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PREFACE 

The work reported herein was conducted under Department of the Army 
Project No. 4A762719AT40, "Mobility and Weapons Effects Technology," Task Area 
BO, "AirLand Battlefield Environment," Mission Area, "Combat Support," Work 
Unit 052, "Induced Floods as Linear/Area Obstacles." The study was sponsored 
by the Office, Chief of Engineers (OCE), US Army. MAJ Denton Brown was the 
OCE Technical Monitor. 

The study was conducted by the US Army Engineer Waterways Experiment 
Station (WES) under the general supervision of Dr. John Harrison, Chief of the 
Environmental Laboratory, and Dr. L. E. Link, Chief of the Environmental Sys
tems Division, and under the direct supervision of Mr. M. P. Keown, Chief of 
the Environmental Constraints Group (ECG), and Mr. J. C. Collins, ECG. 
Mr. M. R. Jourdan, ECG, Principal Investigator, Work Unit 052, provided tech
nical assistance and review. This report was prepared by Dr. Ralph A. Wurbs, 
who is an Assistant Professor at Texas A&M University working under an Inter
governmental Personnel Act agreement as a Research Engineer, ECG. The Still
house case study and a portion of the Teton case study were performed by 
CPT David N. Buttery. At the time of the analyses, CPT Buttery was a graduate 
student at Texas A&M University under an Army educational assignment. The 
report was edited by Ms. Jessica S. Ruff of the WES Publications and Graphic 
Arts Division. 

Director of WES was COL Allen F. Grum, USA. Technical Director was 
Dr. Robert W. Whalin. 

This report should be cited as follows: 
Wurbs, R. A. 1986. "Military Hydrology; Report 13: Comparative 
Evaluation of.Dam-Breach Flood Forecasting Methods," Miscellaneous 
Paper EL-lg-6, rrg Army Engineer Waterways Experiment Station, 
Vicksburg, Miss. 
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CONVERSION FACTORS, NON-SI TO SI (METRIC) 
UNITS OF MEASUREMENT 

Non-SI units of measurement used in this report can be converted to SI 
(metric) units as follows: 

Multiply 

acres 

acre-feet 

cubic feet 

feet 

miles (US statute) 

square miles 

Bl 
4,046.873 

1,233.489 

0.02831685 

o. 3048. 

1.609347 

2.589998 
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square metres 

cubic metres 

cubic metres 

metres 

kilometres 
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MILITARY HYDROLOGY 

COMPARATIVE EVALUATION OF 

DAM-BREACH FLOOD FORECASTING METHODS 

PART I: INTRODUCTION 

Background 

1. Under the Meteorological/Environmental Plan for Action, Phase II, 

approved for implementation on 26 January 1983, the US Army Corps of Engineers 

(USACE) has been tasked to implement a Research, Development, Testing, and 
Evaluation program that will: (a) provide the Army with environmental effects 
information needed to operate in a realistic battlefield environment, and 

(b) provide the Army with the capability for near-real time environmental 

effects assessment on military materiel and operations in combat. In response 
to this tasking, the Directorate for Research and Development, USACE, initi

ated the AirLand Battlefield Environment (ALBE) Thrust program. This new 

initiative will develop the technologies to provide the field Army with the 
operational capability to perform and exploit battlefield effects assessments 

for tactical advantage. 

2. Military hydrology, one facet of the ALBE Thrust, is a specialized 

field of study that deals with the effects of surf ace and subsurface water on 
planning and conducting military operations. In 1977, the Office, Chief of 

Engineers, approved a military hydrology research program. Management respon

sibility was subsequently assigned to the Environmental Laboratory, US Army 

Engineer Waterways Experiment Station (WES), Vicksburg, Miss. 

--1. _The -Objective -Of -military ~h~drol~gy research is ~-0 -d~v~lop an 

improved hydrologic capability for the Armed Forces with emphasis on applica

tions in the tactical environment. To meet this overall objective, research 

is being conducted in four areas: (a) weather-hydrology interactions, 
(b) state of the ground, (c) streamflow, and (d) water supply. 

4. Previously published Military Hydrology reports are listed inside 
the front cover. This report is the third which contributes to the streamflow 

modeling area. Streamflow modeling is oriented toward the development of pro
cedures for rapidly forecasting streamflow parameters including discharge, 

4 



velocity, depth, width, and flooded area from natural and man-induced hydro
logic events. Specific work efforts include: (a) the development of simple 
and objective streamflow forecasting procedures suitable for Army Terrain Team 
use, (b) the adaptation of procedures to automatic data processing equipment 
available to Terrain Teams, (c) the development of procedures for accessing 
and processing information included in digital terrain data bases, and (d) the 
development of streamflow analysis and display concepts. 

Purpose and Scope 

5. A major objective of the USACE Military Hydrology research is to 
provide the Armed Forces improved capabilities for forecasting the downstream 
flood flow impacts resulting from controlled or uncontrolled (dam-breach) 
releases from single or multiple dams. The objective of the study reported 
herein was to evaluate and compare available state-of-the-art dam-breach flood 
wave models to establish a basis for selecting and adapting models for mili
tary use. 

6. This research was initiated with a comprehensive literature survey 
of dam-breach flood wave modeling supplemented by discussions with a number of 
model developers and users. This initial work was documented by Wurbs 
(1985a). Based on this state-of-the-art review, several models were selected 
for detailed study. The present investigation builds upon and extends the 
previous work through application of selected models using several case study 
data sets and further in-depth study of pertinent reference material. The 
models are evaluated and compared based on the experience gained through the 
case study applications and information available in the published and unpub
lished literature. The overall comparative evaluation, including a summary of 
the case study findings, is presented in this report. The quantitative 
results of the case study analyses have been documented in detail by Wurbs 
(1985b). 

7. The case study analyses summarized in Part III of this report sig
nificantly contributed toward providing a basis for evaluating and comparing 
models. The case studies consisted of applying the models cited above to sev
eral data sets. Model accuracy was assessed by comparing model results with 
measured data and with results computed with alternative models. Experience 
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in dealing with modeling practicalities and difficulties was provided by the 
case studies. 

8. The specific problem being addressed is that of predicting the flow 
characteristics of a flood wave resulting from the postulated breach of a dam. 
This problem can be divided into two modeling tasks: (a) computation of the 
reservoir outflow hydrograph for a given reservoir inflow hydrograph and set 
of breach characteristics (which involves breach simulation), and (b) computa
tion of the discharges, velocities, and stages that occur at various locations 
and times as the flood wave moves through the downstream valley. 
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PART II: DAM-BREACH FLOOD FORECASTING MODELS 

State-of-the-Art Models 

9. Dam-breach flood wave analysis is a classic problem of unsteady 
open-channel flow which has been of theoretical interest to hydraulic engi
neers for well over a century. Military concerns provided a major impetus for 
the development of practical dam-breach flood forecasting capabilities, par
ticularly during the 1940's and 1950's. An intensified public and governmen
tal concern over dam safety has motivated a greatly increased civilian sector 
interest in dam-breach flood forecasting during the past decade. Recent dam 
safety programs being conducted by Federal·and State water resources develop
ment agencies and the flash flood warning program of the National Weather Ser
vice demonstrated a critical need for greatly expanded dam-breach flood 
forecasting capabilities. Generalized mathematical models have been and con
tinue to be developed to meet this need. Essentially all present state-of
the-art dam-breach flood wave models were developed within the last 10 years. 
These models provide major improvements over modeling capabilities of a decade 
ago. A number of significant revisions to the models have occurred within the 
last 3 or 4 years. The present Military Hydrology program effort in develop
ing an improved dam-breach flood forecasting capability for the Armed Forces 
is very timely from the perspective of applying recent advances in the state 
of the art. 

10. Numerous dam-breach flood wave models have been reported in the 
literature. · Based on the comprehensive state-of-the-art review presented in 
Military Hydrology Report 9 (Wurbs 1985a)~ DAMBRK, FLOW SIM 1 and 2, HEC-1, 
SMPDBK, Dimensionless Graphs, and TR 66 were selected for in-depth study. 
These seven models are considered to be representatiYe_ of_ the_ cur.rent_ st:ate~ 

of-the-art of dam-breach flood wave modeling. The models were developed 
within the last decade for civilian application and are readily available from 
Federal agencies in the United States. The comparative evaluation of dam
breach flood wave models presented in this report focuses on these seven lead
ing state-of-the-art models. 

11. The recently developed Military Hydrology model (MILHY) computes 
the streamflow hydrograph that would result from a given rainstorm over a 
watershed. Unlike the models cited above, MILHY has no special features for 
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dam-breach flood forecasting and has not been used for this purpose. However, 

with the addition of a breach simulation routine, MILHY could be used for dam
breach flood forecasting. The flood routing component of MILHY is also 
included in the comparative evaluation. 

12. Military Hydrology Bulletins 9 and 10 (US Army Engineer Dis-
trict (USAED), Washington 1957a, 1957b) and the Defense Intelligence Agency 
(DIA 1963) outflow hydrograph computation procedure were developed during the 
19SO's and early 1960's for military use. These are the most recent models 
developed specifically for military dam-breach flood forecasting applications. 
These methods are outdated due to recent developments incorporated in more 
advanced models; however, they were considered to a limited extent in the 
present study. 

Description of Selected Models 

13. The models selected for inclusion in the case study analyses are 
briefly described below, and references providing detailed documentation are 
cited. 

NWS Dam-Break Flood 
Forecasting Model (DAMBRK) 

14. Computer program DAMBRK was developed by Dr. Danny L. Fread of the 
National Weather Service (NWS) Hydrologic Research Laboratory in Silver 
Spring, Md. An initial version of the model presented by Fread (1977) was 
subsequently expanded. The DAMBRK version A, dated 30 January 1982, was used 
in the case studies discussed later in this report. The most recent version 
is dated 18 July 1984. DAMBRK is described in detail by Fread (1984) and is 
discussed by a number of others, including Land (1980a), McMahon (1981), and 
Singh and Snorrason (1982). The US Army Engineer Hydrologic Engineering Cen
ter (HEC) i_s responsible for maintaining current versions of the program for 
use by CE personnel. The US Geological Survey (USGS) made minor modifications 
in DAMBRK to emphasize general-purpose applications and developed a user's 
manual for their version of the model (Land 1981). Several short courses on 
the use of DAMBRK have been sponsored by the NWS, HEC, and various 
universities. 

15. DAMBRK simulates the failure of the dam, computes the resultant 
outflow hydrograph, and simulates the movement of the flood wave through the 
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downstream river valley. An inflow hydrograph is routed through a reservoir 
using either hydrologic storage routing or dynamic routing. The type of 
reservoir routing is a user option. Two types of breaching may be simulated. 
An overtopping failure is simulated as a rectangular-, triangular-, or 
trapezoidal-shaped opening that grows progressively downward from the dam 
crest with time. Flow through the breach at any instant is calculated using a 
broad-crested weir equation. A piping failure is simulated as a rectangular 
orifice that grows with time and can be centered at any specified elevation 
through the dam. Instantaneous flow through the breach is calculated with 
either orifice or weir equations, depending on the relation between the ele
vation of the water surface and the top of the orifice. Weir and orifice 
flows include corrections that account for tailwater submergence. The pool 
elevation at which breaching begins, the time required for breach formation, 
and the geometric parameters of the breach must be specified by the user. 

16. The outflow hydrograph from the reservoir is routed downstream by a 
weighted four-point implicit nonlinear finite difference solution of the 
St. Venant equations. Variable time and distance steps are used. The Newton
Raphson method is used to solve the systems of equations generated by the pro
cedure. Dynamic routing is the only method provided for propagating the wave 
through the downstream valley. The same dynamic routing algorithm is one of 
two options provided for reservoir routing. The input data for valley cross 
sections can specify inactive as well as active flow areas. The inactive por
tion of a cross section is intended to account for an area where water ponds 
and/or does not have a significant velocity component in the direction of 
flow. Inactive areas are considered in the continuity equation but not in the 
momentum equation. 

17. A river can be treated as a single channel. Alternatively, the 
river can be repres.ent_~d_ by three.. components-:- left ove-rbank-, ma-in- channel-, 

and right overbank. Flows are computed for each component separately and sum
marized to obtain the total flow. The water surface is still assumed horizon
tal perpendicular to the direction of flow. 

18. The DAMBRK program can simulate the progression of a dam-break wave 
through a downstream valley containing one or more additional dams that may or 
may not fail. However, the multiple dams have to be in series. The model 
cannot simulate failure of dams on different tributaries. Downstream bridges 
are simulated in essentially the same way as a dam. 
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19. DAMBRK can accommodate supercritical flow either for the entire 
channel or for only an upstream portion of the channel. The supercritical 
flow regime is assumed to be applicable throughout the duration of the flow. 

20. The Operational Dynamic Wave Model (DWOPER) was also developed by 
Dr. Fread of the NWS during the 1970's. The general-purpose unsteady flow 
computer program is described by Fread (1978) and is in operational service at 
the NWS river forecast centers. Computations are based on the same implicit 
finite difference solution of the St. Venant equations used in DAMBRK. DAMBRK 
is actually a specific-purpose dam-breach model that stemmed from the 
general-purpose DWOPER. DWOPER has wide applicability to rivers of varying 
physical features, such as irregular geometry, variable roughness parameters, 
lateral inflows, flow diversions, off-channel storage, local head losses such 
as bridge contractions-expansions, lock and dam operations, and wind effects. 
Unlike DAMBRK, DWOPER is suited for efficient application to dendritic 
(treelike) river systems or to channel networks consisting of bifurcations 
with weir-type flow into the bifurcated channel. An automatic calibration 
feature allows determination of the optimum roughness coefficients for either 
a single channel or a system of interacting channels. Data management pro
gramming features allow the model to be used in a day-to-day operational fore
casting environment with minimal data coding required. The model is equally 
applicable for simulating unsteady flows for purposes of engineering planning 
and design. 

21. DWOPER does not contain either the dam-breach simulation or hydro
logic reservoir routing routines contained in DAMBRK. DAMBRK does not have 
the DWOPER capability to analyze dendritic river systems. DWOPER can be a 
useful supplement to DAMBRK in a multiple dam-breach situation in which the 
breached dams are located on different tributaries (in parallel) and backwater 
effects are not important. Each dam can be breached with separate runs of 
DAMBRK -(or another -dam-breach forecasti-n& model). Hydrographs downstream of 
the breached dams can then be furnished as input to DWOPER. DWOPER routes the 
hydrographs through the tributary confluences and on downstream. However, 
this scheme does not allow backwater effects from the stream reaches analyzed 
by DWOPER to be transmitted to the reaches analyzed by DAMBRK, which could be 
a significant problem in some situations. 
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Flow Simulation 
Models (FLOW SIM 1 and 2) 

22. The FLOW SIM l and 2 computer programs were developed by B. R. 
Bodine of the US Army Engineer Division, Southwestern, in Dallas, Tex. Sev
eral District offices of the Southwestern Division have been routinely using 
the models in their dam safety studies. A user's manual (Bodine, undated) 
provides instructions for using the programs. The computer programs are gen
eralized models for simulating unsteady and spatially varied flow in rivers 
and for simulating dam failures. Both versions provide dynamic routing and 
use identical input data. The difference between the models is that FLOW SIM 
1 uses an explicit solution scheme for solving the St. Venant equations and 
FLOW SIM 2 uses an implicit solution scheme. The December 1983 edition of 
both models was used in the case study analyses. 

23. A user option provides for reservoir routing to be either hydro
logic or dynamic. Two breach routines are provided. A breach routine similar 
to DAMBRK and HEC-1, in which break dimensions vary linearly with time, is 
provided. The other option is an erosion-type breaching technique in which 
the rate of growth of a trapezoidal-shaped breach is estimated using the 
Schoklitsch erosion formula. Dynamic routing is the only option for down
stream valley routing. Inactive as well. as active flow areas can be included 
in the cross-section data. 

24. The models can account for bridges and other constrictions. Allow
ance is made for a dry stream to flood and dry up again after the passage of 
the flood. The models have no special provisions for supercritical flow. 
Multiple-tributary, branching stream systems can be simulated. Multiple dam 
failures can be simulated with the dams located on different tributaries as 
well as in series. 

