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CHAPTER 1

Introduction

Project Description

The DSSWISE Project is focused odevelopng an irtegrated decision
support environment for water infrastructural security that allows a detailed
evaluation of the consequences of a catastrophic flood based on two
dimensional realistic, reliable numerical simulations. The organizational
structure of the mposed decision support environment for water
infrastructural security analysis is depicted in FAd.. A stateof-the-art 2D
numerical model, CCHE2IBLOOD, and a collection of GIS based decision
support tools constitute thewvo-principal componentof the DSSWISE
enviromment

The first principal component of DS®ISE is a twedimensional statef-
the-art numerical code to route dam/levee break/breaching floods, and/or
fluvial floods over complex topographyThis numerical flow model
CCHE2DFLOW, solves 2D shallowwater equations using a very robust,
shockcapturing finitevolume scheme that accepts both regular DiEded

or triangular unstructured grids. The numerical model provides information
about the extent of the flooded area, spatial distribstminflood depth and
flood velocities in two horizontal directions, arrival time of the floadd its
duration at each point of the computational domain. To carry out the
simulation, the model receives information from various sources. The
topography is gpplied from Digital Elevation Maps (DEMs). The data on the
water infrastructure to be analyzed is retrieved from a special database. In
addition, the information is provided on protection and mitigation measures,
if any, that need to be taken into consad®n during the analysis. These
measures can be structural or sbmctural. Structural measures aim at
modifying the flood flow by building engineered structures such as channel
modifications, diversions, reservoirs, levees, dikes, etc.,, whereas
nonstructural measures aim at reducing vulnerabilities in flood prone areas by
means of land acquisition and voluntary relocation, flood proofing, flood

DSSWISE PROJECT FINAL REPORT 8
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warning systems, public awareness programs, etc. The hazard scenario to be
analyzed, such as storm surge, lilflsod, or dam/levee break/breaching (due
to extreme hydrologic conditions, structural failure, or terrorist attack) is also

supplied.

Urban
Damage
Analysis

Rural and
Agricultural

Damage
Analysis

Loss of Life
Analysis

Risk and
Vulnerability

\

Analysis

Emergency

Protection Hazard Scenarios Stochastic
and Storm Surge Flash Flood Dam Break Levee Failure Analysis
Mitigation o | Tools
Measures N = Probability
) distributions,
Structural measures iR event trees.
Non structural measures T uncena{m{e;;
@
Datab. @ ﬂ
Df or Two-dimensional Delineation of flood
ams, . - ineation of floo Collection o
o :> Computational o Flood depths : of
’ Flow Model B Flood velocity vectors GIS Based
and other CCHE1D-FLOOD Arrival time Decision Support
Water Flooding duration Tools
Infrastructure ﬁ
5@5@" Knowledge
g Base
%‘3‘33& | Damage
s M| GIS Shape  GIS Shape  GIS Shape relationships
fis ﬁ%ﬁ? Layers for  Layers for Layers for _'01’ buildings,
o - S Infrastructure  Urban Agriculture| | infrastructures,
Digital Elevation Map Image Land Use  Census Data Data Data Data crops, ete.
Rules and
GIS and Remote Sensing Technology Regulations

Response
Planning and
Analysis

Fig. 2.1 Organizational structure @SSWISE, which is alecision support environment
for water infrastructural seirity analysidased on twalimensional realistic, reliable

numerical simulations

CCHEZ2D also provides @apability that allows representation of linear terrain
features that cannot be captured at the resolution of the DEM to be taken into
account durig computations using a twsidded cutcell methodology. A
special version of cetell method also allows carrying out coupled-2D
simulations that are particularly useful to simulate levee overtopping

scenarios.

The second principal component of DBSSE is a GISbased decision
support environment, whiclis composed ofa collection of GIS based
decision support tookhat work in tandem witthe CCHE2D-FLOOD model.
The entire decision support component is written as aroadektension to
ArcGIS, which isa commercially available and widely used GIS platform.

Thetwo-dimensional flow simulation results computed by CCHEABOD

are imported into ArcGIS by converting thermto raster layers. The
numerical results are then interfaced with various types ab-szonomic
data, such as censhbck data, classified landseto carryout analyses of
loss of life, urban damage, rural and agricultural damage, and risk and

vulnerability.
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Decision support modules can also be used in evaluafhgency of
emergeny reponse plans, structural and stmictural flood protection and
mitigation measures, etc. Engineering alternatives for flood control and
management, emergency response, etm be comparatively evaluated and
ranked using recentlgevelopedSpatial @mpromise Technique, which takes

into account spatial variations of the relative efficiency of the alternatives. To
carry out these tasks, the GIS decision support toolbox needs complementary
information regarding the nonstructural measures, various dgedspa
information, such as land use, census data, infrastructure data, urban data,
agricultural data, economic data, etc. The damage relationships for different
structure types and crop types, rules and regulations to be considered in
evaluating the efficiecy or adequacy of engineering solutions are taken from

a knowledge base that needs to be established. The stochastic module supplies
probability distributions for hazard scenarios, uncertainties for various
parameters, event trees, eio. order to takeinto account the uncertainties
during the analyses and decision making process.

The GlISbased system also offers a data preparation and treatment platform.
The DEM data can be treated and prepared to be used directly as
computational mesh. Tools are alsmvided to estimate thieathymetry of

the reservoir from surrounding topography and user supplied information, to
create rotated computational domains, to project linear terrain features onto
the computational mesh and create associated input filesllithas ahem to

be included in the computations usihg cut-cell method.

Landscape Assessment

In the USA, Homeland Security Presidential Directive 7 of 5/7/2007
classified dams and levees among the 17 critical infrastructure and key
resource sectots$i tathrequire protective actions to prepare for, or mitigate
against, a terrorist attack or other hazards identdi€dese 17 critical sectors

are summarized in Fig.2.

Failure of dams and levees may leachighly dynamiccatastrophic floods

that can ause significantossof-life, and bring considerable soeg@onomic
hardship by damaging property and infrastructurésods, be it fluvial or due

to failure of control structures (such as dams or leveesg tha potential to
affect one or more of thescritical sectors. Moreoveroffution caused by
cascading failure of hazardous chemical production and/or storage centers
may also lead to environmental disasters and affect the ecosystem.

'Later AManufacturingod was added to the |ist as the

DSSWISE PROJECT FINAL REPORT 10
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Homeland Security Presidential Directive 7 of 5/7/2@€dods, be it fluvial or due to

failure of

Issues

DSSWISE P

control structures (such as dams or leveesg tha potential to affect one or
more of these critical sectors.

regarding the safety and security of Dams

The database of the National Dam Performance Program (NPDP, 2008a) lists
a total of 1019 dam failures of varying importance since X868 Fig. 2).

A total of about 4,000 lives were lost during these incidents @4y. The
majority of these failed dams are earthfill embankments. As shown in.big. 2
(NPDP, 2008b), the principal cause of dam failures is the overtopping due to
extreme hydrologic events. The second important cause is the piping.

US National Inventory of Dams (NID, 2008)currently lists about 80,443

dams in the USAincluding those in Guam and Puerto RiE@. 26 shows a

pie chart regarding the ownership of these dams. As it can be seen, only about
5% of these dams are owned by the federal governiet majority of the
remaining dams are privately owned and they are under the responsibility of
the states. This leads to the important conclusion that the dam safety and
security isnot only a fedeal, state, or local issue, but also requires
collabaation of private dam ownersThis peculiar situation, where the
responsibilities are divided among numerous stakeholders, requires an
extremely careful approach tlam safety and security.

