)  Average Non-Flood
Stream Name [Decimal) (Decimal) Channel Type at Bridge Water Depth (ft) ~ Width of Channel (ft)
Smith Town Creek 36.0682 -86.941559 Triangle E\ 57623 ] 2625
Elevation of Elevation of Distance Depth of Flood (ft) 343 Valumetric Flow Rate (cfs) 2295 Width of Flood Waler (fl) 247
Upstream Gauge (f)) Downstream Gauge (f) Between Bed Characteristics  Use Default Values|[ |
Above Sea Level Above Sea Level Gauges (1) ) - Flow Area (fi2) 4459
= P a0 50thile Diameter Gravel (R) 0.11975 Average Flow Depth (hu) 1715 A 7
50thile Diameter Sand (f) 0.003158 Velocity (fis) 542
Siream Sloj 000579710145 i
pe (M) G 50thile Diameter Clay (f) 0.000248
Record: 4 { 10722 b M ki | i NoFilter | Search




BRIDGE | NFORMATION

This section identifies important measurements atheubridge. The following table provides the
field name, any special requirements for the infation, a description of the field, and where it

may be found.

Scenario Number 7 Return Period (yrs) 100 D’e:ck T':;?;”%Sf[ﬂ)
BRIDGE INFORMATION ieriotopo | DeCkEleon(®) | ComsdonWan ) L torbgs
Bridge Name Route Carried ’ dpa:a[;t»e?f Aoore Sealewl szg:g " Upe?tre:am Gztljge(ﬂ} Hm;&;‘;gmmg" Parapet Ht (ft}
Smith Town Creek Bridge Smith Town Blvd 3 582 22 478 8.00 3
Abutments Abutments face up or down stream? Down |- T —. R o 23] Gzl e
AbutmentTvoe Netical |~ - goes through bridge
Field Name Spemal Description Source
Requirements
. This may be the common name of th@ommunity
Bridge No more than . . .
bridge or the name of the bridge frgrainowledge, National
Name 255 characters ; : )
the National Bridge Inventory. Bridge Inventory
This is the road that the bridge carrjgSommunity
Route No more than .
. across the stream. knowledge, National
Carried 255 characters .
Bridge Inventory
Deck This is the thickness of the bottom |dDirect
) Number only | the bridge deck to the top of th@bservation/estimation
Thickness
parapet
Deck This is the elevation above sea ley&oogle Earth estimate
. Number only .
Elevation of the road surface of the bridge
Contraction The width of the bridge between th&oogle Earth estimate
. Number only
Width abutments
. Distance, in feet, of bridge from anynited States
Distance )
from upstream gauges G_eologlcal S_urvey,
Number only distance estimate from
Upstream
Gauge ArcGIS or Google
Earth
Parapet Height of the parapet Direct
Height Number only observation/estimation
Bridge Total length of bridge National Bridge
Length Number only Inventory, Field 49
Bridge Number onl Total width of bridge National Bridge
Width y Inventory, Field 52
Check if all This lets the program know if ygu
water goes N/A want to calculate scour with all water N/A
through going through the contraction. The
bridge default is unchecked
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ABUTMENTS

This section identifies important measurementgiv@do the bridge abutments. The abutments
are located at either end of the bridge wheransjthe land. Label D in the bridge diagram above
indicates the location of bridge abutments.

Abutments

Length of Left Abutment (ft}
Height of Left Abutment (ft)
Left Abutment Angle

Depth at Left Abutment (1)

Abutments face up or down stream?

Down E|

AbutmentType \Verfical [~

2 Length of Right Abutment (ft) 2

8 Height of Right Abutment (ft) 8

0 RightAbutAngle 0
187 Depth at Right Abutment (ft) 343

Once the type of abutment is selected, the usérdtes whether the abutment faces up or down
stream. If the abutment is perpendicular to theash either value may be chosen. Selecting the
type of abutment is next. The illustration beldvows how each type of abutment appears when
viewed from the channel or from above. Choosetieethat most closely matches the bridge you

are assessing.

{a} Spili Through

I A
Plan

TN

Saction A - A

(&) Vartical Wadll with
Flared Wingwadis

b} Vartical Wall

From US DOT, Hydraulic Engineering Circular 18, tigsting Scour at Bridges”
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The length and height of the abutment are requifidte length of the abutment is measured from
the bank to the abutment. Height is simply thdadise between the top and bottom of the
abutment. The following illustration shows the dimsions.