HEC Flood Hydrograph Package (HEC-1) 

25. The widely used HEC-1 computer program was originally released by 
the Hydrologic Engineering Center in 1967. The program has been subsequently 
expanded and revised several times. A dam safety analysis capability was 
added to HEC-1 in 1978 for use in dam safety studies. A user's manual (HEC 
1981) documents the current version of the model. HEC-1 was run on a main
frame .computer for the case study analyses discussed in Part III of this 
report. However, the program has recently been coded to run on an IBM PC. 
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26. The HEC-1 flood hydrograph package models the precipitation-runoff 
process and routes flood hydrographs through channels and reservoirs. The 
package has economic flood damage analysis, flood control system optimization, 
and dam safety analysis capabilities. The dam safety analysis capability can 
be used to evaluate the overtopping potential of a dam and to analyze the 
flood wave that would result from an assumed structural failure of a dam. In 
regard to dam failure analysis, the model performs the following tasks: 
(a) development of an inflow hydrograph to the reservoir, (b) routing of the 
inflow hydrograph through the reservoir, (c) development of a failure hydro
graph based on user-specified breach criteria and normal reservoir outflow, 
and (d) routing of the failure hydrograph to desired downstream locations. 
The results provide estimates of the peak discharge, time to peak, and maximum 
water surface elevation at each specified location. 

27. The reservoir inflow hydrograph can be provided as input data or 
can be computed by the model from rainfall data using standard watershed mod
eling techniques. The hydrograph is routed through the reservoir using stor
age routing assuming a level water surface. HEC-1 contains a breach 
simulation methodology similar to that of DAMBRK and FLOW SIM 1 and 2 in which 
breach dimensions grow linearly with time, assuming an overtopping failure. 

28. Channel routing options include Muskingum, modified Puls, working 
R&D, average-lag, and kinematic wave. Two options are provided for handling 
the storage versus outflow relationships used in modified Puls channel rout
ing. The storage versus outflow relationships can be derived from water sur
face profile studies or other hydraulic analysis and supplied as input data to 
HEC-1. Alternatively, a cross section representative of a routing reach can 
be furnished as input data. Outflows and storages are computed by the model, 
assuming the representative cross section is constant throughout the reach and 
assuming uniform flow. 

NWS Simplified Dam Breach 
Flood Forecasting Model (SMPDBK) 

29. Jonathan N. Wetmore and Dr. Fread of the Hydrologic Research Lab
oratory, NWS, developed the SMPDBK model for use in dam failure analyses when 
analytical time is limited or where mainframe computer facilities are unavail
able to the user. The model was first presented by Wetmore and Fread (1981). 
Wetmore and Fread (1983)' present a brief outline of the model's conceptual 
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basis, a step-by-step guide and examples of the computations involved in the 
model, and listings of FORTRAN and BASIC computer codes. 

30. The objective in developing SMPDBK was to retain the critical 
aspects of the DAMBRK model while eliminating the need for large computer 
facilities. This is accomplished by assuming the downstream channel to be 
prismatic; neglecting the effects of off-channel storage; determining only the 
peak flows, stages, and travel times; neglecting the effects of backwater from 
downstream bridges and dams; and utilizing dimensionless peak-flow routing 
graphs developed using DAMBRK. The SMPDBK procedure entails three steps: 
(a) approximation of the channel downstream of the dam as a prismatic channel, 
(b) calculation of the peak outflow at the dam using the temporal and geomet
ric description of the breach and the reservoir volume, and (c) calculation of 
dimensionless routing parameters used with dimensionless routing curves to 
determine the peak flow at specified cross sections downstream of the dam. 
The computations can be completed manually using graphs developed by Wetmore 
and Fread; also, several microcomputer versions are available. 
Military Hydrology Model (MILHY) 

31. The MILHY model was developed as a part of the Military Hydrology 
Research Program at the WES. The microcomputer program is documented in a 
user's manual (US Army Engineer WES 1985) •. MILHY was developed for use by 
Army Terrain Teams in forecasting streamflows that would result from a given 
rainfall event over a watershed. Rainfall can be input for a hypothetical 
storm or as measured data from precipitation gages or radar. The following 
methods are incorporated in the model: SCS curve number procedure for comput
ing losses; two-parameter gamma function unit hydrograph; variable storage 
coefficient channel routing; modified Puls reservoir routing; and standard 
step water surface profile computations. 

32. MILHY has no special features for dam-breach flood forecasting. 
However, a 1breach simulation routine could be added to the reservoir routing 
component of the model. The variable storage coefficient channel routing 
would be the same regardless of whether the hydrograph is generated by rain
fall runoff or a breached dam. 

HEC dimensionless graphs 

33. Dimensionless graphs were developed by Dr. John G. Sakkas, Consult
ing Engineer, Davis, Calif., for the HEC. The graphs are documented in a 1974 
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report prepared by Dr. Sakkas, which was subsequently published as HEC 
Research Note No. 8 (Sakkas 1980). 

34. A computational procedure based on the method of characteristics 
was used to solve the St. Venant equations. The graphs were developed for a 
dry prismatic channel assuming instantaneous, complete removal of the dam. 
Graphs were prepared for several of the parameters involved to cover a prac
tical range of conditions. 

35. The graphs can be used to estimate time of wave front arrival, max
imum flood depth, and time of maximum flood depth at selected distances down
stream of the dam. A procedure is provided for transforming irregular natural 
cross sections into one representative prismatic section of rectangular, tri
angular, or parabolic cross-sectional shape. Characteristics of the channel 
section and the water depth behind the dam are used to compute the parameters 
required to use the graphs. 

Simplified Dam-
Breach Routing Procedure 

36. Soil Conservation Service (SCS) Technical Release (TR) No. 66 (SCS 
1979, revised December 1981) was developed by John A. Brevard and Fred D. 
Theurer of the Engineering Division in Glenn Dale, Md. The attenuation
kinematic routing model used to develop the routing graph incorporated into 
the procedure is described by Comer, Theurer, and Richardson (1982). 

37. TR 66 is a simplified step-by-step manual computational procedure, 
based on graphs, for routing a dam-breach flood wave. Input data required to 
use the procedure consist of valley cross sections with depth versus discharge 
and depth versus area curves at each section, reservoir storage volume, and 
depth of water behind the dam. The procedure is used to compute peak dis
charges and associated stages of each valley section. 

38. An instantaneous breach is assumed. A standard triangular or 
-curvflin~ar-br~ach·hytlrograph shape 1s assumea, aepending on whether the flow 
in the channel reach immediately below the dam is supercritical or subcriti
cal, respectively. The maximum discharge at the dam is determined from a 
curve of maximum·discharge versus reservoir depth developed on the basis of 
information from actual dam failures. The downstream routing is a simplified 
version of the attenuation-kinematic model, which is a simultaneous storage 
routing-kinematic routing method. The model reflects attenuation due to 
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valley storage characteristics and the timing and distortion of the flood wave 
due to kinematic translation. 

Military Hydrology Bulletins 9 and 10 

39. The Military Hydrology Research and Development Branch of the 
USAED, Washington, investigated dam-breach flood forecasting methods during 
the 1950's. Several reports were prepared, including Military Hydrology Bul
letins 9 and 10 (USACE 1957a, 1957b). Bulletin 9 outlines step-by-step graph
ical procedures for determining the outflow hydrograph from a breached dam 
using empirical weir and orifice formulas and hydrologic storage routing. 
Bulletin 10 presents similar procedures for determining the reservoir outflow 
hydrograph but also includes step-by-step procedures for downstream routing 
using the Muskingum method. These simplified methods were developed to permit 
rapid flood wave analysis with a degree of accuracy acceptable for military 
applicatiqns. 

DIA outflow hydro-
graph computation method 

40. A report published by the Defense Intelligence Agency (1963) 
updated Military Hydrology Bulletins 9 and 10 to better account for tailwater 
effects and a negative wave in the reservoir. The manual step-by-step proce
dure is designed for use by military engineers in expeditiously computing the 
outflow hydrograph from a breached dam. An instantaneous rectangular breach 
is assumed. Downstream routing is not included in the method. 

Breach Simulation and Outflow Hydrograph Computation Methods 

41. Analysis of the flood wave resulting from a dam breach involves two 
problems that can be considered jointly or separately: (a) determining the 
outflow hydrcgrap-h from the I"ese-rvo±r, and (b} routing- the- f-lood- wave- down-
stream through the river channel and floodplain. The reservoir outflow hydro
graph may be influenced by tailwater conditions. Tailwater conditions are 
often neglected or estimated without considering downstream backwater effects. 
In this case, the outflow hydrograph determination and downstream routing can 
be handled separately as two distinct phases of the flood wave analysis. How
ever, if downstream backwater effects are to be reflected in determining tail
water conditions, the flood wave analysis requires simultaneous interconnected 
.reservoir and downstream routing. 
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42. The determination of the reservoir outflow hydrograph can be fur
ther divided into two tasks: (a) simulating the dam breach, and (b) routing 
the reservoir inflow and water stored in the reservoir through the breach and 
outlet structures. 

Breach simulation 

43. The outflow hydrograph from a dam breach is governed largely by the 
geometry of the breach and the development of the breach with time. Determi
nation of breach characteristics is typically the aspect of dam-breach flood 
forecasting that involves the most uncertainty. The breach characteristics 
depend upon numerous factors, including the configuration and materials of the 
dam; reservoir depth, volume, and inflow; downstream tailwater conditions; and 
the situation or action that caused the dam failure. Breaches are of two main 
types: (a) surface openings with free-surface flow, such as overtopping fail
ures, and (b) deep openings with flow under pressure, such as piping failures. 

44. Different breach characteristics are generally associated with var
ious types of dams. Earthen embankments have been involved in the largest 
number of failures. This is to be expected because earthen dams are the most 
common type, and earthen embankments are obviously more susceptible to erosion 
than concrete or masonry structures. Erosion of a breach through an earthen 
dam may be relatively slow at first, accelerating as flow velocities increase, 
and then decreasing again as the tailwater increases. Flow overtopping the 
embankment will probably first erode the downstream face of the dam, particu
larly near the dam toe where velocities are greatest. The breach will grow 
upstream from the dam toe, as well as downward from the top of the dam and 
laterally outward. The erosion may be gradual for periods of time and then 
accelerate, as portions of the embankment collapse into the breach. An entire 
embankment could fail, but most likely the breach will affect only a portion 
of the structure. 

45. Concrete gravity dams are characteristically stable and may col
lapse only in the section that is overstressed. One or several monoliths may 
break away and be pushed downstream while the remainder of the dam remains in 
place. Slab and multiple-arch buttress dams may disintegrate as the but
tresses fail in succession. Single-arch dams may collapse almost instanta
neously and completely. A dam with water ponded behind a large release 
structure, such as a spillway with multiple tainter gates, could be effec
tively "breached" by destroying or simply opening the gates. 
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46. Since the reservoir outflow hydrograph characteristics are deter
mined largely by breach characteristics, breach simulation is an important 
aspect of dam-breach flood forecasting. A dam-breach flood wave analysis 
model must include some mechanism for representing the flow of water from the 
breached dam. However, the models addressed herein do not have capabilities 
for predicting breach characteristics. Rather, the user must determine the 
breach characteristics independently of the model. The breach simulation 
mechanism provided in the model allows the user to represent the breach 
through input data furnished to the model. Predicting the response of a dam 
to a detrimental action or event is a complex problem involving geotechnical, 
structural, hydraulic and, in military applications, weapons effects 
considerations. 

47. The breach simulation methods listed below are incorporated in the 
previously described selected models as well as in the other models reported 
in the literature. 

a. Assume an instantaneous, complete removal of the dam. 
b. Assume an instantaneous, partial breach of the dam. 
c. Assume a breach of a fixed shape initiates when the reservoir 

water surface reaches a given elevation and then breach dimen
sions grow linearly with time. 

d. Predict the growth of a breach ·through an earthen embankment 
using an erosion model. 

e. Relate outflow hydrograph characteristics to data from past dam 
failures. 

48. In order to simplify the analysis, early attempts to predict down
stream flooding due to dam failure were usually based on the assumption of 
complete instantaneous removal of the dam. The HEC dimensionless graph proce
dure uses this approach. The DIA outflow hydrograph computation procedure and 
Military Hydrology Bulletins 9 and 10 are based on the other common approach 
of assuming the instantan~~us- removal of a portion of tne dam. C-omplete 
instantaneous failure is conservative in the sense of simulating the worst 
possible downstream flooding conditions, but in most cases is unrealistic. 
Observations of past dam failures have indicated that earthen dams do not fail 
instantaneously or completely. Failure of a concrete arch dam is the case for 
which the assumption of complete, instantaneous removal is most likely·to 
approximate reality. An assumption of instantaneous, partial breach might be 
most appropriate for a concrete gravity dam. 
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49. DAMBRK, FLOW SIM 1 and 2, and HEC-1 include similar breach simula
tion routines in which the breach begins at the top of dam and grows uniformly 
downward and outward. A breach of a fixed shape is initiated when the reser
voir water surface reaches a given elevation, and then breach dimensions grow 
linearly with time. The user must input the water surface elevation at which 
failure begins and the breach formation time. A trapezoidal-, rectangular-, 
or triangular-shaped breach is specified by inputting the breach side slopes 
and terminal breach bottom width and elevation. DAMBRK also has an additional 
similar option for simulating a piping failure. A rectangular breach grows 
outward from a point linearly over the time to failure. The elevation of the 
center of the breach must be specified by the user. 

50. With this approach, the model does not provide assistance to the 
user in determining the breach characteristics which would result from a 
detrimental action or event. However, this type of breach simulation routine 
provides a generalized, easy-to-use computational framework consistent with 
present capabilities for estimating breach parameters. This is the most flex
ible of the alternative breach simulation approaches. However, the basic sim
plifying assumptions are not necessarily realistic, particularly the 
assumptions of linear growth of the breach dimensions and a horizontal breach 
bottom profile along the direction of flow. 

51. The process of erosion of a breach in an earthen embankment can be 
modeled using empirical sediment transport algorithms. The rate of erosion 
depends upon the embankment materials and the characteristics of flow as it 
occurs through the opening. The FLOW SIM 1 and 2 models contain an optional 
routine in which the rate of growth of a trapezoidal-shaped breach is computed 
using the Schoklitsch bed load formula. 

52. Fread (1985) developed the model BREACH, which considers the fol
lowing complexities: (a) core material having properties which differ from 

-those of the-downstr--e-am-f-ac-e of the dam, (b) ~he -neee~si~y ~f forming an 
eroded ditch along the downstream face of the dam prior to the actual breach 
formation by the overtopping water, (c) enlargement of the breach through the 
mechanism of one .or more sudden structural collapses due to the hydrostatic 
pressure force exceeding the resisting shear and cohesive forces, (d) enlarge
ment of the breach width by slope stability theory, and (e) initiation of the 
breach via piping with subsequent progression to a free surface breach flow. 
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The Meyer-Peter and Muller and the duBoys sediment transport equations are 
used to predict the erosion capacity of the breach flow. 

53. The SCS TR 66 provides the following relation: 

O = 65Hl.B5 
1nax 

where O is the maximum discharge in cubic feet per second and H , in l!lax 
feet, is the height of the dam if overtopped or the depth of water at time of 
failure if the dam is not overtopped. This relation was developed from data 
from actual past dam failures. Similar equations are presented by the Bureau 
of Reclamation (1983). The TR 66 procedure assumes an instantaneous breach 
with the maximum discharge occurring at time zero. The procedure computes 
only peak discharges, not the entire hydrograph. Since military applications 
will involve intentionally caused dam breaches significantly different from 
the actual past dam failures used to develop the above relationship, the use
fulness of this method for military purposes is limited. However the TR 66 
technique for computing the peak breach outflow is independent of the remain
der of the computations. Therefore, the TR 66 valley routing can be performed 
with a peak breach discharge determined by another method. 
Outflow hydrograph computation 

54. The sudden removal of a part of a dam changes the pressure in the 
water body surrounding the opening and causes the water to accelerate. For 
sudden releases, a distinct, steep negative wave may propagate upstream 
through the reservoir. The magnitude and celerity of the negative wave depend 
upon the breach size, shape, and position; the reservoir characteristics; and 
the flow through the reservoir before the breach. The outflow hydrograph may 
or may not be affected by a negative wave in the reservoir. For purposes of 
flood wave analysis~ breach_ outflow h~drographs- can be categ-oriz-ed- a-s- l>e!ng-

associated with small, medium, or large breach openings, depending on.whether 
the outflow is affected by a negative wave in the reservoir and tailwater con
ditions below the dam (DIA 1963, Yevjevich 1975). By definition, the outflow 
hydrograph through a small breach is not affected by either a negative wave or 
tailwater. The outflow through a medium breach is not affected by tailwater 
but is affected by a negative wave. ·A large breach involves both negative 
wave and tailwater effects. The complexity of analysis procedures depends 
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upon whether and in what way the effects of negative waves and tailwater are 
handled. 