ROJECT FINAL REPORT 11
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Cumulative Number of Dam Failure: 1848-2005
1600

e Complete Historic Record

= = All Events wio the 1284 Georgia Dam Failures
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Fig. 23 Cumulative number of dam failures on record in théRRlatabase
The dashed red line shows the cumulative number of failures excluding the
many small dams that failed during the 1994 Georgia floods

Cumulative Number of Fatalities
0 1,000 2,000 3,000 4,000

1850
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1890

1910

1950

19701

1990

5 |
g1o0| |

2010
Fig. 24 Cumulative number of fatalities due to dam failures during the
period 18562005 (adapted from RDP, 2008).

2 hitp://npdp.stanford.edu/npdphome/Historic%20Performance%200f%20Dams. pdf
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Fraction of total number of failures
OiO 0i1 Di2 Di3 0i4 0.‘5 0.‘6 OiT

Flood / Overtopping
Seepage / Piping

Other

Deterioration / Erosion
Slide / Instability / Settlement
Spillway

Structural

Animal activity

Ice

Riser / Pipe / Gate

Sabotage / Vandalism

Not known

Fig. 25 Causes of all dam failures that occurred during the period-200%
(adapted from NPDP, 2068

State 4.8%
Federal 4.7%

|— Public Utility 2.4%

Undetermined
11.6% —l

Private
56.4%

Souree: Mational Inventory of Dams, Februany 2005

Fig. 26 Pie chart showing the ownership of the dams in the United States.

In the United States, all dams are classified intoettn@zard levels based on
the vulnerabilitiesdownstream and the expected impact of a failure, rather
than the quality of thestructure and/or the probability of théailure:

e A High Hazard (or Category | or Class C) dam is a dam whose failure may
causelossof-life, serious damage to homes, industrial or commercial
buildings, important public utilities, main highways, or railroads.

¢ A Significant Hazard (Category I, or Class B) dam is a dam whose failure
poses no threat to life, but may cause significlarhage to main roads,

mi nor roads, or cause interruption of

e A Low Hazard (Category lll, or Class A) dam is a dam whose failure
would at most result in damage to agricultural land, farm buildings
(excluding residences), or minarads.

Although federal guidelines exist (FEMA, 2004a), hazard potential

classification for dams is ultimately under the responsibility of states.
Therefore, small variations should be expected from one state to the other.

DSSWISE PROJECT FINAL REPORT 13
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Table 2.1 Number of dams in
high- (H), significant (S) and lowhazard(L) categories listed by state.

Total Dams Dams Dams
Dams H 5 L
ALABAMA 1403 163 378 862
ALASKA 105 22 31 52
ARIZONA 333 102 67 164
ARKAMSAS 1207 167 217 823
CALIFORMIA 1479 454 715 310
COLORADD 1689 335 380 974
CONMECTICUT 723 228 445 a0
DELAWARE 61 9 27 25
DISTRICT OF COLUMBIA 1 i) 1 1]
FLORIDA 1072 81 179 812
GEORGIA 3880 365 65 3430
GUAM 1 1 1] 1]
HAWAI 84 33 13 18
IDAHO 393 116 132 145
ILLIMCIS 1319 170 332 817
INDIAMA 1068 256 300 512
1OWA 3275 75 154 3006
KAMSAS 5545 191 345 5009
KENTUCKY 1055 280 226 549
LOUISIAMNA 367 15 64 288
MAINE 639 62 169 408
MARYLAND 303 60 79 164
MASSACHUSETTS 1500 333 732 435
MICHIGAN 955 163 176 616
MINMNESOTA 1059 49 151 839
MISSISSIPRI A067 252 75 3740
MISSOURI 4349 639 147 3163
MONTANA 3300 196 182 2922
MEBRASKA 1467 109 S00 838
MEVADA 497 132 119 246
NEW HAMPSHIRE 659 85 191 383
NEW JERSEY 805 159 386 220
MEW MEXICO 521 185 79 257
MEW YORK 1971 378 7859 804
MORTH CAROLIMNA 2712 1065 769 878
MORTH DAKOTA 784 27 97 660
QOHIO 1637 450 567 580
OKLAHOMA 5440 195 90 5155
OREGON 875 133 159 583
PENNSYLVANIA 1482 630 412 420
PUERTORICO 34 30 3 1
RHODE ISLAND 185 14 42 129
SOUTH CAROLINA 2354 633 28 1713
SOUTH DAKOTA 2452 88 154 2210
TEMMESSEE 1043 256 316 471
TEXAS 7069 260 815 5394
UTAH 751 239 239 273
VERMONT 363 52 132 179
VIRGIMIA 1587 169 277 1141
WASHINGTOMN 853 220 256 377
WEST VIRGINIA 555 381 146 28
WISCOMNSIN 1154 225 173 756
WYOMIMNG 1421 96 117 1208

DSSWISE PROJECT FINAL REPORT
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Out of the80,443existing dams]11,768are classified as high hazard and
13,578 as significant hazard dams. The remainbig097 dams are low
hazard damsTable 2.1lists the nurber of dams in each category by state
based on the information contained in the NID.

In principle, all high hazard dams are required to havErarrgency Action

Plan (EAP). Federalguidelines fordam safety published by FEMA (2004b)
define B AdPmd dacumént that identifies potential emergency
conditions at a dam and specifies preplanned actions to be followed to
minimize property damage and loss of life. T h e EAP al so
inundation mapss well as therocedures and information to assist tlaen
ownervoperator in issuing early warning and notification messages to
responsible downstream emergency management authorities.

An analysis of the data in the NID reveals that 5,035 high hazard dams and
6,013 significant hazard dams do not yet have AR.EThis is a serious
situation, which requires immediate attention, especially considering potential
lossof-life.

In Figs 27 and 28, the EAP status of high hazard and significant hazard dams
is plotted based on height and age of the dam.obsered that 1,858 high
hazard dams and 2,533 significant hazard dams were built beforea®0,
thushave probablyeached the end of their useful lifecan also be seen that

a large number of high hazard dams that do noe e EAP fall into the
categoryof small dams with a height less than 49 ft. This is in fact the
category for which most of the dam failures have been observed.

The situation is in fact probably more serious than it appears from these
statistics based on the public portion of the NTDe first issue concerns the
validity of the existing EAPs. The public version of the NID, unfortunately,
does not list the date of establishment for the existing EAPs. Some of the
existing EAPs may be very old and not reflect the true vulnerabilities
downrstream. The new developments at the downstream of the dam may even
necessitate a reclassification of some of the dams. The second issue is the
quality of the EAP. Not all the EAPs follow the standard guidelines set forth
by FEMA or by the states. In someteme cases, the EAP can be just a sheet
containing a list of telephone numbers to call in case of emergency.

To remedy this situation, there is an urgent need to develop efficient, robust,
and accurate numerical tools that can be reliably used forrpanigp risk and
vulnerability studies for dams by making use of the recent developments in
GIS and remote sensing technologi€ee DSSWISE Projectmade a step
forward in this directionby developng a simulation, adecisionmaking
environment that facilites the studies regarding the safety and security of
dams, consequences of flood due to dam/levee break/breaching failures, and
preparation of EAPs.

DSSWISE PROJECT FINAL REPORT 15



October, 2008

2500

2000

1500

1000

500

H > 100ft

99ft

—~ g —
N
NR
Y
50ft<H <

25ft<H <

49ft 0<H<24ft

H>100ft

50ft<H < 99ft

25ft<H < 49ft

O<H<24ft

3000

2500
2000
1500

1000
500

After 1980

1940-1980

Before 1940

Undetermin.

After 1980

1940-1980

Before 1940

Undetermin.

my

976

1340

1879

1210

my

582

2799

2016

8

mNR

29

152

368

254

ENR

88

456

259

0

mN

162

755

2270

1848

N

481

2696

1858

0

Fig.27Cl assi ficati on

required; and N= Nd&AP does not exist.

of

AHI gh
(left) and by ge versus EAP status (right), based on the entries in the National Inventory
of Dams (9/28/2008). Legend for EAP stats: Yes, EAP existsNR= EAP not

Hazar do

dams i

2500

2000

1500

1000

500

H > 100ft

50ft< H < 99ft

25ft< H < 49ft

O<H<24ft

3000

2500

2000

1500

1000
500

After 1980

1940-1880

Before 1940

Undetermin.