Length
[ g

Height

In some instances, there is very little embanknsenthe length is essentially the length of the
abutment.

The angle of the abutment relative to the streaw fis required. The following illustration
provides guidance on how to measure the anglee that it is the angle on the downstream side
of the abutment.

From US DOT, Hydraulic Engineering Circular 18, tigsting Scour at Bridges”
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The final value needed is the depth of the floothatabutment. To determine this, Hazus and
ArcGIS are used. To make sure your measuremamth® right area, use the “Add Data” tool to

add a base map to the Hazus flood model. Theddotated in the tool bar: | 4 .

—

When prompted, select “Imagery” and select thellgatanage for the area. Rearrange the Hazus
layers so the flood layer is on top, followed bg #treams and then the imagery layer. In the
Hazus/ArcGIS “Table of Contents” window, doublecklithe flood name to bring up the layer

properties dialog box.

= F{F‘DREU_r
Yalue
M High: 13,0616

“Low : 00084021

Once open, change transparency to 50% and click”.“OKhis will allow the user to look
“through” the flood to see the bridge below.

‘ 3
Layer Properties ® M
| General | Seurce [ Extent | Display | Symbology |
|| show Map Tips {uses primary display field)
[ isplay raster resolution in table of contents
[7] Allow interactive display for Effects toolbar
Resample during display using:
[Nearest Meighbor {for discrete data) -
Orthorectification
Contrast: 0 s
Brightrg: S elvation:
Transparency: 50 % M F‘Q RegionDEM _i =
Elevation adjustment
Display Quality i
Coarse Medium Normal
0 : o
Geoid
oK Cancel |
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Click the “Identity” tool in Hazus/ArcGIS tool bahnen click the flood over the abutment.

/

-

File Edit View Inventory Hazard Analysis Results /Bookmarks Insert Selection Geoprocessing Customize  Windows Help

FQE& LB x| o~ \tviM |2 B GIE B O e 82 =, 5 | Layer [& rpaiood s =15 @ g
RAMQ@ i e - Tk LB & [ Bl g : HAZUS-FIT- | Riverine~ | Comstalw = % B ko
TG BRI R RN

This will bring up a dialog box showing the pixeadlue for the clicked location. When Hazus
calculates the flood it assigns each pixel of thed layer raster the value of the flood depth, in
feet. The pixel value is entered as “Depth at Almrit”. Ensure a value is obtained for each
abutment, left and right.

Identify from: I <Top-most layer> _'J
- RPD320_1

|5
«“ 5

Location: —8583689956 1500:’:?Deumal 5egrees

Field Value

Pixel value 3.770752

4 i 3

Identified 1 feature
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PIERS

Piers are labeled “C” in the bridge diagram. Imsanstances, small bridges will not have piers.
In these cases leave the values as “0”. For sidgn piers, first select the nose type for thex pi

Piers Pier Length (ft) 0
Type of Pier Nase Square E| Number of Piers 0
Width of Each Pier (f) 0.00 Pier Angle to Stream (Deq) 0

The following illustration assists in selecting these type:

Lt —t—
M
a ]  IC_ ) 210
(a) Square Nose (b) Round Nose () Cylindrical
] L | = (# of Piers) x{a]

_LO O

(d) Sharp Nose (e) Group of Cylinders
(see Multiple Columns)

/\
Vv

From US DOT, Hydraulic Engineering Circular 18, tigsating Scour at Bridges”

Once the nose type is determined, measure or dstiima width of each pier (dimension “a” in
the illustration) and the length of each pier (dnsien “L” in the illustration).

Count the piers and enter the value in “Numberief€?. Grouped piers count as a single pier.

Finally, enter the angle of the pier relative te gtiream flow. If the pier nose faces directlypint
the flow, the angle is “0”.
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STREAM |NFORMATION

The remaining information pertains to the streaselit The “Stream Name”, “Latitude” and
“Longitude” fields are optional but entering thenilveelp document the stream assessed and its
location.

The “Channel Type” is used to tell the program Howalculate the cross sectional area of the
stream. “Triangle” and “Trapezoid” are the optiongh “Triangle” as default. All blue shaded
fields are calculated by the program. These fialdslocked and not editable by users.