55. Discharges through spillway and outlet works structures and dam 
breaches are typically computed as a function of reservoir water surface ele
vation using empirical weir and orifice equations. These equations may 
include corrections for tailwater effects. Weir and orifice equations are 
widely used in other hydraulic engineering applications and are described in 
hydraulics textbooks and various manuals. The discharge versus water-surface 
elevation relationships developed using weir and orifice equations are used in 
reservoir routing. 

56. Reservoir routing is typically accomplished by either hydrologic 
storage or dynamic routing methods. Hydrologic reservoir routing is based on 
an assumed level water surface. The reservoir geometry is described by a 
storage versus elevation relationship. Hydrologic routing is applicable for 
wide, flat reservoirs with gradual changes in water surface levels. Dynamic 
routing meth~ds are most advantageous for long, narrow reservoirs with rapid 
water-level changes at the breached dam. Dynamic routing handles the negative 
waves that may be caused by sudden reservoir drawdowns and positive waves pro
duced by large reservoir inflows. Water surface profiles through and upstream 
of a reservoir can be developed as well as the outflow hydrograph. In dynamic 
routing, the reservoir geometry is described by cross sections and Manning 
roughness coefficients, as is the downstream valley. Hydrologic reservoir 
routing is generally easier to use than dynamic routing and, in many typical 
situations for which the basic assumptions are valid, is about as accurate. 
Dynamic routing is more accurate when the slope of the reservoir water surface 
is significant. Continued use of both methods in dam-breach flood forecasting 
can be expected. 

Flood-Routing Methods 

57. Flood routing entails mathematically predicting the changing magni
tude (discharge and/or stage) and celerity of a flood wave propagating through 
a river system as a function of time and location. Techniques used for model
ing dam-breach flood waves are essentially the same as for precipitation run
off flood waves. However, the dam-breach flood wave does have certain 
distinctive characteristics that complicate modeling. The dam-breach flood is 
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usually many times larger than the precipitation runoff flood of record. Con
sequently, measured discharge and stage data are generally not available for 
model calibration. The dam-breach flood has a very short time base, particu
larly from the beginning of rise to the peak. The rapidly occurring, large 
magnitude peak discharge results in the dam-breach flood wave having accelera
tion components of a far greater significance than those associated with a 
runoff-generated flood wave. 

58. An overview of flood routing is presented here with a focus on 
those methods which have been incorporated into state-of-the-art dam-breach 
flood forecasting models. The flood-routing options contained in each of the 
previously described dam-breach models are listed in Table 1. The scheme for 
classifying flood-routing methods (shown after Table 1) provides an outline 
for the discussion that follows. 

Table 1 

Routing Methods Incorporated in Selected Dam-Breach Models 

Dam-Breach Model 

DAMBRK 

FLOW SIM 1 

FLOW SIM 2 

SMPDBK 

Dimensionless graphs 

TR 66 

HEC-1 

MIL HY 

Bulletins 9 and 10 

DIA outflow 
hydrograph 

Routing 
Reservoir Routing 

Dynamic or modified Puls 

Dynamic or modified Puls 
Dynamic or modified Puls 

Modified Puls 

Modified Puls 

Modified Puls 

Modified Puls 

Method 
Valle::l Routing 

Dynamic 

Dynamic 

Dynamic 

Generalized relationship 

Generalized relationship 

Attenuation-kinematic 

Modified Puls or 
kinematic* 

Variable storage 
coefficient 

Muskingum 

* HEC-1 also includes Muskingum, working R&D, and average lag valley routing 
options. 
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I. Two- and three-dimensional models 

II. One-dimensional models 

A. Dynamic routing 

B. Generalized dimensionless relationships 

C. Simplified hydraulic routing methods 

1. Kinematic and diffusion wave models 
2. Linearization of the St. Venant equations 

D. Hydrologic storage routing 

1. Modified Puls and variations 
2. Muskingum and variations 
3. Variable storage coefficient 
4. Modified attenuation-kinematic routing 

E. Purely empirical methods 

Two- and Three-Dimensional Models 

59. The flow characteristics of a flood wave actually vary in three 

dimensions. Floodplain irregularities such as abrupt contractions and expan

sions in valley topography, tributaries, bridges, control structures, and 

overtopped levees cause accelerations with horizontal and vertical components 

perpendicular to the flow axis. Water may flow laterally outward from the 
river channel to fill overbank floodplain storage as the stage rises and then 

laterally back toward the channel as the stage falls. Significant three
dimensional accelerations can be expected near the dam in the case of a dam

breach flood wave. 

60. Unsteady flow equations can be expressed in various forms which 
reflect components of flow in the three directions of a cartesian coordinate 

system. Two-dimensional flow modeling is much more common than three

dimensional modeling. The few fully three-dimensional models that now exist 
are -in a aevelopmental stage. In two-dimensional modeling, acceleration in 

the vertical direction is typically assumed to be negligible so that the equa

tions can be written for flow components in the two horizontal directions. 
The state of the·art of two-dimensional flow modeling has advanced consider

ably during the past decade due in part to advances in computer technology. 
However, the progress in two-dimensional flow modeling has been primarily in 

coastal and estuarine applications. Application of two-dimensional methods to 

flood routing in ri.vers and reservoirs has been much more limited. Military 
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Hydrology Report 9 cites a number of references which report the development 
and application of two-dimensional flood-routing models. 

61. The current state of the art of dam-breach flood forecasting is 
one-dimensional modeling. Multidimensional modeling is much more complex and 
difficult to apply than one-dimensional modeling. The dam-breach flood fore
casting models selected for the detailed case study analyses reported herein 
are all one-dimensional. Two-dimensional models that are competitive with 
one-dimensional models from the perspective of practical military application 
are not presently available. The availability of three-dimensional models is 
much more limited than two-dimensional models. The one-dimensional models are 
widely accepted as being accurate enough for practical applications. However, 
little, if any, work has been reported in regard to the significance of any 
improvements over one-dimensional models that could be achieved with multi
dimensional models in various dam-breach flood forecasting situations. 

One-Dimensional Models 

62. One-dimensional flow is a fundamental assumption of all the flood
routing methods discussed herein. Velocity variations are assumed to occur 
only in the one-dimensional direction of flow, with no vertical or lateral 
accelerations. The water surface is assumed level perpendicular to the direc
tion of flow. The pressure distribution over any vertical section is assumed 
hydrostatic. Without vertical accelerations, changes in water-surface eleva
tion occur over relatively large horizontal distances; thus, the flow is grad
ually varied. · Computation of friction slope is based on the assumption that 
frictional resistance in unsteady flow is the same as in steady flow. Fluid 
density is assumed to be constant. 

63. Past dam failures hava demonstrated-the tremendous-amoun~ o~ ero~ 
sion and sediment transport capability of a dam-breach flood wave. The down
stream valley geometry and roughness can be significantly changed by the flood 
wave. However, all the dam-breach flood wave models are based on the funda
mental assumption of a fixed streambed without erosion or sedimentation. 

64. One-dimensional flood-routing models can be categorized as 
(a) dynamic routing, (b) generalized dimensionless relationships, (c) simpli
fied hydraulic routing methods, (d) hydrologic storage routing, and (e) purely 
empirical methods. The first three categories consist of hydraulic routing 
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methods based on the St. Venant equations, which are two partial differential 
equations expressing the physical laws of conservation of mass and conserva
tion of momentum. Dynamic routing involves solution of the complete 
St. Venant equations. Numerous simplified hydraulic routing techniques have 
been developed based on neglecting certain terms or otherwise simplifying the 
St. Venant equations. Another approach for providing simplified routing cap
abilities has been to precompute generalized dimensionless curves using a 
dynamic routing model. Hydrologic routing methods are based upon the storage 
form of the continuity equation, which is an alternative way of expressing the 
concept of conservation of mass, and a relationship between storage and either 
outflow and/or inflow. The last category includes purely empirical methods, 
methods based strictly on intuition and observations of past floods. 
Dynamic routing 

65. A flood wave analysis model based on the complete St. Venant equa
tions is called a dynamic wave (or dynamic routing) model. Dynamic routing is 
theoretically the most accurate of the numerous one-dimensional flood-routing 
methods. Dynamic routing is the only method that accounts for the accelera
tion effects of a flood wave and the backwater effects caused by channel con
strictions, tributary inflows, dams, and bridges. Improvements in accuracy 
provided by dynamic routing over simpler hydraulic and hydrologic methods are 
most pronounced in situations where wave acce.leration effects are significant 
compared to the effects of gravity and channel friction. Consequently, 
dynamic routing is particularly relevant to modeling dam-breach floods as com
pared to more gradually varied precipitation floods. Dynamic routing is also 
particularly advantageous for flat slopes where backwater effects are more 
pronounced. Steep slopes with supercritical flow can cause computational 
problems in dynamic routing solution schemes. 

66. Unsteady flow equations. The basic theory for one-dimension gradu
ally varied flow consists of two partial differential equations originally 
derived by Barre De Saint Venant in 1871. The St. Venant equations consist of 
a conservation of mass (continuity) equation: 

lQ+lQ+q=O ax at 
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and a conservation of momentum (dynamic) equation: 

where 

.aY + V .aY + g .a!!. + gS f + .Yg_ = 0 
at ax ax A 

Q = discharge 

x = distance along the waterway 

t = time 

q = lateral outflow (lateral inflow negative) per unit length of 
waterway 

V = mean velocity = Q/A 

g = gravitational acceleration constant 

h = water-surf ace elevation above a datum 

sf = friction slope 

A = cross-sectional area 

67. A number of references, including Chow (1959) and Cunge, Holley, 
and Verway (1980), contain derivations of the one-dimensional unsteady flow 
equations. The conservation of mass equation expresses the fundamental prin
ciple that inflow minus outflow equals change in storage over time. The con
servation of momentum equation is derived from Newton's second law of motion, 
which states that the sum of all the external forces acting on a system of 
particles is equal to the time rate of change of linear momentum of the sys
tem. The terms in the conservation of momentum equation are expressions of 

local accel~ration (~), convective acceleration (v ~), pressure and gravity 
forces (g .a!!.), frictional forces (gSf), and acceleration of lateral inflow 
(~). The 0~ast term is usually omitted, assuming the momentum of lateral 
inflows to be negligible. 

68. The friction slope (Sf) is estimated using a steady-flow empirical 
formula such as the Chezy or Manning equation. The Manning equation is: 

where 

n = Manning roughness coefficient 
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C = constant (1.0 for SI (metric) units and 2.21 for non-SI units) 
R = hydraulic radius 

69. The St. Venant equations are found in the literature in a variety 
of equivalent forms. Some variations merely represent mathematical transfor
mations or manipulations, while others result from assumptions made with 
regard to channel geometry or boundary resistance. 

70. The St. Venant equations are a system of two simultaneous, first
order, nonlinear, hyperbolic partial differential equations involving func
tions of two dependent and two independent variables. The two dependent 
variables are: (a) the discharge Q or the average velocity V and (b) the 
water-surface elevation h or the depth of flow y • The independent vari
ables are the distance x and time t • The equations are nonlinear because 
several coefficients of derivative terms involve the dependent variable V , 

and also because V appears to the second power in the expression for fric
tion slope. However, these equations are sometimes called quasi-linear 

because no derivative occurs to a power higher than the first. The solution 
of hyperbolic equations, such as the St. Venant equations, is referred to 
mathematically as a propagation or initial-boundary-value problem. A general 
characteristic of this type problem is that the physical conditions imposed as 
initial and boundary values do not influence the complete solution instantan
eously but are involved only as the solution proceeds through time and 

distance. 

71. Numerical solution techniques. The St. Venant equations have no 
known general analytical solution. The equations have been solved analyti-

, 
cally but only under very restrictive and simplifying conditions, with the 
solutions generally not acceptable for practical problems. However, during 
the last two decades, solution of the complete St. Venant equations has become 
practical using numerical methods and high-speed computers. 

72. Numerical solution techniques convert the differential equations 
into algebraic difference equations that may be solved for Q (or V ) and h 
(or y ) at finite incremental values of x and t , given initial and 
boundary conditions. Various numerical techniques can be used, but all 
involve replacing the derivatives in the equations by finite difference 
approximations of some form. The differential equations are approximated with 
finite difference algebraic equations which are solved through a series of 
algebraic operations proceeding stepwise through time and distance. 
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In obtaining a numerical solution of the equations by finite-difference tech
niques, the domain of the independent variables x and t is replaced by a 
finite set of points called grid or mesh points. At each of these points, 
approximate values of the dependent variables Q and h (or V and y ) are 
determined by the solution procedure. The pattern and spacing of the grid 
points vary with different solution procedures. 

73. Explicit and implicit methods. Dynamic flood-routing methods can 
be classified as either explicit or implicit, depending on how the finite dif
ference scheme is formulated. Explicit methods advance the solution point-by
point in an x-t grid from one time line to the next. After all the unknowns 
associated with one time line are evaluated, the procedure advances to the next 
time line. Two linear algebraic equations'are generated at each grid point. 
Each equation gives one of the unknowns at an advanced point in terms of known 
quantities on the preceding time line, or lines. The known quantities are 
known from previous calculations or from initial and boundary conditions. The 
unknown is determined directly (explicitly) from the equation. A number of 
variations of explicit schemes have been developed, including the four-point, 
diffusing, leap-frog, Lax-Wendroff, and Dronkers methods, which are reviewed 
by Liggett and Cunge (1975) and Miller (1971). 

74. Explicit models are generally much simpler than implicit models. 
However, due to numerical stability problems, explicit models have a restric
tion in the size of the time step used in the computations. For most explicit 
models, the restriction in L\t is given by the lesser of ·the following two 
inequalities (Fread 1982). 

L\t :;; l:!.x 

V +./g A/B 

C R4/3 
L\t :;; 1 

g n 2 lvl 

where B is the water top width, c1 is 1.0 in SI units and 2.21 in non-SI 
units, and the other terms are as previously defined. The first equation is 
known as the Courant condition and is derived for a frictionless flow. The 
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second equation is an added restriction when friction is considered. 
75. Inspection of the Courant condition equation indicates that the 

computational time step is significantly reduced as the hydraulic depth (A/B) 
increases. In large rivers, time steps on the order of a few minutes or even 
seconds may be required even though the flood wave may be very gradual, having 
a duration in the order of weeks (Fread 1982). Such small time steps cause 
the explicit method to be very inefficient in the use of computer time. 

76. Explicit schemes are usually based on equal distance (6x) steps. 
Although this can be relaxed somewhat by using weighting factors, the require
ment of equal distance steps can be very disadvantageous in modeling flows in 
natural waterways. 

77. Implicit finite difference schemes advance the solution from one 
time line to the next simultaneously for all points. There are as many finite 
difference equations as unknowns, provided that boundary conditions are known 
at either end of the reach or two conditions are given at one end. The equa
tions are solved simultaneously, such that the unknowns are determined implic
itly (not independently). The system of algebraic equations generated may be 
either linear or nonlinear depending upon the type of implicit difference 
scheme used. Nonlinear simultaneous equations must be solved iteratively. 

78. Implicit models were developed primarily because of the limitations 
on the size of the time step required for numerical stability of explicit mod
els. Time steps are also restricted in size in implicit models for reasons of 
stability and accuracy, but the restrictions are less severe than for explicit 
models. Implicit models are generally much more stable than explicit models. 
Implicit solutions of linearized versions of the St. Venant equations are 
numerically stable, regardless of the size of the time and distance steps. 
However, implicit instability problems can occur with nonlinear models when 
modeling rapidly varying transients or very irregular channel geometry. 