After 1980

1940-1980

Before 1940

Undetermin.

my

976

1340

1879

1210

my

582

2799

2016

8

mNR

29

152

368

254

mNR

88

456

259

0

EN

162

755

2270

1848

EN

481

2696

1858

0

Fig.28Cl assi ficati on

not requiredand N= Ng EAP does not exist.

of

i Shie YDA bly heaylat nersusHEARZ a r d O
Status (left) and by age versus EAP status (right), based on the entries in the National
Inventory of Dams (9/28/2008). Legend for EAP status: Y=, &P exists; NR= EAP

Review of current practice of dam break flood modeling

The estimation of the consequences of floods and the risk analysis are
generally performed using either the HEOA (USACE, 2000) program,
developed by the Hydrologic Engineering Center of the US Army Corps of
Engineers, or Flood Component of HAZUWBH software developed by
FEMA (2007). HEGFDA uses a rislbased analysis method to integrate
hydrologic, hydraulic, and economic relationships. The two primary outputs
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from HEGFDA include expected annual damage edt@®aand project
performance statisticShis program has a very primitive user interface and
does not offer any GIS capabilitfthe flood component of HAZUSH
includes methods for assessing both riverine and coastal flooding and damage
assessment for atllasses of structures and infrastructures based on damage
data bases of FEMA arttie U.S. Army Corps of Engineers. It also includes
modules to estimate damage to utility lifelines, agricultural areas and facilities,
debris generatiorand shelter requiremds. It takes into account flood
warnings and flood velocity effects. HAZUS8H is a GISbased tool and is
nowthe standard softwaresed in the USAor flood loss analyses.

With the current practiceof flood simulation, both of these models are

generally diven by flood maps that are obtained fromedimensionakteady

or unsteadywumerical floodsimulations carried out by H&H (Hydrology and

Hydraulics) specialists, who are often engineers with a background in

hydrology and hydraulicOnedimensional simlation results are converted

into two-dimensional maps by rather crude interpolations between 1D model
cross sections, based on digital elevation mBgspite the considerable level

of expertise acquired by the engineering community in their use ovega lo

period of time, theuse of onalimensional models hathe following

drawbacks:

1. The procedure for the development of tdimensional flood plans from
onedimensional simulation results is quite invol\seée Fig. A), takes a
relatively long time and wolves engineering judgment calls;

2. The interpolation inaccuracies in case of highly dynamic floods resulting
from failure of dams and levees may be quite important. Moreover, the
mass conservation is violated; and

3. Onedimensional models can only be used dases where a channelized
flow existsand the underlying assumptions for 1D models hinl¢ase of
highly transient flood flows, such a@sm and levee break flogdke one
dimensional approach can no longer be used relialbhe terrain is flat
and he flow is spreading in a twdimensional manneifhis is shown in
Fig. 210.

At the moment, despite their obvious advantages,diwensional models are
rarely used and there are no commonly accepted procedures for the use of
two-dimensional modeling iflood simulation and/or consequence analysis.

The main objections to the use of tdimnensional models were threefold:
¢ long computational times

e requirement for topographic mesh generation, which can be quite time and
effort consuming, and

¢ lengthy inputdata preparation.
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Figure 2-18: Flow Centerline Buffer Dialog Figure 2-23: Backwater Polygon Dialog - Clear or Accept »Fiawe 2-26: Study Area a;erk;ackwmerAnalys
Fig. 29 Steps for converting orgimensional simulation results into tvdimensional
flood delineation maps (adapted from FEMA, 2003). Flood elevations between adjacent
sets of crossections are calculated by interpolation basethertopography. Flood

elevations for tributaries are calculated by carrying out backwater calculations.

5 % = el i d = : o

Fig. 210 Frames showing the propagation of the flood wave due to failure of Malpasset
Dam, France, in 1959. In the earlier stagrethe two leftnost framesthe flood front
advances in a relatively narrow vall&@mnedimensional modeling can be assumed to

hold while the flood is in the valley. In the later stageshetwo rightmost frames, the

flood propagates on a relative flat terrain. Onesolss an important lateral expansion. In
this case, the underlying assumptions for-dimeensional model no longer hold. A two
dimensional approach may be more appropriate to capture the correct dynamics of the
flow with arrival times and flow depths.

It can be confidently argued that the above objections to the use of two

dimensional models for flood studies are no longer vatiecent scientific

and technological developments have completely chatigexiitiook

e Developments in conservative numericalusioins of hyperbolic equations
with shock capturing capability have permitted the development of robust
numerical codes to solve shallow water equations for mixed regimes over
a realistic topography.

e Developments in computer hardware (processor speedgstoapabilities,
parallel and/or cluster cqmting, networking, etc.) allolarge storage
space and superior computational speeds. Modeling of even relatively
large areas, say 75km by 75km, at a resolution of ,56am be
accomplished in a few hours.

e Recem developments in remote sensing and measuring methods and GIS
technologies have enormously facilitated the collection, treatment, storage,
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and retrieval of enormous amounts of geospatial data (topography, land
cover, roughness, etc.) needed by the 2D migadecodes for realistic
simulations.

Closing the scientific and technological gaps

The time has, therefareome to choose the right type of model for the type of
the problem at handnd the amount of data availaptather than trying to
adapt the prdem at hand tdheavailable modeling capabilities

Moreover, numerical modeling of flood propagation for different what
scenari os I's no | onger suf fiwdhiad rPto. Oon
Namely, the model results should be used to calculate theequences of

flood events.

The Department of Homeland Security (DHS) and Fedé&mlergency
Managgement Agency (FEMA), recogniza n i Al | Hazards Appr
crises management , whi ch considers t
Afconsequence ma nlaigtegnatc functioneaad requirdssai n g
careful planningof emergencymanagemenbperations by considering four

basic components of Adomest indudingnci dent
floods:

Analysis of vulnerabilities;

Planning and preparedness;

Resoure development; and

Information management and sharing

It is, thereforenecessary to adopt a comprehensi

flood protection and management, which requires quantitative assessment of

not only the vulnerabilities to floods, but alsdet efficiency and

socioeconomic impact of mitigation measurébe systems approach relies

on:

geospatiabnd remote sensing technologies;

telecommunication technologies;

database technologies;

numerical models that can simulate a large number of-iiveaénarios to

allow the decision makers to visualize and quantify the performance of

alternative engineergsolutions and emergency plaasd

e decision support tools that can evaluate the impta flood event on the
socioeconomicontext.

Fig. 2.11 schematically summarizes the thinking behind the approach that led
totheDSSWI SE Project. On one side one has
can be natural (extreme atmospheric events such as rain, hurricane;
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earthquakes; etc.) or mamade (malevolent actionsegligence, human error,
etc.). On the other sidewe have Human systems that rely on a built
environment, which includes the interdependenritical infrastructure
networkand the natural environment that sustains us. Disasters occur when
disruptive events interactwith human systems and the built and natural
environment that sustains them.

Disruptive Events Human Systems

Manmade Natural Built Natural
(Accident, Failure or A R

Malevolent Act) Environment  Environment

Development of robust, Development of decision Retrieval of existing socio-

realistic, validated numerical supporttools thatcan interface economic data stored as GIS
models to describe the physical numerical model results with and Remote sensing layers.
world during a hazard scenario socio-economic data. (also needs Social profiling for

Tracking of cascadingfailures. behavioral studies)

Fig. 211 Systems approach adopted by D&FEE.

The approach adopted by DSHSE is to develop an environment that
allows creating disasters on a computer kefihrey occur and study their
nature and consequences in order to be better prepared in our re§poase.

a realistic hazard scenario with a probability of occurrence, numerical models

are needed to calculate in a reliable manner the physical world dtreng

hazard event. The humaystems are represented by gmatial data layers,

such as census block layer, urban and agricultural assets layer, building stock

layer, infrastructure layer, etc. The consequence analysis is carried out by
interfacing the nmeilical model results with the gspatial so@economic
datawith the help of a collection of decision support tools that can evaluate
potential lossof-life, urban damage, agricultural damage, etc. These analyses
are based on models describing lo$4ife during a flood event, damage to

the buildings, etc. The aim is to answer the following questions:

e What are the consequences (loss of life, property damage, infrastructure
damage, health concerns, economaod environmental impact) of a
potential flood theat?

e What are the risks and vulnerabilities involved?

e What can be done and what are the available options concerning the
actions Ato preventdop BApdepmarecofer o,.f
floods?

e What are the associated tradeoffs in terms of costsfitsezed risks?

e What are the impacts of current decisions on future options?