STREAM INFORMATION Lattitude Longitude Channel Elevation (f)  Average Non-Flood
Stream Name (Decimal) (Decimal) Channel Type at Bridge Water Depth ()}~ Width of Channel (ff)
Smith Town Creek 36.0682 -86.941559 Triangle IZ| 576.23 0 26.25
Elevation of Elevation of Distance Depth of Flood (ft) 343 Volumetric Flow Rate (cfs) 2285 Width of Flood Water (ft) 247
Upstream Gauge (f) Downstream Gauge (f)  Between Bed Characteristics  Use Default Values
Above Sea Level Above Sea Level Gauges (f) FlowArea (fi2) = 4459
50thile Diameter Gravel (ft 0.11975
579 571 1330 (ft) Average Flow Depth (hu) 1715 a
50thile Diameter Sand (ft) 0.003158 Velocity (fis) 542
Stream Slo 000579710145
pe (1) 50thile Diameter Clay (ft) 0.000246

The “Average Non-Flood Water Depth” can be founairfrUnited States Geological Survey
(USGS) stream gauge data, Army Corps of Enginesiesat local data. This is the average yearly
depth of water in the stream at the bridge wherflootled.

“Width of Channel” is the width of the stream chahnlt may also be estimated by using Google
Earth® and measuring the distance between thenstib@aks during normal flow.

ELEVATION , DISTANCES AND STREAM SLOPE

A key component of calculation is the stream slopke stream slope is the amount a stream bed

rises (or falls) over a given distance. Do noktakeasurements closure than 500 feet up and
downriver from the bridge.
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To obtain the data for entry, select two pointss above and one below the bridge. Using the
ArcGIS “Line” tool, carefully trace the path of tlstream between the points. The following
shows the tracing in yellow and the stream in bliviake sure the tracing follows the streambed
as closely as possible. For the purposes of iifitish, the tracing has been offset so the stream
beneath can be seen.

Results Bookmarks Insert Selection Geoprocessing C ize Wind Help
12433 v [ EEE B P 4?4 5 Loyer [@ rpat000 r =% I & ¢
||° SEI= A gﬁ_,&llﬂ\b | HAZUS-FIT~ | Riverine~ | Coastal~| = =, ™ R ‘%‘ﬁ

(1= [

Rectangle
= = Polygon

Circle
Ellipse
FreeHand
Marker

P A.l.'l';u.'

=l

| 1631.645851 feet

Star
-87.0182 36.0861 decimal degrees

End point:
-87.0153 36.0833 decimal degrees

|

-87.01

Once the stream has been traced, select theityme click to bring up the ArcGIS sub-menu and
select “Properties”. This will provide the lendibtween the upstream and downstream points.
Record this value as “Distance between Gauges”.
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After the distance between the gauges is foune@raéte the elevations at both ends of the line.
This is done using the “Identify” tool in ArcGIS tdtain the pixel value from the Digital Elevation
Model (DEM). In Hazus, the pixel value from the B&s the same as the elevation. Click the
“Identify” tool (the “i”) and then click the end dlfie line (the white dot in the figure below prossd

a reference). A dialog box will appear. The nurmdi®wn next to “Pixel Value” is the elevation.
In this case, it is 511 feet. Repeat this prodmsthe other end of the line.

/

entory Hazard Analysis

Results Aookmarks Insert  Selection Geoprocessing Customize  Windows  Help
B x |2 o & 18 - EEEBE P ¥ A L layer [ paionos

e (FE- D6 @ 7B M TRy | HAZUSAT- | Riveriner | Cosstalv| = B k A g
W ERE

 Drewing [ K] ) | ® » A~ 7 0] Arl

i Editorr | » My | gt £

Regions\DCAIBASTract\Re
ByGOccupPre

bss

542,00

b 192100

to 4613.00

to 8595.00

to 17408.00
LossByGOccupPre
bss

239.00

0 836.00

b 201800

to 4031.00

to 9825.00

cks

Blocks

cts

Tracts

on Boundary
=gicn Boundary
Regions\DCAISASTract\10

aryPolygon

= el I !