79. I~plicit models require more extensive computations than explicit 
models. If the implicit scheme is linear, the system of equations is solved 
once at each step. Nonlinear implicit schemes require an iterative solution, 
which involves one or more solutions of the system of equations at each time 
step. The Newton-Raphson method is often used for solving the nonlinear sys
tem of equations generated by an implicit scheme. The double-sweep method 
developed in Europe and described by Liggett and Cunge (1975) is an efficient 
method for solving a linear system of equations. Fread (1971) describes a 
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compact quad-diagonal elimination method that makes use of the banded struc
ture of the coefficient matrix of the system of equations generated by an 
implicit scheme. 

80. Fread (1982), Liggett and Cunge (1975), ~nd Miller (1971) review 
implicit models that have appeared in the literature and cite numerous 
research studies with implicit schemes that have been reported. Implicit 
schemes have generally been four-point, such that the conservation of mass and 
momentum equations are applied to the flow between two adjacent cross sec
tions. Fread (1974) studied the numerical properties of implicit four-point 
finite difference schemes for solving the St. Venant equations. Price (1974) 
compared the four-point implicit method with two alternative explicit methods 
and with a characteristic method by compari~g each to the exact analytical 
solution for a monoclinal wave. 

81. The literature appears to support the conclusion that implicit 
models are the most efficient and versatile, although the most complex, of the 
models that solve the complete St. Venant equations and tend to be the optimum 
choice for flood-routing applications. 

82. Method of characteristics. The St. Venant equations can be solved 
directly using explicit or implicit schemes, as discussed above. An alterna
tive approach, called the method of characteristics, is based on transforming 
the two partial differential St. Venant equations into four ordinary differen
tial equations, called the characteristic equations. The characteristic equa
tions can be solved using various explicit and implicit schemes or other 
techniques. Since numerous techniques for solving the characteristic equa
tions have been developed, the method of characteristics is actually a general 
group of solution methods. The characteristic equations are derived from and 
are equivalent to the St. Venant equations. Derivation of the four basic 
equations and detailed explanations of the overall concepts and specific solu
tion techniques are presented oy Abbott (1979), Chow (1959), and Miller 
(1971). 

83. The characteristic equations are as follows: 

dx 
~ - v + c dt 
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dx 
dt=V-c 

where c is the wave celerity (c •-vg:j), 

other terms are as previously defined. 

S is the channel slope, and the 
0 

84. Models based on the method of characteristics can have either a 
curvilinear or rectangular distance-time grid. A curvilinear scheme is not 
practical for application in natural waterways of irregular geometry. Use of 
a rectangular characteristic grid, known as the Hartree method, requires 
interpolation formulas meshed within the finite difference solution procedure. 
Using the method of characteristics, it is nearly impossible to model 
irregular-shaped channels. These restrictions have tended to discourage the 
application of characteristic models for flood routing (Fread 1982). 

85. Initial and boundary conditions. Initial conditions are required 
in the solution of hyperbolic partial differential equations, such as the 
St. Venant equations. For unsteady flow in a river, stage (or depth) and 
velocity (or discharge) must be known at the selected initial time at each 
distance interval throughout the length of the river. The initial (time zero) 
conditions may consist of: a steady-flow condition, which may be determined 
by backwater computations; a zero-flow condition, which would represent still 
water or a dry channel; or a condition of unsteady flow, which may be known 
from measurements or previous computations. 

86. Boundary conditions must also be known. Boundary conditions usu
ally take the form of a relationship between one of the dependent variables 
and time, such as depth versus time or discharge versus time, or between the 
two dependent variables, such as depth versus discharge. The geometric and 
resistance properties of the channel may also be considered boundary condi
tions. If the flow is subcritical, one condition is needed at the upstream 
boundary and one condition at the downstream boundary. Supercritical flow 
requires two conditions at the upstream boundary and no conditions at the 
downstream boundary. The proper specification of boundary conditions may 
change during the course of a solution in time if the flow changes from sub
critical to supercritical or vice versa. 

87. Accuracy and robustness. As previously indicated, analytical 
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(exact) solutions of the St. Venant equations are not possible unless the 
equations are first simplified in some way. Numerical techniques approximate 
the partial differential equations with finite difference algebraic equations. 
Numerical solutions of the complete equations usually correspond more closely 
to the real physical phenomena than analytical solutions of simplified equa
tions. However, finite difference approximations involve inaccuracies. The 
validity of the results of a numerical model depends upon how well the: 

a. Differential equations represent the physical phenomena. 
b. Parameters provided as input data to the model describe the 

real situation. 

c. Finite difference equations approximate the differential 
equations. 

d. Solution technique solves the ·finite difference equations. 
88. The finite di~ference solution is often discussed in terms of the 

convergence and stability of the difference scheme. A difference scheme is 
convergent if the solution of the difference equations approaches the solution 
of the partial differential equations as the time-distance grid mesh size is 
made smaller and smaller. A difference scheme is stable if errors introduced 
at any stage of the computation process do not grow with time and distance and 
make the solution meaningless. When a numerical method is unstable, a small 
perturbation (such as a truncation error) of the exact solution will grow with 
time, often being amplified beyond any reasonable limit after a few time 
steps. The effects of instability often show up as oscillations in the com
puted values of the dependent variables. Convergence and stability are gen
erally related, so that the attainment of one usually, but not always, assures 
attainment of the other. Convergence tendencies and stability can often, but 
not always, be improved by refining the time and distance increments of the 
finite difference grid. Stability is often related to the relative size of 
the time step as compared with the distance ste~. 

89. Convergence and stability are complex but important considerations 
in developing and applying numerical methods. For most practical problems, 
theory related to convergence, stability, and approximation is incomplete or 
lacking. Convergence and stability properties and other accuracy considera
tions for various numerical techniques are addressed by Liggett and Cunge 
(1975) and Miller (1971). Fread (1974) discusses convergence and stability 
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properties of the implicit four-point technique that is most often used in 

flood routing. 

90. DAMBRK. The NWS DAMBRK model expresses the St. Venant equations in 

the following form for conservation of mass 

aQ + a(A +Ao) _ q • 0 ax . at 

and conservation of momentum 

where the cross-sectional area is divided between an active flow area A , and 

an inactive off-channel storage area A (Fread 1984). The conservation of 
0 

momentum equation reflects only the active flow area, while the conservation 

of mass equation considers both active and inactive flow. The term S is 
e 

defined as 

s e 
.. kA(Q/A) 2 

2gAx 

where k is an expansion-contraction coefficient varying from O.O to ±1.0 

(plus if contraction and minus if expansion) and ti(Q/A) 2 is the difference in 

the term (Q/A) 2 at two adjacent cross sections separated by a distance Ax • 

The other terms are as previously defined. The term Sf is computed using 
the Manning equation. 

91. DAMBRK solves the St. Venant equations using a weighted four-point 

implicit finite difference scheme first proposed by Preissman (1961). The 

-continuous -x-t -region, -in-which -solutions -of -h -and -Q are ~ought, is repre

sented by a rectangular grid of discrete points (Fread 1984). Neither the 

distance steps (Ax) nor the time steps (At) need to be constant. Each point 

in the rectangular grid can be identified by a subscript i which designates 

the distance (x) position and a superscript j which designates the time (t) 
position. 

92. The time derivatives are approximated by a forward difference quo

tient centered between the i and i+l points along the x axis as follows: 
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cK 
at= 

Kj+l + Kj+l - Kj - KJi.+1 
i i+l i 

2tit j 

where K represents any variable. 

93. The spatial derivatives are approximated by a forward difference 
quotient positioned between two adjacent time lines according to weighting 

factors of 9 and 1-9 ' i.e., 

aK 9 ex = + (1-9) 

94. Variables other than derivatives are approximated at the time level 
where the spatial derivatives are evaluated by using the same weighting f ac-
tors, i.e., 

K [
Kj+l + Kj+l ] 

9 i i+l 
2 + (1-9) 

A weighting factor 9 value of 1.0 yields a· fully implicit or backward dif
ference scheme. A weighting factor of 0.5 is sometimes termed a box scheme. 
Fread (1974) found that maximum accuracy with a four-point implicit scheme is 
achieved with a 9 of 0.5. However, due to instability problems, a value of 
about 0.6 is typically used. DAMBRK allows the user to specify 9 , but a 
default value of 0.6 is provided. 

95. When the derivatives and other variables in the St. Venant equa

tions are replaced with the finite difference operators defined above, the 
following weighted four-point imp-licit difference- equatfons- are- obtained. 

9 

Q j+l - Qj+l 
i+l i ·+1 Ql+1 - Ql 

- 0 qJi + (1 - e) - (1 - 9) qj1 ti xi 

= 0 
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and 

~+l + Qj+l - Qj - j (Q2/A)j+l _ (Q2/A)j+l 
i i+l i Qi+l 

+ e 
i+l i 

2l:itj l:ixi 

hj+l + hj+l 2 j - (Q2 /A)j 
+ g Aj+l i+l i + 5j+l + sj+l + (1-e) 

(Q /A)i+l i 
l:ixi f ce l:ixi 

j . 

+ g p) hi+l - hi + sj + sJ = 0 
l:ixi f ce 

where 

R = A/B 

96. With all variables on one time line known, the value for the 
unknowns on the next time line are computed. The above two equations are 
repeated between each pair of distance locations resulting in N-2 equations, 
where N is the number of nodes on a time line. Combining two additional 
equations specifying upstream and downstream boundary conditions with the 
above equations results in a system of 2N nonlinear equations with 2N 
unknowns. DAMBRK uses the iterative Newton-Raphson method to solve the 

_equations. 

97. DAMBRK has the option to use a modified set of equations in which 
the valley section is divided between the channel, left floodplain, and right 
floodplain. This option is particularly applicable when the channel is suf
ficiently large to carry a significant portion of the total flow and has a 
rather meandrous path through the downstream valley. 

98. FLOW SIM 1 and 2. FLOW SIM 2 incorporates a weighted four-point 
implicit finite difference solution of the St. Venant equations similar to 

34 



that used in DAMBRK. FLOW SIM 1 uses an explicit finite difference scheme. 

FLOW SIM 1 and 2 use identical input data and have the same output format. 

The difference between the two model versions is the method used to solve the 

St. Venant equations. 

Generalized dimensionless relationships 

99. Significant expertise, time, and computer resources are required to 
apply dynamic routing models. One strategy for an expedient dam-breach flood 

wave analysis capability is to develop precomputed generalized relationships. 
The generalized routing model consists of a family of dimensionless curves 

which have been developed using a dynamic routing model. Users can quickly 

and easily apply the generalized dimensionless relationships to their partic

ular problems. However, significant simplifications are required to develop a 

set of dimensionless curves which can be applied to a wide range of situations 

using a few parameters. The assumption of a prismatic channel of specified 

shape is one of the major simplifications made. 

100. The previously described NWS SMPDBK model and HEC dimensionless 

graph procedure are based on generalized dimensionless relationships. Both of 
these flood-routing methods were developed specifically for analyzing dam

breach floods. Both of the methods require simplifying the valley geometry to 
a prismatic channel with a cross section defined by a power function of the 

m form B = kh where B is valley width, h is depth, and k and m are 

constants. In applying the curves, the constants k and m are determined 

by fitting to actual valley topwidth versus elevation data. 

101. The HEC dimensionless graphs were developed using a dynamic rout
ing model based on the method of characteristics (Sakkas 1980). An instantan
eous complete removal of the dam is assumed. The family of dimensionless 

graphs provide the capability to compute time of wave front arrival and maxi
mum flood depth at locations along the valley as a function of a dimensionless 

Froude number and the constants used to approximate the valley geometry. The 

following input data are required to use the model: water depth behind dam, 

channel bottom slope, Manning roughness coefficient, and channel topwidth ver

sus elevation data. The required parameters are determined following a manual 

computation procedure. The time of wave front arrival and maximum flood depth 
are then read from the dimensionless graphs at desired locations along the 

valley. 
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102. The DAMBRK model was used to develop the dimensionless routing 

curves contained in SMPDBK (Wetmore and Fread 1981). SMPDBK computes the peak 
outflow through the dam breach as a function of reservoir and breach charac
teristics. Peak discharge, depth at peak discharge, and time to peak at loca
tions along the valley are determined from a computational procedure which 

utilizes a family of dimensionless routing curves relating peak discharge to a 
dimensionless Froude number and volume parameter. Input data required to use 
the model include: dam crest elevation, final breach bottom elevation, reser
voir storage volume and surface area, final breach width, time required for 
breach formation, constant flow through outlet structures, channel bottom 

slope, topwidth versus elevation data, and Manning roughness coefficient. 
Simplified hydraulic routing methods 

103. The broad range of applications and modeling complexities has 
resulted in the development of numerous routing methods. Various simplifica
tions to the St. Venant equations have been made over the years to overcome 
difficulties in obtaining solutions. Simplified hydraulic routing methods are 
based on neglecting or linearizing certain terms in the St. Venant equations. 

104. Kinematic and diffusion wave models. Diffusion and kinematic 

routing are based on the St. Venant equation for conservation of mass and a 
simplified form of the conservation of momentum equation in which certain 
terms are neglected. 

105. In kinematic routing, the momentum of the unsteady flow is assumed 
to be the same as that of steady uniform flow. The friction slope (Sf) is 
equal to normal slope S = ay/ax - ah/dx where h is water-surface eleva-o ·-
tion above a datum and y is flow depth. Thus, the conservation of momentum 
equation is simplified to Sf - S0 = 0 • Discharge is a single-valued func
tion of stage which can be expressed by a uniform flow formula such as the 

8 Mannil!S ~quation in the form A = a Q • Combining these axpreBBions with the 
conservation of:mass equation results in the following kinematic wave 

equation: 

8-1 
aq + a8Q ~ = o 
ax at 

which can be solved analytically or by various finite difference techniques. 
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106. The kinematic wave model reflects only translation of the flood 
wave and the attendant distortion that is attributed to kinematic effects of 
wave movement. Errors inherent in finite difference solutions cause an atten
uation and dispersion of the flood wave. However, this numerical attenuation 
merely mimics the actual physical phenomenon. The kinematic wave equation 
contains no mechanism to model attenuation. Also, downstream backwater 
effects are not reflected in the model. 

107. T~e diffusion model is based on the St. Venant conservation of 
mass equation and the following simplified form of the momentum equation: 

s - ah/ax = o 
f . 

Inclusion of the water slope term (ah/ax) provides a significant improvement 
over the kinematic model. This term allows the diffusion model to reflect the 
attenuation effect of the flood wave. It also allows the specification of a 
boundary condition at the downstream end of the routing reach to account for 
backwater effects. The diffusion model does not include the inertia terms 
(av av) at and Vat of the St. Venant momentum equation. Therefore, diffusion 
routing is limited to relatively gradually rising flood waves in channels of 
fairly uniform geometry. 

108. Linearization of the St. Venant equations. The mathematical com
plexity of the St. Venant equations is due largely to their nonlinearity. The 
equations can be solved analytically if simplified sufficiently through lin
earization. The equations have been linearized by ignoring the nonlinear 
terms, such as V~~ in the momentum equations, by assuming that some of the 
coefficients involving dependent variables (such as cross-sectional area) are 
constant and by approximating the more important nonlinear terms (such as 
resistance) through the substitution of a combination of linear terms. Sim
plifications have been made for various circumstances. The most common sim
plifications that have been made to linearize the St. Venant equations are: 

a. The channel has a constant prismatic cross section, usually 
rectangular. 

b. The channel bottom slope is constant, often assumed 
horizontal. 

c. Resistance is linearly related to velocity, instead of being 
proportional to velocity squared. 
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d. The average water-surface elevation is constant along the 
channel, permitting the analysis of wave motion as a series of 
small deviations from the underlying steady flow. 

e. The flood wave has a simple shape that is amenable to analyti
cal expression. 

f. Lateral inflow does not occur. 

~· Nonlinear acceleration terms in the equations can be 
neglected. 