The principal ideas behind thisk and vulnerability analyses should be:

DSSWISE PROJECT FINAL REPORT 20



October, 2008

Make accurate and unbiased estimates of probability of flooding and of
exposure, and communicate findsng

Acknowledge uncertainty associated with project performance, and
guantify, expose, and communicate that information.

o Dischargefrequency and uncertainty;

o stageflow and uncertainty;

0 geotechnical and structural performance and uncertainty;

0 operational uoertainty;

o and other.

Emphasize residual risk (probability ar@nphasize consequence of
project capacity exceedancefonduct specific analysis, document, and
communicate findings.

Prepare Emergency Action Plans (EAPSs) for Water Control Infrastructures.

DSSWISE software can be used for accomplishing many of the tasks
described above.
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CHAPTER 2

Project Team, Project
Organization and Contact
Information

Project Team

The DSSWISE (Numerical SimulatiorBasedDecision Support System for
Water I nfrastructuralSEcurity) Project is ahighly multidisciplinary project
It requiredexpertise ina number ofireaghat can be listed as follows.

e Dam and levee safety from the point of view ofilcand geotechnical
engineering.

e Stochastic aspects of the safety of water infuastires such as dams and
levees and the methods for taking into account the natural and
epistemological uncertainties.

e Numerical modeling of shallow watdpWs in one and two dimensions,

e GIS (Geographical Information Systems) and geospatial data cofiecti
treatment, storage and retrieval

e Application programming within ArGIS commercial programming
software using special GIS objects

e Socioeconomicaspects of dam and levee safety and the flood hazards
related to failure o€ritical water infrastructures

e Statistical and operations research aspects of management of disasters and
emergencies related to flood hazard

The DSSWISE Roject team wastherefore composed of researchers from
thedifferentareas of expertise listed abo¥eom the beginning ahe project
three visiting scientists from European countries were included in the project
in order to complement the-lmouse researchers of the National Center for
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Computational Hydroscience and Engineering (NCCHEg, University of
Mississippi.

In addition, a large number of experts from the USA and foreign countries
were invited to take part in the DSBISE Project as external experts. These
expertshelpedto ensurdghat the project remains at the cuttiedge of science
and technologyand the project deliverables are based atateof-the-art
knowledge andmethodologies. The involvement eikternal experts from
European and Asian countries were helpfulbnmging in new ideas and
methodologies from these countries into the BVBISE Project.

Project Organization

Fig. 3.1 shows the potential project team organization and the key personnel
as listed in the original proposal and approved by the final task, avtiérh

was signed by U-Battelle, LLC (Company) on 1/31/2007The final
organizational chasgis given in Fig. 3.2.

Dr. Mustafa S. Altinakar from UMNCCHE is the Principal Investigator of
the DSSWISE Project. He oversees the generaiojgrt planning,
coordination, and executiotasks. Under his leadershifhe project was
organized under thrdasic tasks:

1. Computational Flow Model Development

2. GIS-Based Decision Support Tools Development Team

3. Data and Knowledge Base Development and Model Testing Team

The submittedist of experts includethefollowing names:

1. Haibo Wang, Ph. D. / Assistant Pre$er of Decision SciendeDivision
of International Business and Technology Studie3exas A&M
International University, Texas

2. Nezih Altay, Ph.D./ Assistant Professor of Operations Management
Robins School of Busines&Jniversity of Richmond Richmord VA

3. Suleyman Tufekci Ph.D. /Director / Emulated Flexible Manufacturing
Laboratory University of Florida/ Gainesville Florida

4. Professor Yves Zech Université ctholique de Louvain/ Civil and
Environmental Departmehtouvainla-Neuve Belgium

5. Prof. Kun-Yeun Han / Dept. of Civil EngineeringKlyungpook National
University/ Daegu, Republic of Korea

6. Dr. Joanne Nigd Interim Director, Disaster Research Cerit@rofessor,
Department of Sociology, University of Delawdidewark,Delaware

7. dr hab. ArturMagnuszewski Zaklad Hydrologii WGSR UWWarszawa
Poland

8. Prof. Nobuyuki Tamai Graduate SchoolKanazawa Gakuin University
Kanazawashi, Japan
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POTENTIAL TEAM WITH LEADS

The projectobés P.I.
Mustafa S. Altinakar, Ph.D.
Research Professor and Associatesctor for Applied Research, National Centel
Computational Hydroscience and EngineeriNG CHE)

(Project planning, coordination, and executjon
Leader, Computational Flow Model Development Team:

Xinya Ying, Ph.D.
Research Assistant Professor, NCCHE

(Computational flow model developmgent
Leader, GIS-Based Decision Support Tools Development Team:

Dalmo Vieira, Ph.D.
Research Scientist, NCCHE

(Decision support system and GIS application development
Leader, Data and Knowledge Base Devgbment, and Model TestingTeam:

Sam. S.Y. Wang, Ph.D.
Frederick A.P. Barnard Distinguished Professor and DirestGCHE

(Database development and Model testing
Research Scientists:

Weiming Wu, Ph.D.
Research Associate Professor, NCCHE

(Database development and Model testing

Yan Ding, Ph.D.

Research Assistant Professor, NCCHE

(Technology Transfgr

Yaoxin Zhang, Ph.D.

Research Assistant Professor, NCCHE

(Grid generation and computational geométry

Honghai Qi, Ph.D. student (expected to finish in Decembd@0g
Postdoc, NCCHE

(GIS and decision support system programming

Expert Consultants
To be identifiedand employed if and when necessary.

Fig. 3.1 Project team organization and the key personnel as listed in the original proposal.
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External Experts from USA The University of Mississippi

Office Of Research and

Southeast Region Research Initiative (SERRI)

. Director
Dr. Haibo Wang Sponsored Programs
P+ (956) 326-2503 Warren C. Edwards it
hwang@tamiu edu Dr. Alice Clark

P +(865) 574-8277
edwardswc@ornl gov

Vice Chancellor for Research and
Sponsored Programs
P + (662) 915-7583
versp@olemiss.edu

Dr. Nezih Altay
P + (804) 289-8259
naltay@richmond edu

Southeast Region Research Initiative (SERRI)

DI T (g Project Coordinator

P +(302) 831-6618

Email: nigg@udel.edu The University of Misissippi

Benjamin (Ben) Thomas, Jr. Accounting
P +(865) 574-5438

thomasbjri@ornl.gov

Ms_ Jeanette Long
P +(662) 915-7075
djlong@olemiss edu

External Experis from Abroad

Dr. Yves Zech
P +32-10-47 21 21 . DSS—WI_SE
zech@gce.ucl.ac.be Principal Investigator (PI)
Project planning,coordination, and execution L The University of Misissippi
Dr. Nobuyuki Tamai Dr. M. Altinakar (NCCHE-UM) Procurement Services
P + 81-(0)76-229-8738 P+ (662) 915-3783
tamai@kanazawa-gu.ac jp altinakar@ncche.olemiss.edu

v v v v v

Computational Flow-Maodel GIS-Based DSS Tools Data and Knowledge Operations Research Technology Transfer,
Development Development Bases & Model Testing Applications Education and Outreach
— D Ximyaing
Dr Jaswant Singh Ms. Ewa Fijolek Dr Weiming Wu Dr. Bahram Alidaee Dr_ Yan Ding
(NCCHE-UM) (NCCHE-UM) (NCCHE-UM) (Business School-UM) (NCCHE-UM)
P(662) 915-3960 P (662) 915-6559 P (662) 915-6561 P (662) 915-5466 P (662) 915-1339

singh@ncche olemiss edu ewa@ncche.olemiss.edu | wuwm@ncche olemiss.edu § balidaee@bus.olemiss.edu | ding@ncche. olemiss.edu