- 12 v31g|A.&v£v_°‘vE

Kl A%

Identify from: | <Top-most layer>

[=)- RegionDEM
511.038269

Location: -87.018231 36.086144 Decmal Degrees

Field Value

Stretched value 71
Pixel value 511.038269

™~

Pixel Value
(Elevation)

Record the higher number as the “Elevation of Wastr Gauge” and the lower number as
“Elevation of Downstream Gauge”.
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DEPTH OF FLOOD AND WIDTH OF FLOOD WATER

The “Depth of Flood” and “Width of Flood Water” wads are determined using Hazus. Again
using the “Identify” tool, click directly in the oger of the stream bed, immediately upstream from
the bridge. As before, use the pixel value asrepth of Flood”.

Hazard Analysis Results Bockmarks Insert Selection Geoprocessing Customize  Windows Help

N | b | 1400 | EGIE B Fo 2 %, ayer [ rPo320 s -8 i &
I - k bl o) Bl © HAZUSHIT- | Riverine- | Coastal~| = & & k % o
Deawing~ K (=) 22| ® - A - (- | @) Adal 0 B T UA~-».F. ¢
Identify
® % Wil wentfy from: | <Top-most layer>
E-RPD320 1

i 7.247589

pellevue'Farnswo

Location: -86.857064 36. 120070 -Dec.imal-l-legrees

Stretched value 187
Pixel value 7.247589

pellevue’Riverine

bellevue!Regionk

4|

. Identified 1 feature

“Width of Flood Water” is determined by zooming auttil the width of the flood in relation to
the bridge may be seen. Using the “Line” toolwdialine between the edges of the flood just
upstream from the bridge. Once the line is drasetect the line, right click to bring up the ArcGIS
sub-menu and select “Properties”. The length elshown in the dialog box.

-86.8579 36.1203 dedmal degrees

End point:
-86.8559 36, 1187 decimal degrees
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VOLUMETRIC FLOW RATE

The volumetric flow rate is calculated by HazufeValue is stored in the “FIHydraulicsLog.txt”
file. Directions are required in finding the file.

When Hazus opens, the user must create a studynreghis region is usually the general area in
which flood studies are conducted, such as “Smiahr@y” or “Harpeth River”. Once created,
multiple scenarios may be run for a single regigach time a scenario is created Hazus creates a
scenario directory under that region name. Asamgple, a study region named “Harpeth Bridge”
was created and under this several scenarios wedeled one of which was named “100”. To
find the FIHydraulicsLog file for this scenario,ettuser opens Microsoft File Explorer and
navigates to the directory where the Hazus regioastored. Once there, the user would find and
double click the directory called “100”. Once thedouble clicking the “FIHydraulicsLog.txt”

file will open the file in Windows Note Pad or siar text editor.

B

@V—‘le v Computer » O5(C:) » HazusData » Regions » HarpethBridge » 100 »

Organize = Include in library = Share with = Burn Mew folder
&
M Jat ifi v Size
o Mame Date modified Type St
B Desktop Coastal 2/10/2014 8:57 PM  File folder
& Downloads Riverine 7/10/2014 4:58 PM

£ Google Drive || flAnalysisLog 014 10:28 PM

1= Recent Places || FiHydraulicsLog 2/10/2014 10:28 PM
& OneDrive

- Libraries
=] Documents
& Music
k=| Pictures

E Videos

138



The FIHydraulicsLog file contains information onl glreams assessed in the scenario. To
determine the stream needed for calculation, retmrHazus and identify the stream that runs
beneath the bridge of interest. Using the “Idgntibol click the stream. The dialog box that pops
up will have several items but the one of intesstArcID”. With the ArcID identified, open the
FIHydraulicsLog.txt file. The ArcID is equal toglReachlID presented in the text file. Using the
text editors search or find function, search fa &rclD. Once it is found, scroll down 4-8 lines
to find the discharge value.