Fread (1982) provides a synopsis of linearized flood-routing models within the 
subcategories of classical wave models, impulse response models, complete lin
earized models, and multiple linearized models. 
Hydrologic storage routing 

109. Hydrologic routing is based on the conservation of mass or con
tinuity equation 

dS 
I - 0 = dt 

where I is inflow rate, 0 is outflow rate, and dS/dt is rate of change 
in storage with respect to time. The continuity equation can be written in 
finite difference form as 

= 

A relationship between storage and discharge must be combined with the con
tinuity equation to obtain a routing model. All hydrologic routing methods 
use the continuity equation. Variations between methods are due to the dif
ferent ways of expressing the stqrage versus discharge relationship. 

110. Modified Puls and variations. The modified Puls or Brorage indi
cation method and its variations are based on the assumption that storage is a 
single-valued function of outflow. The continuity equation can be written as 
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which can be solved step-by-step for the left-hand side, with the right-hand 

side of the equation known at each step of the computations. A relationship 

between the left-hand side of the equation and outflow must be developed from 

a known storage-outflow relationship. In dam-breach analysis, the storage

outflow relationship changes with time as the breach grows. The term modified 

Puls routing is broadly used herein to include level pool reservoir routing 
where the storage-outflow relationship is a function of breach size. 

111. The assumption that storage is a unique function of outflow is 

valid for a reservoir that is short and deep enough for the water surface to 

be horizontal. A reservoir storage-outflow relationship is developed from a 

reservoir elevation-storage relationship and rating curves for the outlet 

structures. The modified Puls method, or variations thereof, is widely used 

for routing flood hydrographs through reservoirs. DAMBRK, FLOW SIM 1 and 2, 

HEC-1, and MILHY use variations of the modified Puls technique for reservoir 

routing. 

112. Although most applicable for reservoirs, the method is also used 

for channel routing. For example, HEC-1 has an option for modified Puls chan

nel routing which is typically used in dam-breach flood routing. Storage

discharge relationships for a channel reach can be approximated by assuming 

uniform flow and using a uniform flow formula such as the Manning equation 

with a cross section representative of the reach. A somewhat better 

storage-discharge approximation can be achieved using water-surf ace profiles 

computed assuming steady, gradually varied flow. The input data for both of 

these approaches are cross sections and roughness coefficients. A third 

approach is to develop a storage-discharge function for a reach from histori
cal inflow and outflow hydrographs. 

113. Using modified Puls routing for channels is complicated by the 

fact that the degree of flood wave attenuation varies with the reach length 

used in the computations. A routing reach is typically divided into sub

reaches for computational purposes. The number of subreaches can be used as a 

calibration parameter but is difficult to estimate precisely if historical 

flow data are not available for calibration. 

114. Muskingum and variations. The Muskingum method is based on the 
assumption of a linear relationship between storage and a weighted combination 

of inf low and outflow 
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S = K(xI + (1-x)O) 

where K is a storage time constant and x is a weighting factor that varies 
between 0 and 0.5 for a given reach. Combining this expression with the con
servation of mass equation results in the Muskingum routing equation 

where 

c -Kx + 0.56t = + o.sAt 0 K - Kx 

cl 
Kx + 0.56t = + o.sAt K - Kx 

K - Kx - O.S6t 
c2 = K - Kx + o.sAt 

Values for the parameter K can be approximated as the travel time through 
the reach, and an average value of 0.2 can be assumed for x • Better values 
of K and x can be determined from observed inflow and outflow hydrographs 
for the reach of river. 

115. A modified version of the Muskingum method developed by Cunge 
(1969) assumed a single-value depth-discharge relationship, which is equiva
lent to a kinematic wave model, and applied a four-point finite difference 
technique to derive expressions for the routing coefficients x and K • 
After the constants x and K are determined for a particular river reach, 
the routing computations are identical to the original Muskingum method. The 
Muskingum-Cunge method does not require observed inflow and outflow hydro-

_graphs to establish the ro_uting _coefficients -as -r-equi~-ed in the Muskingum 
method, but best results are obtained if some actual flow data are available. 

116. Numerous other variations of the Muskingum method have been devel
oped, including the. Kalinin-Miljukov, SSARR, and lag and route methods (Fread 
1982). Muskingum type models provide best results when applied to slowly 
fluctuating rivers with negligible lateral inflows and backwater effects. 

117. Variable storage coefficient. The variable storage coefficient 
routing method was developed by Williams (1969) and is included in the MILHY 
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model (US Army Engineer WES 1985). The following expression for travel 

time (T), 

T = ~ = S v Q 

where L is reach length, V is average velocity, S is storage in reach, 
and Q is average discharge, is combined with the conservation of mass equa
tion to obtain the variable storage coefficient routing equation 

0 = 2 

C = 2At 
1 2T 1 + At 

C .,. 2At 
2 2T2 + At 

I .. 
a 

where subscripts 1 and 2 refer to the beginning and end of the routing inter
val At • Travel time is computed for an average of inf low and outlet veloc
ities along with a correction for variation in water-surface slope. 

118. Thus, the variable storage coefficient routing equation is similar 
in form to the Muskingum routing equation. Storage is related to both inflow 
and outflow. However, unlike the Muskingum method, the storage-outflow func
tion is not constrained to be linear. Also, whereas the Muskingum K is a 
constant, the coefficients reflecting travel time vary with discharge in the 
variable coefficient routing procedure, The iterative solution required for 
the variable coefficient method requires more computational effort than the 
Muskingum or modified Puls methods. However, variable storage coefficient 
routing should more closely represent an actual flood wave than these methods. 

119• Input data for the variable storage coefficient routing procedure 
consist of cross sections and roughness coefficients. 
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120. Modified attenuation-kinematic routing. The SCS recently devel
oped the modified attenuation-kinematic (Att-Kin) valley routing method for 
use in their TR 66 Simplified Dam-Breach Routing Procedure and revised TR 20, 
Computer Program for Project Formulation-Hydrology. Development of the new 
routing method is described in TR 66 (SCS 1979) and by Comer, Theurer, and 
Richardson (1982). 

121. The Att-Kin model could be categorized as both simplified 
hydraulic routing· and hydrologic storage routing. The model combines features 
from both storage and kinematic routing. Storage routing reflects only atten
uation and attendant distortion of the flood wave that is attributable to val
ley storage. Kinematic routing reflects only translation of the flood wave 
and the attendant distortion that is attributable to kinematic effects of wave 
movement. In the Att-Kin method, the inflow hydrograph is routed using a 
hydrologic storage routing method based on the continuity equation and a 
single-valued valley storage-discharge relationship. The resulting attenuated 
hydrograph is then translated and distorted by kinematic routing. 

122. The TR 66 Simplified Dam-Breach Routing Procedure provides dimen
sionless curves to simplify valley routing. The dimensionless curves were 
developed with the Att-Kin model. The user must develop single-valued 
storage-discharge and depth-discharge relationships from uniform or gradually 
varied flow computations. The peak discharge at a specified location along 
the valley is determined from an Att-Kin dimensionless curve as a function of 
peak discharge at the dam, reservoir volume, and parameters reflecting the 
storage-discharge relationship for the valley reach. Peak flow depth is 
determined by relating peak discharge to the depth-discharge function for the 
given location. 

Purely empirical methods 

123. Some flood-routing methods are based strictly on intuition and 
-o~servatiens-of past floods. -Lag-m~thods, -such 1lB -th~ average lag option in 
HEC-1, and gage relations are examples of purely empirical methods. The 
Bureau of Reclamation (1983) presented a method developed specifically for 
routing dam-breach. flood waves in which the peak discharge at a specified dis
tance below the dam is computed as a function of only reservoir storage and 
depth. These are generally the least accurate and least versatile of the var
ious flood-routing methods. 
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Water-Surf ace Profile Computations 

124~ Flow depths as well as discharges are computed using hydraulic 
routing techniques. However, hydrologic storage routing methods typically 
result in discharge hydrographs. Flow depths are then computed for a given 
discharge using either a uniform flow formula, such as the Manning equation, 
or a steady, gradually varied water-surface profile procedure. Thus, addi
tional approximations enter the model in converting discharges to flow depths. 

125. Computation of water-surface profiles is based on an iterative 
solution of the one-dimensional energy equation 

which reflects gradually varied steady flow. The subscripts 1 and 2 refer to 
downstream and upstream cross sections, respectively, V is average velocity, 
a is a velocity distribution coefficient, g is acceleration of gravity, WS 
is water-surface elevation, and hL is head loss between the cross sections. 
Head loss is typically estimated using the Manning equation and expansion and 
contraction coefficients. Weir and orifice 'equations are used to determine 
flow and head losses through bridges and culverts. The iterative standard 
step method is usually used to solve the energy equation. For subcritical 
flow, the computations begin at a known or assumed water-surface elevation and 
proceed upstream. Water-surf ace profile computations for supercritical flow 
proceed downstream from a known or assumed upstream water-surf ace elevation. 

126. MILHY contains a standard step-method algorithm for computing 
gradually varied steady-flow water-surface profiles for subcritical flow. The 
Manning equation,_ assuming_ uni£orn1- iloW-;- is- used whenever- the- flow- is- super~ 

critical. Flood-routing and water-surface profile computations are performed 
in a single run of the MILHY model. HEC-1 has the capability for computing 
water-surface profiles using the Manning equation assuming uniform flow. 
Flood-routing and water-surface profile computations are performed in a single 
HEC-1 run. The case study analyses addressed later in this report followed 
this approach in applying HEC-1. HEC-1 and HEC-2 have traditionally been used 
in combination for many applications. The HEC-2 Water Surface Profile 
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computer program is a standard step-method solution of the energy equation, 
assuming gradually varied steady flow (HEC 1982). Water-surface profiles, for 
an assumed range of discharges, computed with HEC-2 can be used to develop 
storage versus outflow relationships for input to HEC-1 for use in the modi
fied Puls channel routing.· Upon completion of the HEC-1 routing, the result
ing peak discharges are provided as input to HEC-2 for computing the 
corresponding water-surface profiles. 
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PART III: CASE STUDY ANALYSES 

127. The selected dam-breach flood forecasting models described in 
Part II were applied to several case study data sets. The purpose of the case 
studies was to test the accuracy and practicality of the models. The experi
ence gained and lessons learned from the case study applications signif~cantly 
contribute to providing an objective basis for evaluating and comparing the 
models. 

128. Most of the Stillhouse Hollow case study and a portion of the Teton 
case study were performed by CPT David N. Buttery working with the author. 
CPT Buttery developed a military applications comparative analysis of dam
breach flood-routing techniques which constituted his master of engineering 
technical report (Buttery 1984). The author performed the remainder of the 
case study modeling. The case study results sununarized here are documented in 
detail by Wurbs (1985b). 

Description of Case Studies 

129. The dam-breach flood wave models were tested and compared by 
application to the following case studies: (a) Teton Dam, (b) hypothetical 
prismatic channel, (c) Laurel Run Dam, and (d) Stillhouse Hollow Dam. The 
Laurel Run and Teton case studies involved field data sets from actual dam 
failures. The hypothetical prismatic channel case study used the Teton reser
voir and dam data but replaced the complex Teton valley geometry with a pris
matic channel. Stillhouse Hollow is an existing dam that has not actually 
failed. The models used in each case study are listed in Table 2. Descrip
tions of the dams, reservoirs, and floods associated with each case study are 
provided below. 

Teton Dam failure flood 

130. The Teton Dam on the Teton River in Idaho failed in June 1976. 
Eleven lives were lost, and damages reportedly were about $400 million. The 
newly constructed Bureau of Reclamation project was being filled for the first 
time during the spring of 1976. The reservoir contained 251,700 acre-ft* of 

* A table of factors for converting non-SI units of measurement to SI 
(metric) units is presented on page 3. 
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Table 2 

Models Applied in Each Case Study 

Laurel Hypothetical 
Model Run Prismatic 

NWS Dam-Break Flood Forecasting Model (DAMBRK) x x 
SWD Flow Simulation Model (FLOW SIM I) x x 
SWD Flow Simulation Model (FLOW SIM 2) x x 
HEC Flood Hydrograph Package (HEC-1) x x 
NWS Simplified Dam-Break Model (SMPDBK) x x 
HEC Dimensionless Graphs Procedure x x 
SCS Simplified Dam-Breach Routing (TR 66) x 
Military Hydrology Model (MILHY) x x 

~ 
Q'\ Military Hydrology Bulletins 9 and IO 

DIA Outflow Hydrograph Cbmputation Method . 

Case Study 
Teton 

Original 
Data 

x 
x 
x 
x 
x 

x 

x 

Test 
Data 

x 
x 
x 
x 

x 

Stillhouse 
Hollow 

x 
x 
x 

x 
x 
x 
x 
x 

x 



water and was almost full when the 305-ft-high, 2,500-ft-long earthfill dam 
failed. Approximately 173,000 acre-ft of water drained through the breached 
dam within 143 min, resulting in a peak discharge of 2.3 million cfs. A total 
of about 240,000 acre-ft drained from the reservoir within an 8-hr period. In 
the 100 miles between Teton Dam and the downstream American Falls Reservoir, 
the peak discharge and flood volume attenuated to 53,500 cfs and 160,000 acre
ft, respectively. American Falls Reservoir stored the entire flood flow. The 
dam failure was not associated with any precipitation flooding on the river. 
The almost fully penetrating breach, approximately trapezoidal in shape, 
included about 40. percent of the dam. A breach time of 1.0 hr was used in the 
analyses. Detailed information compiled by the USGS (Ray and Kjelstrom 1978), 
including measured discharge data and high-water marks, was used in the case 
study. 

131. A map of the river system is provided as Figure 1. The dam was 
located in a narrow steep-walled canyon of the Teton River. The canyon ends 
about 5 miles downstream of the damsite. The river then meanders through a 
wide flat plain and divides into two forks about 4 miles downstream from the 
end of the canyon. Both the North and South Forks of the Teton River meander 
broadly through alluvial deposits before emptying into Henrys Fork of the 
Snake River about 11 miles below the end of the canyon. Henrys Fork joins the 
Snake River at Menan Buttes. The steep walls at Menan Buttes form a narrow 
"bottleneck" or flow constriction. A flow constriction is also formed at 
Ferry Butte just upstream of American Falls Reservoir. The floodplain of the 
Snake River between Menan Buttes and Ferry Butte is flat agricultural land. 
American Falls Dam is located on the Snake River 123 miles downstream from the 
mouth of Henrys Fork. About 185 square miles of land was inundated by the dam 
failure flood. The flooded area in the vicinity of Rexburg was more than 
6 miles wide.. '!'he Teton daJn,..breach- flood- wave- _is-: pa-rtkular-ly- difficult- t-o
model due to the complex downstream valley geometry. 

132. The Teton case study involved two sets of data. Cross sections 
were developed from USGS 1:24,000-scale topographic maps whereas reservoir and 
dam data were taken from the USGS report. This data set is referred to as 
"original data" in the following discussions. A set of Teton data is also 
routinely provided by the NWS and the HEC as test data with the DAMBRK com
puter program. The DAMBRK Teton test data may not necessarily have been 
representative of the actual flood in all respects but provided a convenient 
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additional data set which was useful for various purposes in addition to get
ting DAMBRK running. Several simplified routing models were applied to the 
test data concurrently with development of the original test data set for 
application with the dynamic routing models. 

Hypothetical prismatic channel 

133. Computational difficulties associated with the complex valley 
geometry were the dominant consideration in the Teton case study. Irregular 
valley geometry was also an important complicating factor in the Laurel Run 
case study. The hypothetical prismatic channel case study was developed to 
test the models under conditions for which irregular valley geometry was not a 
major concern. The reservoir data for.the Teton Reservoir was combined with a 
prismatic channel. The prismatic channel is essentially an extension of the 
5-mile-long Teton Canyon to 50 miles. 

134. The prismatic channel, as shown in Figure 2, consists of two 
reaches of constant cross section joined by a transition reach. The channel 
cross section from mile 0 to mile 5 is constant, and the reach between mile 10 
and mile 50 has a slightly wider constant cross section. Miles 5 to 10 pro
vide the transition between the two sections. The cross section for miles 0 
to 5 approximates the geometry of the narrow, steep-walled Teton Canyon just 
below the dam. However, the remaining 45 miles of slightly wider prismatic 
channel does not approximate the wide, flat, abruptly changing topography of 
the valley of the Teton and Snake Rivers below the Teton Canyon. The pris
matic channel has a constant bottom slope of 10 ft/mile and a constant Manning 
roughness coefficient of 0.040, which are representative of the Teton River 

canyon. 