Testing GIS-Based DSS Model Testing and Application Coding Contacts with Agencies
and Data Collection Data Collection
Hamzeh Omari Dr. Yunghee Kang Dr. Haibo Wang Dr. Chris Mullen
(NCCHE-UM) (NCCHE-UM) (TAMIU, TX) (CE-UM)
P (662) 915-6559 P (662) 915-3960 P (956) 326-2503 P (662) 915-5370
2@ncche.olemiss.edu kang@ncche. olemiss.edu hwang@tamiu.edu cvchris@olemiss.edu

v v v v v

Cui-Cell Method 1D-2D Coupling Gnd Generation and Gnd Generation, Cut-Cell Ovetopping and
Computational Geometry Computational Geometry Integation of 1D and 2D
Fortan 90 Program Coding Flow Codes
Dr. Edie Miglio, Dr. Gokmen Tayfur Dr Yaoxin Zhang Mr. Marcus McGrath Mr. Yavuz Ozeren
Palitacnico di Milano, ltaly £ |zmir Inst. of Tech., Turkey (NCCHE-UM) (NCCHE-UM) (NCCHE-UM)
P +39-02-23994600 P +90-232-750 6280 P (662) 915-3960 P (662) 915-3960 P (662) 915-3960
edie miglio@polimi it gokmentayfur@iyte edu tr yzhang@ mzmegrat@ yozeren@

ncche. olemiss.edu ncche.olemiss.edu ncche.olemiss.edu

Fig. 3.2 Final organizational chart of DSWISE Project.
As the project evolved, a number of changes need to be made in the project

organization by redefining the principal tasks in order to achieve a more
efficient management. It is also important to underlihat, due to departure
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of various project members and/or their reassignment to other projects within
NCCHE, new members had to be recruited to execute various task8.2Zig.
summarizes the final project organization and lists all project team members
together with their principal responsibility are@hanges in personnel for
different activity areas are also shown in B

The Principal Investigator, Dr. Mustafa Altinakarom UM-NCCHE
assumes the responsibility of general project planning,dotation and
execution and oversees all activity areas. Phestablishes the interaction
with the SERRI Director Mr. Warren C. Edwards via Project Coordinator Mr.
Benjamin Thomas Jr. Contractual issues are handledthaaOffice of
Research and Sponsor@&tograms of the University of Mississippihe
Accounting Office at the University of Mississippi submits quarterly financial
reports to the SERRI Director. Equipment purchase and travel, asls
compliance with the Small Business Subcontracting Btarhandled by the
Procurement Services of the University of Mississippi. The Pl interacts with
the External experts from USA and abroad. The research and development
tasks are handled under five principal activity areas.

I.  Computational FlowModel Developmen is responsible for the
development of the or@nd twedimensional numerical codes. Originally,
Dr. Xinya Ying was assigned to lead this taslater, Dr. Ying was
assigned to another proje@r. Wang Ge, who joined the NCCHE in
April 2007 as a paitime member, was assigned teplace Dr. Ying Dr.
Wang Ge left NCCHE in April 2007. Dr. Jaswant Singh from (UM
NCCHE) has assumed the leadership for this tasle Gomputational
Flow-Model Development activity area has five sadiivity areas:

1. Dr. Edie Miglio, a usiting scientist from The Department of
Mathematics at the Politecnico di Milagnidilano, Italy, was given the
task of developing the cukll algorithm that can be implemented in
the existing twedimensional flood simulation model CCHE2D
FLOOD.

2. Dr. Gokmen Tayfur, a visiting scientist from the Department of Civil
Engineering at the Izmir Institute of Technology, Izmir, Turkey, was
given the responsibility of developing a 1D flood simulation model
that can be integrated with CCHEZHLOOD.

3. Dr. Yaoxin Zhang from UMNCCHE assumed the responsibility of
grid generation, projection of linear terrain features onto regular grids
and generation of associated data files, and various aspects related to
computationajeometry

4. Mr. Marcus McGrath, graduate studehtM-NCCHE, has converted
the preliminary version of CCHE2BLOOD written in Fortran 77
into Fortran 90, refined the code for better efficiency and improved
speed, redefined data files, develogebot-start option and carried
out the coordination of theverall coding of the program.
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5. Mr. Yavuz Ozeren, who joined the DSBISE team in May 2008, has
implemented the modules for computing the overtopping discharge for
cut-cell boundaries that may represénear terrain features and ene
dimensional river modeFollowing the departure of Dr. Tayfur at the
end of June 2008, he also finalized the coupling of @mel two
dimensional numerical codes for coupled simulation of levee
breaching problems.

II. The development of théiGIS-Based Decision Support Toolswas
originally assigned to Dr. Honghai Qi. Unfortunately, Dr. Qi has left
NCCHE in April 2008, shortly after the beginning of the D&$SE
Project.Ms. Ewa Fijolek, a visiting scientist from Poland who specialize
in GIS programming, has assumed l@dership bthis activity. She was
aided by Mr. Hamzeh Omari, a graduate studernttNCCHE, who
assumed the tagkf collecting and classifying various types of geospatial
data as well as testing the different modules of the decision support
systemMs. Fijolek let NCCHE on August 2008 to return to Poland. She
was replaced by Dr. He, who assumed the completion of the tasks under
this activity area.

lll.  Originally thei Dat a and Knowl ed Jees tHB ansgedos ea nfdo r N
wereto be led by Dr. Sam Wang, the Director of GIEE. He was going

to be aided in this task by Dr. Weiming Wbue toDr . Wangods heav
workload, Dr. Wu was assigned to lead this tas&istedy Dr. Yunghee
Kang.

IV. The development of OperatiorResearch Applications is led by Dr.
Bahram Alidaee. Dr. Alidsewas aided in this task by Dr. Haibo Wang,
who is an external expert from TAMIU, TX.

V. Finally, the coordination of the effor
Education and Outreacho weNGHHE.ed by D
Dr. Ding was assisted by D€hris Mullen fromthe Department of Civil
Engineering at the University of Mississippi. Dr. Mullen has helped with
the contacts with different agencies.

Contact Information

The contact information(phone number, email address3garding the
researchers o worked on the DSWISE Project are given in Fig. 3.2
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CHAPTER 3

Project Description and Tasks

Water infrastructures such as dams, levees, water control structures, etc. are
critical infrastructures whose incapacitation/destruction may have a serious
negative impct on our nationds security. Cat
the failure of water infrastructures or extreme hynreteorological events

can paralyze the economy and social life of large populations for rather long
periods of time due to likely cascadi failures/incapacitation provoked in

other critical infrastructures, businesses, agriculture, food production, and
health systems. The level of flood hazard does not depend solely on exposure
to flood waters, but alson various technical and soemnonic factors such

as population at risk, the awareness, presence and degree of protection
measures, early warning systems, etc. Efficient and reliable protection
measures, early warning systems, emergency response and recovery plans that
are needed to prote@opulations and properties during such events are
complex engineered systems. Their optimal design can only be achieved by
studying their performance under all possible operating conditions. In this
respect, numerical models can play a unique role bygitie decision maker

to visualize and quantify the performance of engineering solutions and
emergency plans.

The present project, therefore, aimdt he devel opment of a n
approacho for craskrvulnenability analysis of t wate e a t
resources and wateelated infrastructures based on robust, sththe-art,
realistic twedimensional (2D) numerical simulations. The proposed approach
yields spatial variability of solved variables and various criteria computed by
2D numerical modelsand thus eliminates the deficiencies of the currently
used onalimensional approach, which is neither sufficiently reliable nor
provides enough information for a detailed damage analysis. The present
proposal also involves development of innovative spaisk and uncertainty
analysis methods and procedures making use of the rich level of spatial
information provided by twalimensional approach. Using this system, the
decision maker will have an overall operational view of the entire emergency
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responseystem, the dynamic interactions between its various components, its
long- and shorterm impact on the environment and other systems.

A set of stateof-the-art 2D numerical models constitstine core of the DSS

WISE (SimulationBased Decision Support Sgs for Water Infrastructural
Security environment. The numerical flood propagation model, CCHE2D
FLOOD, solves 2D shallowvater equations with a very robust, shock
capturing finitevolume scheme that accepts regular Dbased
computational gridsThe numerical modelCCHE2D-FLOOD is accompanied

by a series of GKbased decision support tools that are programmed as an
addon extension to the commercially available program ArcGIS. These
decision support tools evaluate laddlife, agricultural and urban pperty
damage, scenario generation, optimization, and decision making modules.
Most of these modules have preliminary versions that are operational and can
be adapted to DHS use easily and cost effectively. They can be classified at a
Technology Readinesselcel of TRL 5 or 6. The research and development
effort is planned under two tasks carried out almost in parallel. Task 1
involves adapting existing models to DHS applications and improving their
realism, robustness, and computational speed. Task 2 i@&gramerical
models with evaluation, decision making and optimization modules as well as
GIS and Remote Sensing tools, and tests the integrated system using realistic
reatlife cases. The developed technology is then transferred to DHS
personnel.