In the example below, if ArclD 869 was the streafmnterest, the volumetric flow would be
25,082 cubic feet per second (highlighted). Ettiexvalue in “Volumetric Flow Rate”.

e e e
_| FIHydraulicsLog - Notepad

File Edit Format View Help

2014/01/07 10:00:30.621 : StudyCaseID: 1 HYDRAULICS

2014/01,/07 10:00: 300 621 1 om0 o o e R

2014,/01,/07 10:00:30.621 frmHydraulics - validateInput: StudyRegion Name = HarpethBridge

2014/01/07 10:00:30.621 frmHydraulics - validateInput: StudyCase Name = 1000

2014,/01/07 10:00:30.637 frmHydraulics - validateInput: HAZUS Vversion = 12.1.0

2014/01/07 10:00:30.637 frmHydraulics - validateInput: ArcGIS version = 10.0.2414

2014/01/07 10:00:30.637 frmHydraulics validateInput: ArcGIS ServicePack Number =

2014/01/07 10:00:30.637 frmHydraulics - validateInput: hzflanhydraulics.d11 date = 5/11/2012 12:09:48 F
2014/01/07 10:00:37.236 frmHydraulics - DeleteSCResults: Deleted any existing results

2014/01/07 10:00:37.251 modLevelone - IterateReachFeatureClass: Available memory: 2802.45 mb

2014/01/07 10:00:37.672 modLevelone - IterateReachFeatureClass: Deleted existing hydraulics datasets a
2014/01/07 10:00:37.672 modLevelone - IterateReachFeatureClass: Lewvel 1 only case

2014/01/07 10:00:37.828 1InterpolatedDischargevalue: Return period 1000

2014,/01/07 10:00:38.000 InterpolatedDischargevalue: q = 25082 cfs

2014/01/07 10:00:38.000 modLevelone - IterateReachFeatureClass: Command: "C:“\Program Files (x86)"Hazus-
2014/01/07 10:00:39.825 EntryPoint - Main: Command: C:“HazusData‘\Regions'HarpethBridge®C:\HazusData'\Reg
2014,/01,/07 10:00:40.490 & —— oo
2014/01/07 10:00:40.496 : ReachID: 869 core of Hydraulics

2014/01,/07 10:00:40.496 & —————— - m - e
2014/01/07 10:00:40.808 cCore - CoreofHydraulics: rReach 1 of 40

2014,/01,/07 10:00:40.808 Core - Core0OfHydraulics: Return period: 1000

2014/01/07 10:00:40.824 Core - CoreofHydraulics: mManning's N-value: 0.16

2014/01/07 10:00:40.824 Core - CoreofHydraulics: what-if:

2014/01/07 10:00:41.214 1Inmitialeuffer - initBuffer: Reach length = 7.899 km

2014 /01/07 10:00:41.260 Initialsuffer - initBuffer: Reference (downstream node) discharge: 25082 cfs
2014,/01,/07 10:00:46.424 X5 - placeInitxXsects: Buffer 3 of 59

2014/01/07 10:00:46.830 x5 - placeInitxsects: Buffer 4 of 59

2014,/01,/07 10:00:47.235 X5 - placeInitXsects: Buffer 5 of 59

BED PARTICLE SIZE

Calculating contraction scour depends on the bistion of particle types and average diameter
of the particles making up the stream bed. Siremk dharacterization may not be possible, the
program assesses scour for the median particlef@izgravel, sand and clay. If “Use Default

Values” is checked pre-loaded values represenhindiftieth percentile diameter for each size
range (gravel, sand and clay) will be used. Ifrtfedlian particle size for each type is known for
a stream, leave this box unchecked and manualér &m values, in feet.
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CALCULATING SCOUR

After entering all values flood scour is ready ®dalculated.

the analysis icon in the bottom right of the screen

Note the scenario number.

Channel Elevation ()  Average Non-Flood

at Bridge Water Depth () Width of Channel (ft)
-] 57623 1 26.25
liic Flow Rate (cfs) 2295 Width of Flood Water (f) 247
lues ] FlowArea (2) | 4450
5 Average Flow Depth (hu) ~ 1.715
58 Velocity (fis) 542
P46

Click

Once clicked, the program will open a dialog bdrput the Scenario Number and click “OK”.

The scour for that flood return period will be cadfted.