Laurel Run Dam failure flood 

135. The failure of the dam on Laurel Run near Johnstown, Pa., resulted 
in the sudden release of 450 acre-ft of water into a stream that was already_ 
flooding from a severe rainstorm. Laurel Run has a drainage area of 14 square 
miles above its confluence with the Conemaugh River. The dam was located 
about 2.5 miles upstream of the confluence. On 19 and 20 July 1977, a severe 
rainstorm caused heavy flooding in many areas near Johnstown. Flooding in the 
Laurel Run Valley caused extensive property damage and loss of more than 
40 lives. The Laurel Run Dam breached at about 2:35 a.m. on 20 July, signifi
cantly worsening flood flows. 

136. The 45-ft-high earthen embankment had a crest elevation of 
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1,436.5 ft with a spillway crest of 1,430 ft. The water surface is estimated 
to have reached an elevation of 1,437.2 ft at the time of failure. The breach 
was approximately triangular in shape and fully penetrated the dam with aver
age side slopes of 2.45 horizontal to 1.0 vertical. The breach encompassed 
about one-third of the dam. A breach time of 15 min was used in the analyses. 
The reservoir was about 0.4 mile long and generally less than 600 ft wide. 
The steep walls of the downstream valley confined the flood to a width of less 
than 500 ft, often less than 200 ft. The channel slope is about 100 ft/mile. 
Red Run and Wildcat Run tributaries enter Laurel Run 1,100 ft and 9,700 ft 
below the dam, respectively. Figure 3 is a map of the stream system. The 
input data used in the analysis came primarily from a paper by Chen and 
Armbruster (1980) and a report by Land (1980a) •. The data included 15 surveyed 
cross sections covering a 13,400-ft reach below the dam and reservoir and 
tributary inflow hydrographs determined from rainfall-runoff modeling. 
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91m _ _.1 _ _.f KM 

/ .. 
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Figure 3.. Map of Laurel Run drainage basin 

51 



Stillhouse Hollow Dam 

137. Stillhouse Hollow Dam is located on the Lampases River near 
Fort Hood in central Texas. The 200-ft-high earthfill embankment impounds a 
204,900-acre-ft conservation pool and 396,600-acre-ft flood control pool. The 
hypothetical failure was assumed to occur with the water-surface elevation at 
top of flood control pool and a relatively small inflow to the reservoir. 
Stillhouse Hollow is an existing dam that has not failed. It was selected as 
a case study because of its well-defined, gently changing downstream valley 
topography and other characteristics which facilitate dam-breach flood wave 
modeling. The topography is significantly different from Teton and Laurel 
Run. The dam was constructed and is maintained by the USAED, Fort Worth. The 
necessary reservoir and dam data were provided by the District office. 
Comparison of case studies 

138. The four case studies represent a broad range of conditions. The 
Teton case study entailed extremely variable valley geometry which included a 
steep-walled canyon, wide flat floodplains, and abruptly changing steep-walled 
constrictions. Laurel Run is in a steep-walled valley with fairly irregular 
geometry in a mountainous area. The Stillhouse Hollow case study dealt with a 
relatively well-defined smoothly changing valley in an area of rolling hills 
topography. The hypothetical prismatic channel case study, of course, dealt 
with a prismatic channel. 

139. Laurel Run has a steep channel bottom slope that causes supercrit
ical flow. The other case studies involve relatively mild channel slopes. 
Laurel Run is also the only case study in which the dam breach occurred during 
a major rainstorm flood. The case study dams are further compared below. 

Item Teton Laurel Run Stillhouse Hollow 
Type of dam Earthen Earthen Earthen 

--Uam-height, -feet JU5 45 200 
Storage at time of failure, 

acre-feet 252,000 450· 1,000,000 
Channel slope, feet/mile 11 98 5.4 
Length of valley modeled, miles 102 2.5 33 
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Comparative Summary of Model Results 

140. The four case studies and 10 models are listed in Table 2. This 
table shows which of the models were applied in each case study. An original 
best-estimate set of input data was developed for each case study. A "base 
run" with each model was made with input data as close as possible to the 
best-estimate data set. The results from the base runs were used for compari
sons with measured data and between models. Numerous other runs were made for 
purposes of sensitivity analysis and testing of the models. The models pro
vide various types of information regarding the flood wave characteristics. 
The results are summarized in terms of peak discharges, peak water-surface 
elevations, maximum flow depths, and time to maximum depth at various dis
tances from the dam. 

141. The MILHY model does not have a breach simulation routine. Conse
quently, use of MILHY was limited to valley routing. Reservoir outflow hydro
graphs computed with DAMBRK were provided as input data to the MILHY model. 
Computer resources 

142. The four models requiring a mainframe computer were run on the 
Amdahl 470 computer system at Texas A&M University. Memory requirements for 
DAMBRK, FLOW SIM 1, FLOW SIM 2, and HEC-1 were 436K, 452K, 472K1 and 556K 
bytes, respectively. As an indication of the relative magnitude of central 
processor unit (CPU) resources required by these programs, the Laurel Run base 
runs with DAMBRK, FLOW SIM 1, FLOW SIM 2, and HEC-1 had CPU times of 103, 248, 
131, and 10 sec, respectively. The Teton base runs with DAMBRK, FLOW SIM 1, 
and HEC-1 had CPU times of 166, 106, and 18 sec, respectively. SMPDBK and 
MILHY were run on Apple and IBM microcomputers, with relatively short run 
times. The other models involved manual computations with graphs and a 
calculator. 

Numerical computation problems 

143. Most of the runs made with the three dynamic routing models 
(DAMBRK, FLOW SIM 1, and FLOW SIM 2) terminated without converging to a solu
tion due to instability or other computational problems. Overcoming these 
dynamic routing computational problems was the most difficult and time
consuming aspect of the case studies. The modeling process consists essen
tially of first developing a best-estimate set of input data. The input data 
are then modified in a trial-and-error manner, with alternative combinations 
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of parameter values being tried until a solution is obtained. The objective 
is to obtain a solution with the input data being as close as possible to the 
best-estimate data. 

144. The literature in general, as well as the experience with the case 
studies reported herein, indicates that rapidly rising hydrographs like those 
associated with dam breaches can be expected to cause computational problems, 
associated with numerical instability and nonconvergence of the iterative 
solution algorithm, when modeled using numerical approximations of the 
St. Venant equations. These problems are usually associated with the distance 
and time steps used in the computations, abruptly changing valley geometry, 
and/or changes between subcritical and supercritical flow. DAMBRK prints out 
a message that "nonconvergence occurred at certain cross sections" whenever 
the iterative Newton-Raphson technique does not converge to a solution. FLOW 
SIM 1 and 2 print out a message that "execution of the program is terminated 
because of an instability in the calculations." 

145. yarying the distance and time steps and smoothing the valley geom
etry are the primary means for overcoming nonconvergence and instability prob
lems. The flow in the channel at the beginning of the simulation can also be 
arbitrarily increased to prevent negative flow depths from occurring. Smooth
ing the valley geometry consists of removing abrupt changes either vertically 
or along the channel by altering topwidth elevation data or relocating or 
removing cross sections. Convergence and stability were also found in the 
case studies to be very sensitive to breach formation time and final breach 
width. If the water is allowed to flow from the reservoir relatively slowly 
(small breach dimensions and large breach time), the likelihood of obtaining a 
solution is better than for a large, rapidly formed breach. 

146. Since flow characteristics are dependent upon downstream condi
tions in subcritical flow but not in supercritical flow, occurrence of super
critical flow is also a problem. Boundary conditions must be specified 
differently in the solution algorithm for subcritical and supercritical flow. 
DAMBRK can accommodate supercritical flow for either the entire channel or 
only an upstream reach of the channel, but the flow is assumed to be super
critical throughout the duration of the simulation. Changes between subcriti
cal and supercritical flow as the flood wave passes a location cannot be 
modeled. FLOW SIM 1 and 2 have no special provisions for supercritical flow. 
Increasing the value·of the Manning roughness coefficient, a strategy for 
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preventing simulated supercritical flow from occurring, was adopted in the 
case studies. 

147. The valley downstream of Teton Dam required significant cross
sectional smoothing to obtain a solution. The initial attempt at modeling the 
Teton flood wave using DAMBRK was unsuccessful because convergence to a rea
sonable solution could not be obtained. Numerous runs with trial-and-error 
adjustments in input data terminated with messages that nonconvergence had 
occurred or negative areas had been computed. In some cases, solutions were 
obtained but were unreasonable. The adjustments included smoothing, relocat
ing, or removing selected cross sections; increasing the base discharge; 
changing the e weighting factor; and relaxing the convergence criterion. 
Finally, the initial data set was abandoned, and an essentially new data set 
was developed. The second data set had fewer cross sections, fewer topwidths 
per cross section, and different cross-section locations. Each cross section 
was smoothed. Initial runs with the second data set did not converge, but 
minor additional smoothing resulted in convergence to a reasonable solution. 
Although a solution was obtained with the base run (best-estimate) input data, 
solutions still could not be obtained for very large breach widths, very small 
breach times, or smaller Manning roughness coefficient values. 

148. In regard to overcoming computational problems to obtain a reason
able solution, the performance of FLOW SIM 1 in the Teton case study was 
essentially the same as DAMBRK. A base run solution was obtained using the 
same smoothed valley geometry as used with DAMBRK. However, alternative runs 
with variations in breach parameters and other input data would terminate with 
a message indicating computational instability had occurred. The input data 
which ran successfully in FLOW SIM 1 would not run in FLOW SIM 2. Numerous 
unsuccessful runs were made with various combinations of input data. The best 
solution obtained included a breach time of 1 h~,_which_waa.nnt-cons!derad-t-0-
be reasonably close to the I-hr base-run breach time. 

149. The hypothetical prismatic channel case study eliminated the 
abruptly changing valley geometry. Obtaining a solution with DAMBRK was not 
difficult under these conditions. However, computational instability was 
still a major problem with FLOW SIM 1 and 2. Trial-and-error runs were made 
with various combinations of values for the time and distance step sizes, 
breach characteristics, and Manning roughness coefficients. The distance and 
time step sizes did not seem to make much difference. Reasonable solutions 

55 



could be obtained with FLOW SIM 1 as long as the breach width was relatively 
small, the breach time was relatively large, and/or the Manning roughness 
coefficients were relatively large. Input data which resulted in solutions 
with FLOW SIM 1 terminated due to computational instability with FLOW SIM 2. 
The input parameters mentioned above had to have extremely favorable values to 
obtain a solution with FLOW SIM 2. Serious computational difficulties were 
not anticipated with the prismatic channel case study, and a satisfactory 
understanding of why the problems with FLOW SIM 1 and 2 were occurring was 
never reached. Difficulties could have been due to user error or lack of 
skill in applying the programs. The transition from a relatively flat canyon 
floor to steep canyon walls might have caused the computational problems. The 
right combination of distance and time step sizes might never have been 
obtained. 

150. Although significant smoothing was still required, cross-section 
data for the Laurel Run valley were much easier to model than for the Teton 
valley. H~wever, Laurel Run. had the _additional complication of a steep chan
nel bottom slope of roughly 100 ft/mile. In order to obtain a solution with 
the dynamic routing models, the Manning roughness coefficients were increased 
enough to prevent supercritical flow from occurring. Significant time and 
effort involving numerous computer runs were required to overcome nonconver
gence and instability problems. Cross-section data, distance and time steps, 
roughness coefficients, and other input data were varied in a trial-and-error 
manner in an attempt to obtain a solution with input data as close to the 
original best-estimate data as possible. The best runs obtained with DAMBRK 
and FLOW SIM 1 included Manning roughness coefficients that were double the 
actual values. A solution was obtained with FLOW SIM 2 with roughness coef
ficients that were 1.5 times the actual estimated values. For the Laurel Run 
case study, FLOW SIM 2 performed a little better than either FLOW SIM 1 or 
DAMBRK. 

Case study results 

151. The results obtained by applying the various models to the case 
study data sets are summarized in Tables 3-17 and Figures 4-17 in terms of 
peak discharge, peak flow depth, and time to peak flow depth at selected loca
tions along the streams. The Teton and Laurel Run Dams actually failed, and 
field measurements of the resulting flood wave characteristics are available. 
Although the field·measurements are not precise, an opportunity is provided to 
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Table 3 

Peak Discharses for Teton 

Distance Below Dam, miles 
Model 2.5 8.8 55.7 67.5 

Peak Discharge in 1,000 cf s 

Measured 2,300 1,060 90.5 67.3 
DAMBRK 1,890 1,020 203 200 
FLOW SIM 1 1,670 950 150 150 
HEC-1 1,760 1,200 245 220 
SMPDBK ·...;. 2,220 1,740 420 420 
MILHY* 1,890 980 160 160 

Percent of Measured Peak Discharge 

Measured 100 100· 100 100 
DAMBRK 82 96 224 297 
FLOW SIM 1 73 90 167 223 
HEC-1 76 113 270 327 
SMPDBK 97 164 464 620 
MILHY* 100 92 177 238 

* Valley routing was performed with the MILHY model with the reservoir out-
flow hydrograph computed with DAMBRK provided as input data. 

Table 4 

Peak Flow DeEths for Teton 

Distance Below Dam, miles 
Model 2.5 8.9 20.0 35.5 53.8 67.5 90.0 

Peak Flow DeEth, feet 

Measured 18 27 13 20 12 13 
DAMBRK 64 22 23 17 28 29 17 
FLOW SIM 1 63 21 22 16 25 27 11 
HEC-1 78 40 37 29 38 72 30 
SMPDBK 75 5li z~ 29 38 35 
MILHY 78 14 10 10 25 27 20 

Deviation from High-Water Marks, feet 
Measured 0 0 0 0 0 0 
DAMBRK 4 -4 4 8 17 4 
FLOW SIM 1 3 -5 3 5 15 -2 
HEC-1 22 10. 16 18 60 17 
SMPDBK 36 -4 16 18 23 
MILHY -4 -17 -3 5 15 7 
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Table 5 

Time to Peak Flow De12th for Teton 

Distance Below Dam, miles 
Model 2.5 8.9 20.0 35.0 53.8 67.5 90.0 

Time to Peak Flow De12th, hours 
Measured 2.0 2.5 31 36 58 
DAMBRK 1.1 2.7 6.0 12.6 25.0 27.7 36.0 
FLOW SIM 1 4.0 5.9 9.2 15.4 29.1 31.6 41.2 
HEC-1 1.2 1.8 4.5 8.5 12.9 16.0 21.0 
SMPDBK 1.2 2.0 4.5 9.2 16.1 18.3 

Percent of Measured Time 
Measured 100 100 100 100 100 
DAMBRK 55 108 81 77 62 
FLOW SIM 1 200 236 94 88 71 
HEC-1 60 72 42 44 36 
SMPDBK 60 80 52 51 

Table 6 

Peak Discharges, 

DAMBRK Test Data.for Teton 

Distance Below Dam, miles 
Model o.o 5.0 8.5 32.5 37.5 43.0 51.5 59.5 

Peak Discharge, 1,000 cfs 
DAMBRK 1,644 969 894 178 122 100 81 66 
HEC-1 1,227 1,166 865 284 277 257 251 
SMPDBK l_, 632 l_,318 J_,_Q22 226 19h 1139 200 205 
TR 66 1,929 1,321 1,051 270 222 186 166 154 
Bull. 9&10 1,648 1,135 1,046 786 778 879 443 396 

Percent of DAMBRK Peak Discharge 
DAMBRK 100 100 100 100 100 100 100 100 
HEC-1 75 120 97 160 227 257 310 
SMPDBK 99 136 114 127 161 189 247 311 
TR 66 117 136 118 152 182 186 205 233 
Bull. 9&10 100 117 117 442 638 879 547 600 
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Table 7 