Objective of the Project

The objective of the resear@nd development work carried out within the
framework of DSSNISE (SimulationBased Decision Support System for
Water Infrastructural SecurityProjectis to develop a set of integrated 2D
computational mods and GlShased scenario evaluation, optimization and
decision making tools that can be used by homeland security personnel for
risk and vulnerability analyses, with uncertainty consideration, of critical
water infrastructures (dams, levees, control stmes, etc.) and emergency
response planning for threats due to natural causes or terrorist aftheks.
projectfocuses specifically on eliminatingcientific andtechnological gaps
that areidentified in the current practice of flood simulation and flood
damage evaluation practice

The ultimate aim of DSSWISE Projectis, thus to reconcile the practice of
flood simulation and flood damage analyses with the currently available state
of-the-art numerical methods, GIS and remote sensing technologies,ndata a
knowledge base type information systems. In this respectD8®&WISE
software radically}changes the practicd dam and levee breach analysiad
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offers costeffective simulation and analyses capabilities with unprecedented
realism and robustness.

Relevance to DHS Mission

Probably the most frequent and widespread of all natural disasters, floods
continue to cause every year loss of life and extensive property damage
despite considerable advances in science and technélmgy.1shows the
evolution of the total and insured economic lossethe world due to floods
from 1950 to 208. The dollar values are adjusted to 2008e increasing
trend of both insured and uninsured losses are evident ipldtis

The chart presents the economic losses and insured losses - adjusted to present values. The trend curves verify the
Increase In catastrophe |losses since 1950.

f > US$ 170bn

USS bn

80

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

Economic losses (2003 values) - Trend of economic losses
of which insured losses {2003 values) S Trend of insured losses

Average economic losses per decade

Fig. 4.1 Increasing trend of total aim$ured economic losses due to flobds

Floods do not only cause economic damage but may also lead to loss of life.
In fact, Fig. 4.2 shows that the floods occupy the second rank among the
causes of weather related laddlife. The lossof-life caused i floods are
plotted In Fig. 4.3.

The activities of the Department of Homeland Security regarding the flood
hazard and its consequences include followimgactivities:

% Taken from the presentation of Avinash Tyagi, WMO, at ICHARM Commemorative Symposium, United
Nations University/PWRI, Tokyo, Japan, 14 September, 2006
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e Protecting populations, property, infrastructures against flood hazards

¢ Increasing tk level of preparedness and awareness of populations against
flood hazards

e Helping to build riverine and coastal societies that are resilient against
natural and mamade hazards, such as floods

e Providing scientific, procedural and legal basis for deteatron areas
with hazard risk and the needs related to flood insurance

Weather Fatalities

30 Year Average (1977-20086)
10 Year Average (1997-2006)

Lightning Hurricane Cold Wind
Flood Tornado Heat Winter Storm

Fig. 4.2 Statistical information on the lesklife due to different types of
weather related hazards.
(taken fromhttp://www.nws.noaa.gov/om/hazstats.shtml
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Fig. 4.3 Lossof-life in the USA due to floods based on the datailable at
the web sitevww.flooddamagedata.org/data/national.xls
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The DSSWISE (SimulationBased Decision Support System for Water
Infrastructural Security project focuses on the security of water control
infrastructures, such as dams and levees, whose failure may lead to a special
class of highly dynamic, catastrophic floods. As it was already pointed out in
Chapter 2, the dams and levees @among the 18 critical infrastructure sectors,
and fitheir incapacitation or destruction would have a debilitating effect on
security, national economic security, public health or safety, or any
combination theread* Protecting and ensuring the continuf the critical
infrastructure and key resources (CIKR) of the United Satesssential to

the nation's security, public health and safety, economic vitality, and way of
life, andis one of the main mission areas of DHS.

The DSSWISE project aims toelelop an integrated environment composed

of a GIS-based decision support system and a sththe-art numerical
model for twedimensional routing of floods due to failureddgms and levees.

This integrated environment is intended for use mméland saarity
personnel for risk and vulnerability analyses, with uncertainty consideration,
of critical water infrastructures (dams, levees, control structures, etc.) and
emergency response planning for threats due to natural causes or terrorist
attacks

Therelevance oDSSWISE project to the DHS missias, therefore, twofold:

e risk and vulnerability assessment for water infrastructures, such as dams
and levees, and

e protectingpopulation, property and infrastructure against flood hazards.

Fig. 4.4 shows the I&ionship between the DS®ISE Project and the focus

areas of SERRIh{tp://www.serri.orgd). DSSWISE Project can be considered

to be at t h e Infiasiraceire/6Gemghysicab n s eocft off wi t h
activity areaso f Infdimatics, Modeling, and Analysis a BEdiication and

Outreaclo .
Borders and . Command
Fosctlf:; Ieas Maritime gir:)i;miiill Control and Explosives
Security 9 Interoperability
Biological () o ()
Systems
Informai A
nformatics,
Modeling, and ® ® ® ® ®
Analysis DSS -WISE
Education and o o [ ) () o
Outreach
J

Fig. 44 The relationshifpetweerDSSWISE Project SERRI Focus areas

4 http://mww.dhs.gov/xprevptéprograms/gc_1189168948944.shtm
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Project Tasks and Deliverables

The specific research tasks to be carried wittin the framework ofthe
propased project are planned undieuar principal taskgsee also Fig. 4.5)

Task linvolves improving and refining the existing CCHEHROW model

to adapt it to DHS use. Additional capabilities need to be developed to allow

its application under realistic t@in conditions for DHS purposes. The

subtasks can be listed as:

Task 1.1 aims at implementing a novel ecgll boundary method to take
into account linear terrain features such as roads, railroads, levees,
which cannot be easily resolved at the resolutiemel of the
computational mesh. Often higher than the surrounding terrain, such
features may constitute boundaries for the flow and affect the spread of
the flood.

Task 1.2 aims at implementing a orimensional dynamic flow model that
can be run interdgiwely with the twedimensional CCHE2B-LOOD
model. This feature is particularly useful for simulating river flow and
levee breach events using a regular DEM grid.

Task 2 involves improving and refining the existing Git&sed decision

support tools to agd them to DHS uselhe existing peliminary versions of

the modules for analyzing loss of life, urban @a® and alternative

evaluationr anki ng with ASpati al willCe faghero mi se P
improved and refined.Agricultural damage analysis, andisk and

vulnerability analysis modules will be newly developed to complete the GIS

based decision support toolbox.

Task 3 focuses on integratingumerical models withGIS-baseddecision
making modulesvarious data and knowledge bases, and GIS and Remote
Sensing technologies. Testing and validation of individual modules, and the
integrated system using rdde casewwill also be carried out under this task.

Task 4 concerns the transfer of the developed technology to DHS personnel

and other interestedarties indicated by DHS. This will be carried out by

means of wuserds manual s, technical repo
workshops during which the use of the integrated environment for numerical
simulationbased decision support system fortevainfrastructural security

will be taught with handsn experience using case studies.

Research and development activities carried out under these tasks are
described in detail in the following chapters of this report. In addition, several

volumes ofte hni c al and usersd6 manuals provid
use of the software products developed within the framewortheoDSS

WISE project. The executable code of the software is also provided separately.
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DSS-WISE Statement of Work

Task 1
Improving and
refiningthe existing
CCHE2D-FLOW
modelto adaptit to
DHS use

Task 2

Improving andrefining Task 3

Task 4
Technology Transfer

the existing GIS-
based decision
supporttools and
developingnew ones

: Integrate numerical model
Pre-processingtools with GIS-based DSS tools Manuals, technical reports
Post-processingtools Test and validate o Py
(DSS) Scientific publications
Test and validate GIS- Workshops and short
based DSStools courses

Modelintegration and
testing

Task 1.1
implementing a novel cut-
cell boundary method

Task 1.2
Coupling 1D river flow
model with the 2D model

Application to a real life

et Internet site

Fig. 4.5 Four task areas of the DSBISE Projectand their subtasks
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CHAPTER 4

Task 1: Improving and Refining
the Existing CCHE2D-FLOW
Model to Adapt It to DHS Use

One of the main components tfe DSSWISE systemis the CCHE2D
FLOOD, which is a statef-the-art two dimensional numerical model for
smulating floods, especially those resulting from failure of water
infrastructures, such as dams and levees. These highly unsteady catastrophic
floods are characterized by mixed flow regimes and flow discontinuities and
pose considerable challenges to ntioe modelers. Special numerical
methods based on conservation form of shallow water equations need to
simulate mixed flow regimes and capture flow discontinuities, such as
standing or moving hydraulic jumps, bores, surge waves, etc.