[7] Advanced = = Gl save ‘.::" Spelling S = GoTo~
= ) Refresh Find ; : S = | \ - 87 =
i Alir /X Delete ~ = Maore I Select ~ = =
Records Find Text Formatting
od (yrs) 100 Deck Thickness (ft}
Enter Parameter Value @Iﬁ Coniracion mm (£) .
: afopening under Distance from
Route Carried Input Scenario Number bridge Upstream Gauge (fi
Smih Town B 2|
2 | i . —
[ ! DD_"_“n IZI | BridgeWidth | 22 e
eniType Verical |-
ngth of Right Abutment (f) 2 === Pier Length (ff) |
bight of Right Abutment (] | P Type of Pier Nose Square IZI Number of Piers |
Rightbutingle 0 Width of Each Pler () 000 | PierAngle to Stream (Deg) |
lepth at Right Abutment ()| 343 |
Lattitude Longitude Channel Elevation ()  Average Non-Flood
(Decimal) (Decimal) Channel Type at Bridge Water Depth (ff)  Width of Chg
wos2 || sooursso | Trange [-J[INSBT| 0 | 262

140



When the analysis is complete a report will be Idigpd.

i i Flood Retun
Bridge Scour Estimate Report — Joseienn

Bridige 430 Morth Bownd Stream Name 100

For sadh of the following bed types, select the

Informetion Used in Cakoulations

"Met Soowr™ from the smuwr type given

Flow |cfm) | 10751

PIER SO0UR DATA Grave Sand Clay Fercentof Flow, Bridge | 1000

Total Fier Soour (#] 1 Oaar Water || Live B=d Liwe B=d Totalfl codDapth 338

721 CLEAR W AT ER 5 UCUK DAl & Depth Above Avarage {ft] | 2038

Grawe Sand Clary e rage F o e

Abutments NetScour |-t [ NS o [, Depth {hu, in ft]
Net Scouwr {ft) Stream Slops (fF) | Q00LET
Left Right 2 LIVE BED SCOUR DATA
17.66 17.67 N S0mony 1) 241 241 2183

Cri tica | Vedoci ties for
Soour by Bed Particle Size Range
Stream
Welocity {f15)
Grawel Critica
Velbodty {fis)
Saind Critical Vel ocity
{fis)
Clare Critics
Dy Crities 105
Vi lodty {f5)

Wellow represents possibility of lwe bed scour

Pier and Abutment Scour are presented as singlebewsn Contraction Scour requires
interpretation. In area 1 note that each partighe is identified as “Clear Water” or “Live Bed”.

Choose the values in area 2 based on “Clear Watétl’ive Bed” as indicated in area 1. As an
example, in the above example, the value for alagrea 1 is “Live Bed”. Using this example,
the value of 2.13 would be used instead of the §ivé&n for clear water.

CALCULATING THE SCOUR FACTOR AND ESTIMATED DAMAGE

When scour analysis is complete all that remaiestignating the monetary damage from the flood
event. To perform this analysis, use the Scoutdrad/orkbook file for Microsoft Excel.
Beginning with Base Year, enter the scour valuepier, abutment and contraction in the spaces
provided. Repeat this process for the Future ¥eaur. The final step is to enter the bridge lbengt

and width. The workbook will automatically calctdahe scour factor as well as the estimated
monetary damage.

141



ADAPTATION PLANNING

Bridge adaptation planning should proceed from ésgimonetary impact value to least. This will
ensure those bridges with greatest economic imyedae are protected first. It is recommended
that the National Cooperative Highway Research rarag(NCHRP) web-only document 107
“Risk-Based Management Guidelines for Scour at dgrgdwith Unknown Foundations” be used
in conjunction with this methodology to ensure nedt costs for bridge failure are captured. The
NCHRP document and spreadsheet for calculating reodi cost is available at
http://www.trb.org/Main/Public/Blurbs/157792.aspx Using this methodology will provide
estimated indirect cost due to bridge failure ri@sglfrom increased commute time, increased fuel
costs and diverted commercial traffic.
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DATA COLLECTION SHEET

The following may be used to assist in collectiagadfor scour analysis.

Stream Name

Road Carried

Flood Return Period

Bridge
Length

Bridge
Width

ALL UNITS ARE “FEET” UNLESS OTHERWISE NOTED

Deck Thickness

Parapet

Left Abutment
Length
Height
Angle (degrees)
Depth
Pier
Square  Round Circular
Type Grouped Sharp
Width
Length
Number

Angle (degrees
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Parapet Height

o---—-9

Right Abutment

Length

Height

Angle (degrees

Depth

Stream Data

Average Non-Flood Depth

Depth of Flood
(Center of Channel)

Upstream Gauge Elevation

Downstream Gauge
Elevation

Distance between Gauges

Width of Flood

Flow
(cubic feet per second, cfs