Peak Flow DeEths, 

DAMBRK Test Data for Teton 

Distance Below Dam, miles 
Model o.o 5.0 8.5 32.5 37.5 43.0 51.5 59.5 

Peak Flow DeEth, feet 

DAMBRK 96.2 58.7 29.8 21.2 21.8 27.2 27.6 17.8 
HEC-1 91.4 71.9 26.7 21.1 21.5 33.6 52.6 
SMPDBK 103.2 66.0 31.4 21.9 26.2 34.5 42.4 33.0 
TR 66 127.0 87.5 36.2 21.2 26.2 36.2 41.0 30.5 
Bull. 9&10 103.3 73.1 35.8 26.1 31.5 67.6 53.3 38.5 

Deviation from DAMBRK Peak DeEth, feet 
DAMBRK' o.o o.o o.o o.o o.o o.o o.o o.o 
HEC-1 -4.8 13.2 -3.1 -0.1 -0.3 6.4 25.0 
SMPDBK 7.0 7.3 1.6 0.7 4.4 7.3 14.8 15.2 
TR 66 30.8 28.8 6.4 o.o 4.4 9.0 13.4 12.7 
Bull. 9&10 7.1 14.4 6.0 4.9 9.7 40.4 25.7 37.5 

Table 8 

Time to Peak Flow DeEth, 

DAMBRK Test Data for Teton 

Distance Below Dam, miles 
Model o.o 5.0 8.5 32.5 37.5 43.0 51.5 59.5 

Time to Peak Flow DeEth, hours 
DAMBRK 1.33 2-. 6-3 3-. 44 20. 85- 27.53 3i-_37- 33~2Y 33-; 9T 
HEC-1 1. 75 2.00 2.75 9.25 10.00 11. 75 12.50 
SMPDBK 1.3 1. 7 2.4 8.4 10.1 11.4 12.7 14.2 
Bull. 9&10 o.oo 1.33 1.81 11.15 13.68 16.68 18.97 23.6 

Percent of DAMBRK Peak Discharse 
DAMBRK 100 100 100 100 100 100 100 100 
HEC-1 132 76 80 44 36 37 38 
SMPDBK 98 65 70 40 37 36 38 42 
Bull. 9&10 0 51 53 53 50 53 57 69 
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Table 9 

Peak Discharges for Prismatic Channel 

Distance Below Dam, miles 
Model 0 5 10 20 30 40 50 

Peak Discharge, 1,000 cfs 
DAMBRK 3,841 3,468 3,220 2,529 2,135 1, 777 1,567 
HEC-1 3,911 3,558 3,291 2,910 2,520 2,180 1,856 
SMPDBK 4,016 3,235 3,212 3,880 2,620 2,410 2,216 
TR 66* 3,841 2,996 2,612 1,950 1,540 1,300 1,044 
MILHY . 3,841 3,238 2,671 1,734 1, 272 1,024 856 

Percent of DAMBRK Peak Discharge 
DAMBRK 100 100 100 100 100 100 100 
HEC-1 102 103 102 115 118 123 118 
SMPDBK 105 93 100 114 123 136 141 
TR 66* 100 86 81 77 72 73 67 
MILHY 100 93 83 69 60 58 55 

* The TR 66 procedure resulted in a peak discharge at the dam of 
1,931,000 cfs, which is much smaller than the values obtained with the other 
models. Consequently, the DAMBRK peak discharge at the dam of 3,841,000 cfs 
was used with all other computations performed with the TR 66 procedure. 

Table 10 

Peak Flow De2ths for Prismatic Channel 

Distance Below Dam, miles 
Model 0 5 10 20 30 40 50 

Peak Flow De2th, feet 

DAMBRK 114.6 103.9 93.6 83.9 75.3 68.9 53.0 
HEC-1 145.1 135.8 136.0 137.8 147.5 
SMPDBK 112.6 100.2 89.5 84.0 79.9 76.7 73.0 
TR 66 123.0 107.9 89.0 75.3 66.4 61.0 54.4 
-G~ap.~s 11-9.5 HH .-6 -95 .-8 -81.1 iH.S 71J. i 72.8 
MILHY 114. 7 98.4 84.3 67.2 57.9 51.6 47.6 

Deviation from DAMBRK Peak Flow De2th, feet 
DAMBRK o.o 0.0 o.o o.o o.o o.o o.o 
HEC-1 51.5 51.9 60.7 68.9 94.5 
SMPDBK -2.0 -3.7 -4.1 0.1 4.6 7.8 20.0 
TR 66 8.4 4.0 -4.6 -8.6 -8.9 -7.9 1.4 
Graphs 4.9 -2.3 2.2 3.8 6.5 9.2 19.8 
MIL HY 0.1 -5.5 -9.3 -16.7 -17.4 -17.3 -5.4 
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Table 11 

Time to Peak Flow DeEth, 

Prismatic Channel 

Distance Below Dam, miles 
Model 0 5 10 20 30 40 50 

Time to Peak DeEth, hours 
DAMBRK 1.00 1.15 1. 30 1.65 2.10 2.61 2.99 
HEC-1 1.30 1. 72 2.17 2.76 3.13 
SMPDBK 1.00 1.20 1.50 1. 97 2.45 2.98 3.50 
Graphs o.oo 0.43 0.68 1.07 1.36 1. 75 2.22 

Percent of DAMBRK Time to Peak DeEth 
DAMBRK 100 100 100 100 100 100 100 
HEC-1 100 104 103 105 105 
SMPDBK 100 104 115 119 117 114. 117 
Graphs 0 37 52 65 65 67 74 

Table 12 

Peak Discharges for Laurel Run 

Peak Discharge, cfs Percent of 
Model 1 mile Below Dam Measured 

Measured 37,000 

DAMBRK 36,500 99 
FLOW SIM 1 34,800 94 

. FLOW SIM 2 32,900 89 
HEC-1 37,800 102 
SMPDBK 53,800 145 
MILHY 27;800 75 
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Table 13 

Peak Flow De2ths for Laurel Run 

Distance Below Dam, feet 
Model 400 2,000 4,000 6,000 8,000 10,000 12,000 

Peak Flow De2th, feet 
Measured 11.0 16.0 17.5 18.5 15.0 14.0 17.0 
DAMBRK 16.2 17.1 17.7 15.7 21.1 18.2 16.4 
FLOW SIM 1 14.7 17.9 20.0 15.3 23.9 20.4 15.5 
FLOW SIM 2 11.8 15.5 16.8 13.5 20.8 17.4 13.3 
HEC-1 16.1 31. 7 24.6 28.9 23.7 22.7 29.2 
SMPDBK 10.7 17.4 17.8 16.6 16.3 15.3 25.4 
Graphs 23.4 20.5 19.0 18.0 16.4 15.4 15.1 
MILHY 14.7 13.5 13.8 11. 2 20.8 9.2 10.4 

Deviation from High-Water Marks, feet 
Measured o.o o.o o.o o.o o.o o.o o.o 
DAMBRK 5.2 1.1 0.2 -2.8 6.1 4.2 -0.6 
FLOW SIM 1 3.7 1.9 2.5 -3.2 8.9 6.4 -1.5 
FLOW SIM 2 0.8 -0.5 -0.7 -5.0 5.8 3.4 -3.7 
HEC-1 5 .1 15.7 7.1 10.4 8.7 8.7 12.2 
SMPDBK -0.3 1.4 0.3 -1. 9 1. 3 1.3 8.4 
Graphs 12.4 4.5 1.5 -0.5 1.4 1.4 -1.9 
MILHY 3.7 -2.5 -3.7 -7.3 5.8 -4.8 -6.6 

Table 14 

Time to Peak Flow De2th for Laurel Run 

Distance Below Dam, miles 
-Model -~00 2,000 4 ,-000 -6,-000 iJ,-ooo 1-0, 000 12,000 

Time to Peak Flow De2th, hours 
DAMBRK 0.26 0.28 0.33 0.35 0.41 0.44 0.49 
FLOW SIM 1 0.35 0.37 0.41 0.44 0.50 0.53 0.60 
FLOW SIM 2 0.36 0.38 0.41 0.43 0.48 0.50 0.55 
HEC-1 0.25 0.27 0.28 0.32 0.33 0.35 0.38 
SMPDBK 0.3 0.3 0.3 0.3 0.4 0.4 0.4 
Graphs 0.01 0.03 0.06 0.09 0.12 0.15 0.18 
MILHY 
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Table 15 

Peak Discharses for Stillhouse Hollow 

Distance Below Dam, miles 
Model o.o 3.03 4.98 7.48 15.38 21.09 29.02 33.43 

Peak Discharge, 1,000 cfs 

DAMBRK 2,783 2,683 2,550 2,477 2,342 2,296 2,220 2,228 
HEC-1 2,644 2,511 2,428 2, 363 2,258 1,878 1,756 
SMPDBK 3,827 2,826 2,872 2,870 2,888 2,554 2,203 2,038 
TR 66 2,783 2,421 2,241 2,060 1,698 1,503 1,239 1, 113 
Bull. 9&10 3,000 2,505 2,376 2,240 1,854 1,695 1,521 1,413 
MILHY 2,783 2,660 2,591 2,502 2,215 2,059 1,807 1,686 

Percent of DAMBRK Peak Discharge 

DAMBRK 100 100 100 100 100 100 100 100 
HEC-1 95 94 95 95 96 82 79 
SMPDBK 138 105 113 116 123 111 99 91 
TR 66 100 90 88 83 73 65 56 50 
Bull. 9&10 108 93 93 90 79 74 69 63 
MILHY 100 99 102 101 95 90 81 76 

Table 16 

Peak Flow DeEths for Stillhouse Hollow 

Distance Below Dam, miles 
Model o.o 3.03 4.98 7.48 15.38 21.09 29.02 33.43 

Peak Flow DeEth, feet 

DAMBRK 137.8 88.6 91.4 85.5 74.l 67.5 59.5 58.2 
HEC-1 77 .o 71.8 79.6 82.5 67.4 71.2 56.2 
SMPDBK 131. 2 103.1 93.4 99. 0 - 78.0 82.l 73.6 79.2 
TR 66 101.0 97.5 76.5 93.0 58.0 62.0 48.5 51.0 
Graphs 142.3 132.5 129.2 125.2 116. 7 112. l 107.4 105. l 
Bull. 9&10 99.0 94.4 75.0 92.9 58.8 63.8 50.2 53.9 
MIL HY 76. 9- 79.0 8-3-. 7 8-4-. 3- 75.6 66. o- 6-4. o- SS-. o--

Deviation from DAMBRK Peak DeEth, feet 

.DAMBRK o.o o.o 0.0 o.o o.o o.o o.o o.o 
HEC-1 -60.8 -16.8 -11.8 -3.0 -6.7 3.7 -3.3 
SMPDBK -6.6 14.5 2.0 13.5 3.9 14.6 14.1 21.0 
TR 66 -36.8 8.9 -14.9 7.5 -16.1 -5.5 -11.0 -7.2 
Graphs 4.5 43.9 37.8 39.7 42.6 44.6 47.9 '46.9 
Bull. 9&10 -38.8 5.8 -16.4 7.4 15.3 -3.7 -9.3 -4.3 
MILHY -60.9 -9.6 -7.7 -1.2 1.5 -1.5 4.5 -3.2 
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Table 17 

Time to Peak Flow De2th for Stillhouse Hollow 

Distance Below Dam, miles 
Model o.o 3.03 4.98 7.48 15.38 21.09 29.02 33.43 

Time to Peak Flow De2th, hours 
DAMBRK 4.2 4.6 4.8 5.0 6.2 6.6 7.6 7.2 
HEC-1 4.2 4.6 5.0 5.6 6.4 8.6 9.6 
SMPDBK 4.0 4.3 4.6 5.0 6.0 6.9 8.5 9.4 
Graphs o.o 0.6 0.9 1.0 1.8 2.4 3.2 3.7 
Bull. 9&10 o.o l. 7 2.2 3.0 5.6 7.0 8.9 10.0 

Percent of DAMBRK Time to Peak Flow De2th 
DAMBRK 100 100 100 100 100 100 100 100 
HEC-1 100 100 104 112 103 130 126 
SMPDBK 95 93 96 100 97 105 112 131 Graphs 0 13 19 20 29 36 42 51 
Bull. 9&10 0 37 46 60 90 106 117 139 
MILHY 

test the accuracy of the models. The tables compare computed to measured peak 
discharges and times to peak flow depth by expressing computed values as a 
percentage of measured values (computed value divided by measured value times 
100 percent). Peak flow depths are expressed in terms of deviation from 
high-water marks in feet (computed depth minus measured depth). Although mea
sured flood data do not exist for the Stillhouse Hollow and hypothetical pris
matic channel case studies, comparison of results obtained with the 
alternative models still provides a meaningful analysis of model performance. 
For these case studies, the DAMBRK results are used as a basis for comparison. 
Results from the other models are expressed in the tables as a percentage of 
or deviation from the DAMBRK results. 

152. Indirect measurements of peak discharges for the Teton flood at 
five locations and the one peak discharge indirect measurement for the Laurel 
Run flood are indicated in the tables and figures. Field measurements of 
high-water elevations were available at a number of locations for both the 
Teton and Laurel Run floods. The field measurements were interpolated as 
necessary to obtain the high-water elevations at the locations indicated in 
the tables. The various models have different schemes for determining the 
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channel locations at which results are printed. To facilitate comparison, 
model results were interpolated as necessary to obtain values for all the 
models at the same channel locations. 

153. Table 18 represents an attempt to provide a concise quantitative 
measure of the performance of the models in each case study. Average devia
tion in peak flow depth is used to compare the models. The average deviation 
was computed by averaging the absolute values of the deviations shown in 
Tables 4, 7, 10, 13, and 16. 

Teton case study 

154. The Teton Dam case study actually consisted of two data sets. The 
DAMBRK computer program package obtained from the HEC included a set of test 
data for use in loading and checking the computer program. These test data 
are from the Teton flood but may not be completely representative of the flood 
in all respects. The cross sections are smoothed. The test data were run in 
the process of loading DAMBRK in the computer and provided a conveniently 
available data set for other purposes as well. This data set included 
12 c:oss sections covering a 60-mile reach.below the dam. HEC-1, SMPDBK, 
TR 66, and Military Hydrology Bulletins 9 and 10 were applied to the test data 
set as part of this study. However, an original data set was developed 
directly from topographic maps and data from the US Geological Survey report, 
independently of the test data. This data set had 21 cross sections covering 
102 miles. DAMBRK, FLOW SIM 1 and 2, HEC-1, MILHY, and SMPDBK were applied to 
the original Teton data set. 

155. In regard to the original data set, the valley geometry of the 
Teton and Snake Rivers,belcw the Teton- Ganyon was s~gni-fi-eantiy-smouthed-tu 
obtain convergence to a solution with the dynamic wave models. The results 
shown were obtained assuming no volume losses. Otherwise, the input data were 
reasonably close to the best estimate of actual conditions. Since MILHY has 
no breach simulation capability, the reservoir outflow hydrograph computed 
with DAMBRK was provided as input data for MILHY. 

156. Table 18 shows that, for the seven locations included in Table 4, 
the difference between computed and measured flood depths averaged 6.8, 5.5, 
23.8, 19.4, and 8.5 ft for DAMBRK, FLOW SIM 1, HEC-1, SMPDBK, and MILHY, 
respectively. Thus, the differences between computed and measured peak water
surface profiles were large for all five models. FLOW SIM 1, DAMBRK, and 
MILHY were significantly more accurate than SMPDBK and HEC-1. Peak discharges 
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Model 

DAMBRK 
FLOW SIM 1 
FLOW SIM 2 
HEC-1 
SMPDBK 
TR 66 
Graphs 
Bull. 9&10 
MILHY 

Notes: 

Table 18 

Average Deviation in Peak Flow Depth 

Teton 

6.8 
5.5 
no 

23.8 
19.4 

8.5 

Laurel 
Run 

2.9 
4.0 
2.8 
9.7 
2.1 

3.4 

4.9 

Teton Prismatic 
Test Data Channel 

o.o 0.0 
no 
no 

7.6 65.5 
7.3 6.0 

13.2 6.3 
7.0 

18.2 
10.2 

Stillhouse 
Hollow 

o.o 
no 
no 

15.2 
11.3 
13.5 
38.5 
12.6 
11.3 

The values given are average deviations-in feet computed by averaging the 
absolute values of the deviations in Tables 4, 7, 10, 13, and 16. 
For the Teton and Laurel Run case studies, the deviation is the maximum water
surface elevation computed with the model minus the measured high-water 
elevation. · 

For the Teton test data, prismatic channel, and Stillhouse Hollow Dam case 
studies, the deviation is the maximum water-surface elevation computed using a 
given model minus that computed using DAMBRK. 
The MILHY and TR 66 analyses were limited to valley routing with the reservoir 
outflow hydrograph computed with DAMBRK provided as input data • 

. computed with DAMBRK were 82 to 297 percent of the measured peak discharges. 
FLOW SIM 1, MILHY, HEC-1, and SMPDBK had peak discharges of 73 to 223 percent, 
92 to 238 percent, 76 to 327 _percent_~ and 97 .to .62D 1>.er.c.en.t~ r.esp.e.cti.v.ely., .of 
the measured values. Table 5 shows that the computed times to peak depth were 
significantly less than measured values. The FLOW- SIM l times to peak shown 
in the table are actually not comparable to the other data because the breach 
began to form about 2 hr after time zero when the simulation began. 