CCHE2D-FOOD is lasedon a previously developgdCHE2D DAMBREAK
code, which is in use bthe Engineering Research and Development Center
(ERDC) of the Army Corps of Engineers since 2004. Within the framework
of this project, the numerical code was refined, improved and adfaptade

by dam safetpersonnel of DHS and other federal and state agencies.

In this chapter the numerical model implemented in CCHERDOD is

briefly described. Verification of the model using analytical solutions is
presented. A few examples of bendrktest cases that were carried out to
validate the model using laboratory and field data are also given. Finally,
some simulatios of hypothetical breaching dhree dams in the State of
Mississippi are presented as rkBd problem solving examples. Ne
information on the use of the numerical model can be found iwvaheus
usersd manuals and technical reports
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Description of the CCHE2D-FLOOD Numerical
Model

Consider the overland flow over a complex topography astepin Fig. 5.1.
The horizontal plane is defined by and y coordinates, and the

coordinatepoints in the vertical directioriThe bottom elevatiornz,, and the

watersurface elevationZ , are measured with respect toarbitrarycommon
reference datum. The water depth at any patiginy times defined as:

h(x, y,t) = Z(x, y,t) = Z,(X,Y) (5.1)

As it can be seen, the water surface elevation and deptfunctions of time
whereas the bottom topography does not change with time.

Fig. 5.1 Definition sketch or twdimensional overland flow.

Two-dimensional shallow water equations, or SMahant equationsyhich
describe theunsteady nowniform overland flow on complex topography
can be written as:

a_h+@+%:qv (523)
ot ox oy
, -
ohu N ouh N aUVh:—ghOZ/ax:— g( [0% +V2 | C2 (5.2b)
ot ox oy )
; -
aahthr a;vh+ 8;yh — _gh€Z/dy g [uZ +v2 /C2 (5.20)
x -
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where : local velocity in x direction

local velocity iny direction
gravitational acceleration
= Chezy coefficient of roughness

u
v
g
C

Eq. 5.Arepresents the conservation of mass, whereas equatitresnsl. 52¢
representhe conservation of momentum xand y directions respectively.

The discharge per unit width ix and y directions are defined as follows,
respectively:

Q, =uh and Q, =vh (5.3

Using these definitions, the shallow water equations, eq. 5.1 to 5.3, can be
rewritten as follows.

0
oh, 2, 0,

Y _ 5.4a

ot ox oy % o49
2 0 /h )

an+aQX/h+ Qs :—gheZ/ax}g(\/u2+v2/C2 (5.4b)

ot OX oy -

0 0 /h 8Q2/h )

§y+ Qx;?v LM hezioy T g€l v i (5.40)
. ,

For convenience;q. 5.4 can be cast in a vector form as follows:

U oF) | aG()

R . —S(U) (55)

where: U = vector of conserved variables
F(U) = vector of flux terms in x direction
G(U) = vector offlux termsin y direction
S(U) = vector of source terms

Thesevectorsare defined as follows:

h Qq Q,

Uu=(Q. | F=Q%h G={Q,Q,/h (5.6)
Q, QQ,/h Q2/h
d,

S= —gh@Z/@x}g(\/u2+v2 /C? (5.7)

—gh€z /sy >-g@Ju? +v? /C?
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Shallow water equations form a system of nonlinear hyperbolic partial
differential equatiaos. The equation 5.5 is written in conservative forim.
developing shallow water equatigribe vertical accelerations are neglected,
the water surface variation is assumed to be small and the pressure
distribution is assumed to be hydrostatic. Althoulgase conditions are not
strictly satisfied in case of flows with discontinuiti€or example a
hydraulic jump), shallow water equations are assumed to hold even for these
cases. However, in order to be used for solving probleithsdiscontinuities,

eg. 5.5shouldbe cast in an integrébr weak)form.

t
A
rn—f A
At
; ' . ‘ . - X
i )
IS [ [l &
,r" )‘*I /

Fig. 5.2 Solution domain %, and the control volume used for integration of
Eq.5.5.

CCHE2DFLOOD usesfinite volume method todiscretize eq.5.5 on a
structured, rectangular grids shown in Fig. 8. In order to obtain the
integral (or weak) form that accepts discontinuous solutions, the governing
equation, eq. 5.5, must be integrated over the control volume

k.o %00 % bias Viws o Bt™ , which is shown as a parallelepiped in
Fig. 5.2. Firsteq. 5.5is integratedover thespatial domain described by a
single computational celk ./, % .12 % ;2 Yju2 _ as follows:

% d CM) gxdy= [sU)dxdy (5.8)

U dxdy+ —
I y le 5‘y cell

0
— xdy+
Ot cell y le
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Applying Greenb6s theorem to eq. 5.
l“,t”*l_, the following egation is obtained:

X172 Yi+li2 ~ X172 Yi+i2 ~
JU € y,t"" dydx= I JU € y,t" dydx
X172 Yj-1/2 X172 Yj-1/2

—l: I F(J((i+1/27 y,t::dt - .[F(J((i’llz’ y’t::dt ]
t" v (5-9)

n+l

tn+1 ~ t ~
_[ IG(Jkiijrl/Z’t/th_ J'G(J(’yj—lIZ’t/th]
t" t"

Xiy1y2 Yi+i/2 ~
+ At j IS((,y,t“/dydx

Xi—1/2 Yj-1/2

Note that the mesh size mand y directions and the step size are defined as:

A% =Xig2 =Xz ij = VY2 = Yju2 , At =t™ —t" (510
The following definitionsof the terms in eq. 5®ill be adopted

Integral average of &, y,t_attime t =1

Xis1y2 Yisii2

n n N
Ui= [ [u€y.t" gydx (5.11a)
Xi-1/2 Yj-1/2
Integralaverage ofU &, y,t_at time t =
Xi1y2 Yjsl/2
n+. n+. \\
Ut = j [ u€y,t"" dydx (5.11b)
Xi-1/2 Yj-1/2

Integralaverage of fluxF(U) at x = %.1/»

tn+1

Fiyzj = _[F(‘J((i—l/wyltjjt (5.11c)
trl

Integralaverage of fluxF(U) at X = X172

tn+l

Frvz) = _[F(J((nl/z!y't::dt (5.11d)
tn

Integralaverage of fluxG(U) aty =yj.1

tn+1

Gijaz= J.G(JQj—llzit:}jt (5.11¢)
trl

Integralaverage of fluxG(U) aty = yj+12
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tn+l

Gijrz = J.G(J((ju/z’t)t (5.111)
tn

Integral average o6, y,t: attimet=1

Xii1y2 Yj+1/2
S| = J. IS((,y,t”]jydx (5.119)

Xi—1/2 Yj-1/2

The conserved variables) ,and source term$§(U), aredefined at the center
of computational cells and represent the average values for thé&logks
along x direction, F(U), are defined along the west andteasl boundaries
whereas fluxes alongy direction, G(U), are defined along the south and
north cell boundaries.

By inserting definitionof eq. 5.10in eq. 5.9 and rearranging the terms, the
discretized finite vaime form of eq5.5 defined over a regular rectangular
mesh can be obtained as follows:

. . At ~ At ~ .
Uij 1 :Uij _E (:i+1/2,j - Fi~l/2,j ’_A_y,» (;'i,j+1/2 _Gi,j~1/2 j‘ At Sj (5-12)

Referring to Fig. 5.3 (see also Fig. 5.2), the abavigefvolume discretization
yields an explicit equation for calculating thecta of conservedariables in
thecell (i,j) at the time stem+1 based on the values at the current time step

n:

1 1 1

| | | |
S B Ak s R oSt B

1 G. . 1

j+1/2 : ﬁ i,jt+1/2 :

1 1 1

. 1 1 1
TR -

: i-112,] AI |+1/21:

j-1/2 : :

: |_||Gi,j»1/2 :
I @ ERCEEE EELOSE

1 1 1

1 1 1

iil i-1/2 i' i+1/2 Hl'l

Fig. 53 Computational grid in CCHE2IBLOW and the definition of
variablesn eq. 5.12.
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It should 2 noted that so far the derivation of Eq. 5.12 did not involve any
approximations. Assuming that the mesh has uniform grid size, the following
definitions are introducedAx = Ax; and Ay = Ay, .Being in integral (or weka)

form, this discretized, integral form of governing equations accepts
discontinuous solutions.

In order to be able to use eq. 5.12 to solve shallow water equations, the
intercell fluxes, i.eF,,,,;, Fi.i2; » Giju2, andG,,,,,,, must be defined

in terms of known cell center valukk'. This step is extremely crucial in

obtaining an oscillatiofiree, weltbalanced scheme that captures and
preserves the discontinuities.

In CCHE2D-FLOOD the intercell fluxes are computed using the first order

upwinding:
Qq 0 0. .20

Fi+1/2j = Qf/h k:{l Q:S_O (5-13
Qny/h i+k
< 0 Q=20

G2 =|QQ/h| m= 1 Q<0 (5.19
Qj/h

j+m

Let us now take a look at the source term. The Chezy coefficient of friction
C, will be exprsesed in terms oManning soughness coefficienty, as

follows:
hl/B
_
C=— (5.15)
n

The source term on the right hand side of eq. 5.12, is expressed as:

q,
aa | (0Z)] Ui \/m
s=|-gh* |[Z |- g| 20 (5.16)
N2V (1 /n
ez ANTTREAVA
- ah) _5__9 (Illﬁln
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where
- Zi, —Zi; if Q. >0andQ, ;, >0
P Zi -7y, if Q. <0andQ, ., <0 (5.17

€. -7, 22 all othercases

The model handles dry bed condition bgimaining avery small water depth,
which is chosen sufficiently small not to cause any noticeable change in the
propagation speed of the wet/dry front. When a wet cell and dry cell share a
common edge, only maflsx is permitted into the dry cell.

The numerical codeesultingfrom this discretizatioms stable, oscillatiofiree
near discontinuities, robust, aitdigoroudy conserves mass and momentum.

CCHE2DFLOOD uses the explicit formula expressed by ed2%nd the
accompanying definitions (eqs 13, 14, 15, 16, and tb7polve for the
unsteady nomniform flow of water over a regular grid of complex
topography as shown in Fig. 5.4.

The computation grid is assumed to hayecolumns ad n, rows. The

origin of the coordinate system is located near ldweer left corner. The
columnsare numbered from 1 to, and the rows from 1 ta, . In order to be

able to impose the boundarconditions, the entire perimeter of the
computational domain is surrounded by a layeb@mindarycells. Taking into
account thee boundarycells, the columns are numbered from Ontg and

the rows from 1 tan,,,. All variables defined at the cell centets,, u;, and

. . N N .
v, are stored in arrays of siZg...n,,; x €...n,,, whereas intercell valugs
such as the intercell fluxes, ,,,;, Fi..2; » Gij42, andG, ,,,,, are stored

. N
in arrays of§...n,, x €..n,,, .

The CCHE2BFLOW allows three types of boundary conditions at the

boundaries:

e Fully reflecting impervious solid boundary. This pe of boundary is
achieved simply by setting the elevation of the cell to a very high alue.
represents a wall. Normal to the flow, the velocity becomes null. The
value of the depth is computed from the equations.

e Open boundary is a nonreflectimpwnsteam boundary which lets the
flow go out of the computational domain freely.is assumed that the
outgoing flow is only affected by the flow condition inside the domain.
There is no effect transmitted into the computational domain from outside.
The velodty and depth at the boundary are computed by the program.
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e The stagdime boundary allows the user to define the water surface
elevation (stage) at the boundary as a function of the time. The velocity at
the boundary is computed by the program.

y
T & . L%
S - o .- = = £ Cell interfaces
T — T ny+2
H}H‘]. @ ] ] 2 L ¢ ] S L 7 P ¥ ¥ ¥ ¥
T T T T L T --------ﬂ}""’l
ny & te-b-|-6-Le s b|-b &b b-|-b |6 b-|b |
1 | L 1 1 | L 1 1 1 | L 1 | ________n'}r
S KN T 0P Y O e VT S N (DN RN M S . . B
o Pttt
B I e el (i et e el Bl dy
FA A0 S ) A P O O N R A H I :
S DU EDAN IO DU EDUN DU IUS EPU NP VSN AN DA DA DS b
| | | 1 1 | | 1 l | | ] 1 1
o J R S N T SR A P A O A P S S P e
1 | [ 1 1 | 1 1 ] 1 [ | 1 1 _2
CE R R R R R
0-Fotodofoletodololelolo|ofolods
L 1 L L D hx
%L*Q B 3 8
¥ dx fayu 2 =
& fayv 2
=}
4 N
Boundary cells Jgxu faxu 3
—f - -
. . XV v
Computational domain Ja :\ Ja
1C‘“‘zb,zmu,uh,qfqy
Jayu
Jav

Fig. 54 Regular Cartesian mesh used by CCHE2IDOD.

Since the CCHE2DFLOOD code uses an explicit scheme to solve the
shallow water equations, it is subjected to CouFargdrichsLewy (CFL)
condition for stability and convergence. This condition statesdhahg a

time step the wave (or a perturbation) should not travel a distance longer than
the smallest cell size. Given a mesh size, the CFL condition places an upper
bound on the time step as follows :

At At
N, = Maxb (u+ @),A—qu + Jg_h)} <1 (5.18)
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The time step can batler automatically selected by the program based on
the consideration of the CFL condition or directly specified by the user

When a dam of heighitl breaks suddenly and completely, the tip of the flood
front advancing over a dry t@in has an initial velocity:

V, =2/gH (5.19)

The automatic time step selection is based on this formula. The program
searches for the deepest initial water depth in the computational domain and
uses it as the dam height in eq. 5.19. Thésy or may not be a good choice

for the entire duration of the computation. The user has the responsibility of
making sure that the tir&tep is chosen in accordance with the appropriate
CFL condition.

Input files needed to run CCHE2ELOOD and all the ailable options are
described in detail i n the usersod manua
preparation is facilitated by various greatment modules that allow the user

to manipulate, treat, and prepare DEM files on the ArcGIS platform. These

data preparation modules are an integral part of the-lESed decision

support system. Detailed information on the use of thes¢rgasment and

data preparation tools can be found in the manual of the decision support

system, which also accompanies thisaFiReport. These manuals describe in

detail how to prepare the input data, run the program and analyze the results.

Improvement and Refinement of the Numerical
Model

CCHE2DFOOD can be considered as a highly improved version of a
previous numerical codealled CCHE2D-DAMBREAK (Ying, 2005) which

had been originally developed for the Engineering Research and Development
Center (ERDC) of the Army Corps of Engineers in 2004h a funding from

the United States Army Research Office (ARO).

CCHE2DDAMBREAK had been in use at ERDC for various civil and
military applicationssince April 2004 It was usedo support planning and
preparedness efforts in Iraq. The model has been applied to many of the large
dams along the Euphrates and Tigris Rivers and thbutaries within Iraq

(see Fig.5.5 in order to provide greater awareness of potential flood
inundation areas and to increase the general preparedness in the event that
evacuations and humanitarian assistance are needed due to flooding from one
of thesedams.
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Fig. 5.5 Dams in Iraq Modeled by ERDCHL using CCHE2D
DAMBREAK (taken from Jorgeson et al., 2005).

Another example o& study by ERDGCHL using CCHE2BDAMBREAK
model is the simulation of dam break of the Falcon Dam located on the Rio
Grande Rier along the border between the United States and Mexico some
240 kilometers upstream of the mouth of the river (see5Hy.

1. The original code in FORTRAN 77 was converted into FORTRAMNSO0

2. All data structures were rewritten for greater computationdl storage
efficiency. Dynamic array allocation was implemented, which gave the
user greater flexibility in defining the problem at hand.
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