157. FLOW SIM 2 is not shown; because of computational instability, a 
solution was not obtained.. The dimensionless graphs were considered to be 
almost meaningless for the extremely nonprismatic valley of the Teton and 
Snake Rivers. 

158. For the Teton data furnished as test data with DAMBRK, the average 
deviations in peak flow·depth shown in Table 18 are based on a comparison with 
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the DAMBRK values. SMPDBK, HEC-1, TR 66, and Military Hydrology Bulletins 9 
and 10 resulted in peak flow depths averaging 7.3, 7.6, 13.2, and 18.2 ft, 
respectively, higher than those computed with DAMBRK. Peak discharge and time 
to peak depth variations are shown in Tables 6 and 8. 

Hypothetical pris
matic channel case study 

159. Even with a prismatic channel, the results obtained with the dif
ferent models varied significantly. The peak flow depths computed using the 
alternative models are compared in Tables 10 and 18 using the DAMBRK results 
as a base for comparison. The DAMBRK peak depths for the seven locations 
shown in Table 10 averaged 84.7 ft. Deviations from the DAMBRK peak depths 
averaged 6.0, 6.3, 7.0, 10.2, and 65.5 ft for SMPDBK, TR 66, dimensionless 
graphs, MILHY, and HEC-1, respectively. HEC-1 peak depths were from 155 to 
278 percent of the DAMBRK peak depths. MILHY peak depths varied from 75 to 
100 percent of the DAMBRK peak depths. The peak depths for SMPDBK, TR 66, and 
the dimensionless graphs are from 88 to 114 percent of the DAMBRK results.for 
the first 40 miles. SMPDBK and the dimensionless graphs peak depths were 
138 percent of the DAMBRK depth at mile 50. 

160. HEC-1 peak discharges were from 102 to 123 percent of the DAMBRK 
values. SMPDBK peak discharges were from 93 to 141 percent of the DAMBRK val
ues. As discussed below, the TR 66 peak discharge was set equal to 100 per
cent of the DAMBRK value at the dam. The TR 66 peak discharge decreased to 
67 percent of the DAMBRK value 50 miles below the dam. The dimensionless 
graphs do not provide peak discharges. 

161. Times to peak depth are shown in Table 11. HEC-1 and DAMBRK 
results varied by 6 percent or less. SMPDBK times to peak were within 20 per
cent of DAMBRK. The dimensionless graph times were significantly less than 

· the other models due to the assumption of an instantaneous complete removal of 
the dam. TR 66 does not provide times to peak. 

162. The base-run breach characteristics consisted of a 500-ft-wide 
rectangular overtopping breach formed over a 1-hr time period. Breach dimen
sions varied linearly with time. DAMBRK, HEC-1, and SMPDBK have the capabil
ity .to model this type of breach. The dimensionless graphs are based on an 
instantaneous complete removal of the dam. The TR 66 breach outflow procedure 
is based on reservoir depth versus peak breach outflow data from actual past 
dam failures. This procedure resulted in a peak discharge at the dam of 
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1,931,000 cfs, which is about half the values computed with the other models. 
The TR 66 valley routing procedure is independent of the breach peak discharge 
computation procedure. Consequently, the DAMBRK peak discharge at the dam of 
3,841,000 cfs was adopted for the TR 66 analysis shown in the tables, with all 
the other computations following the TR 66 procedure. 

163. A solution could not be obtained for the base-run breach charac
teristics using FLOW SIM 1 and 2 due to difficulties with computational insta
bility. Successful runs with FLOW SIM 1 and DAMBRK for a breach width of 
100 ft were similar in terms of results. Peak discharges computed with FLOW 
SIM 1 were from 85 to 90 percent of those computed with DAMBRK. FLOW SIM 1 
peak depths were 95 to 98 percent of the DAMBRK peak depths. 
Laurel Run case study 

164. The one indirect peak discharge measurement on Laurel Run was made 
at a location about a mile below the dam. The peak discharges computed with 
DAMBRK, FLOW SIM 1, FLOW SIM 2, HEC-1, and SMPDBK were 99, 94, 89, 102, and 
145 percent of the measured value. 

165. Deviations from the measured high-water elevations at seven loca
tions evenly spaced along the channel averaged _2.1, 2.8, 2.9, 3.4, 4.0, 4.9, 
and 9.7 ft for SMPDBK, FLOW SIM 2, DAMBRK, dimensionless graphs, FLOW SIM 1, 
MILHY, and HEC-1, respectively. The average measured flow depth was 15.6 ft. 
The DAMBRK peak depths were from 85 to 141 percent of the measured values. 
FLOW SIM 1, FLOW SIM 2, MILHY, and HEC-1 peak depths were 83 to 159 percent, 
78 to 139 percent, 61 to 138 percent, and 146 to 198 percent, respectively, of 
measured values. SMPDBK and the dimensionless graphs peak depths were 90 to 
149 percent and 89 to 213 percent of measured. 

-166. --The ·times to peak ·flow aepfh computea with the alternative models 
are shown in Table 14. Corresponding measured data are not available. The 
FLOW SIM 1 and FLOW SIM 2 times are not comparable to the DAMBRK times because 
DAMBRK started the breach at time zero and FLOW SIM 1 and FLOW SIM 2 started 
the breach several minutes after time zero. The assumption of an instanta
neous breach with the dimensionless graph resulted in the times being less 
than those computed with the other models. A breach formation time of 15 min 
was used in the other models. 

167 •. The Manning roughness coefficients were increased in the dynamic 
routing models to prevent supercritical flow from occurring. The values used 
in DAMBRK and FLOW SIM 1 were twice the actual estimated values. FLOW SIM 2 
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used roughness coefficient values 1.5 times the actual estimated values. As 
discussed in the later section on sensitivity analyses, doubling the Manning 
roughness coefficients raises the peak water-surface profile several feet. 
Thus, the flow depths shown for the three dynamic routing models should be 
significantly higher than those actually observed. 

Stillhouse Hollow case study 

168. The average deviations in peak depth between the values computed 
by DAMBRK and the other models at the seven locations indicated in Table 16 
are shown in Table 18. The average deviations for MILHY, SMPDBK, Military 
Hydrology Bulletins 9 and 10, TR 66, HEC-1, and the dimensionless graphs were 
11.3, 11.3, 12.6, 13.5, 15.2, and 38.5 ft. The average peak depth computed 
with DAMBRK was 82.8 ft (Table 16). Thus, the average deviation in peak depth 
between DAMBRK and either SMPDBK or MILHY was 13.6 percent of the DAMBRK 
average peak depth. Comparing the dimensionless graphs with DAMBRK, the dif
ference is 66 percent. 

169. The HEC-1 peak discharges (Table 15) ranged from 79 to 96 percent 
of the DAMBRK peak discharges. MILHY, SMPDBK, TR 66, and Military Hydrology 
Bulletins 9 and 10 peak discharges ranged from 76 to 102 percent, 91 to 
138 percent, 50 to 100 percent, and 63 to 108 percent, respectively, of the 
corresponding DAMBRK results. 

170. The times to peak flow depth (Table 16) computed with HEC-1, 
SMPDBK, dimensionless graphs, and Bulletins 9 and 10 ranged from 100 to 
130 percent, 93 to 131 percent, 0 to 51 percent, and 0 to 139 percent, respec
tively, of the corresponding DAMBRK values. The dimensionless graphs and 
Military Hydrology Bulletins 9 and 10 are based on the assumption of an 
instantaneous failure. A breach time of 4 hr was used in the other models. 

171. The peak discharge at the dam was computed to be 1,174,000 cfs 
·using the TR 66 procedure, which is based on reservoir depth versus discharge 
data from actual past dam failures. Since the TR 66 peak discharge at the dam 
is much less than the values computed using the other models, the DAMBRK value 
of 2,783,000 cfs was adopted for the TR.66 analysis with all other computa
tions following the TR 66 procedure. 
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Sensitivity Analyses 

172. The comparative summary of results presented in the preceding 
paragraphs was limited to a single base run for each model applied to each 
case study. Numerous other runs were made with variations in the values of 
selected input data. Analyses were thus made of the sensitivity of model 
results to key input parameters. The sensitivity analyses also provided an 
additional test of model performance by verifying that results respond in a 
reasonable manner to changes in input data. Several of the key sensitivity 
analyses are summarized in the following paragraphs. 

173. Quantifying breach characteristics is a major area of modeling 
uncertainty. Mathematically reproducing the actual Teton and Laurel Run 
breaches accurately is difficult even though information regarding the 
breaches is available. Predicting the breach characteristics of a dam that 
has not actually failed is necessarily highly uncertain. Consequently, a num
ber of the sensitivity analyses focused on breach parameters. The effects of 
varying breach parameters are most pronounced near the dam, diminishing down
stream. An analysis of the Teton flood using DAMBRK indicates that changing 
the breach time from 1 to 2 hr, with all other input data held constant, 
results in an 8.2-ft decrease in peak stage just below the dam, diminishing to 
a 0.4-ft decrease 9.5 miles below the dam and a few tenths of a foot or less 
change at locations further downstream. Changing the breach time from 1 to 
0.5 hr increases the peak stage 1.8 ft at the dam, diminishing to essentially 
no change 9.5 miles below the dam. A DAMBRK analysis of the prismatic channel 
case study shows that widths of the rectangular breach of 100, 300, and 500 ft 

_result -in-peak-depths of -62.5, -9-9.2, and -H-4.-6 -ft just below the dam. Corre
sponding depths 50 miles downstream are 42.6, 50.9, and 53.0 ft. The results 
of this sensitivity analysis are plotted in Figures 18-20. A FLOW SIM 1 anal-
ysis of the Laurel.Run data set indicates that doubling the breach time from 

· 15 to 30 min results in a 3.0-ft decrease in peak stage just below the dam and 
a 0.5-ft decrease 2.5 miles downstream. Reducing the breach time from 15 to 
5 min results in a 2.1-ft peak stage increase just below the dam and a 0.5-ft 
increase 2.5 miles downstream. Figure 21 shows the sensitivity of peak 
discharges to breach time for the Laurel Run data. 

174. The DAMBRK analysis indicates that a 50-percent increase in the 
Manning roughness coefficient (n) values for Teton results in an increase in 
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peak stage of 1 to 2 ft along most of the valley but up to almost 15 ft near 
the dam. For the prismatic channel case study, DAMBRK results indicate that a 
SO-percent increase in Manning n values results in a 22-ft increase in peak 
stage at the dam and a 4-f t increase 40 miles below the dam. The Manning n 
sensitivity analysis results for the prismatic channel are also shown in Fig
ures 18-20. Doubling Manning n values in the FLOW SIM 2 analysis of Laurel 
Run increased peak stages from 3 to 6 ft. 

175. With DAMBRK, FLOW SIM 1, and FLOW SIM 2, active and inactive flow 
areas can be differentiated. The inactive areas represent portions of the 
valley which provide significant storage with negligible conveyance. The 
dynamic routing models are the only models which can simulate this flow char
acteristic. The valley below Teton Dam was modeled with a significant portion 
of many of the cross sections designated inactive, containing storage but not 
conveying flow. Runs were also made in which the total area at each cross 
section_ was designated active, with no inactive areas. DAMBRK peak discharges 
computed using a best-estimate division between active and inactive areas, and 
discharges computed assuming the entire cross section to be active are shown 
in Figure 22. In the downstream reaches, flows depths were up to 8 ft higher 
for the run that did not consider inactive areas. 

176. The Teton Dam failure resulted in a tremendous flood wave inundat
ing a large area of dry ground. American Falls Reservoir, located 100 miles 
downstream, contained the entire inflow; however, about a third of the total 
volume released from Teton Reservoir was lost before reaching American Falls 
Reservoir. The DAMBRK analysis included runs with and without volume losses. 
Near the dam, volume losses have little effect on peak stage but decrease it 
by up to 10 ft further downstream. This means that near the downstream end of 
the study reach, peak flow d-epth determined- wnliout vorume foss iS over twice 
the depth with volume loss. The peak discharges with and without volume 
losses are shown in Figure 22. 

177. The number of routing steps or subreaches in a reach (HEC-1 vari
able NSTPS) is a calibration parameter used in the modified Puls routing pro
cedure. In the absence of observed hydrographs to use for model calibration, 
the number of routing steps associated with each reach is difficult to 
estimate precisely. Values of the NSTPS parameter are often approximated as 
the reach travel time divided by the computational routing time interval~ The 
case study analyses showed that selection of NSTPS values for each routing 
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reach significantly affected the results obtained with HEC-1. Figure 23 com

pares runs with different NSTPS values for the hypothetical prismatic channel 

case study. NSTPS values of 4, 5, 7, 8, and 13 were estimated for each of 

five reaches using the rule-of-thumb that the number of subreaches should be 

approximately the travel time divided by the routing interval (HEC 1981). 

Alternative runs made with NSTPS values of 1 for all reaches and also with 

constant values of 5 and 10 for all reaches are also included in Figure 23. 
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PART IV: MODEL EVALUATION AND COMPARISON 

178. The following comparative evaluation of dam-breach flood forecast
ing models extends and elaborates upon the material addressed in the preceding 
two parts of this report. Conclusions are reached based upon: (a) considera
tion of the underlying concepts and theory incorporated into the models and 
analysis capabilities provided by the models, (b) findings reported in the 
published and unpublished literature with respect to application, testing, 
evaluation, and comparison of various models, and (c) experience gained in the 
case study analyses reported in Part III. The objective is to provide an 
overall assessment of the state of the art of dam-breach flood wave analysis 
which can serve as a basis for selecting and adapting specific models for 
military use. The approach taken is to focus on a select group of leading 
models which are representative of the current state of the art. 

Comparative Evaluations Reported in the Literature 

179. The currently available dam-breach flood forecasting models have 
been tested and evaluated to various extents by the model developers and 
users. A typical approach for testing the models.has been to analyze past dam 
failures and compare the model results with actual measured field data. Sig
nificant experience has been acquired in applying several of the models in dam 
safety studies. However, few investigations have been made of the trade-offs 
and merits of the models relative to each other. Military Hydrology Report 9 
(Wurbs 1985a) addresses the availability of reported studies which test, eval
uate, and compare available dam-breach flood forecasting models. Several 
studies similar to or particularly pertinent to the comparative evaluation 
reported herein are cited below. 

US Geological Survey 

180. An evaluation of four dam-break flood wave computer programs was 
made by Larry F. Land of the USGS Gulf Coast Hydroscience Center, using three 
data sets and selected criteria of desirable model features. The investiga
tion is documented in detail in a USGS report (Land 1980a) and is also dis
cussed in a journal article (Land 1980b). 

181. The models evaluated were the NWS Dam-Break Flood Forecasting 
Model (DAMBRK), the.HEC Gradually Varied Unsteady Flow Profile Model (USTFLO), 
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the USGS coupled method of characteristics and general-purpose linear implicit 
finite difference models (MOC-LIF), and the USGS modified Puls model (MP). 
The data sets were from failures of Teton Dam, Idaho, in 1976; Laurel Run Dam, 
Pennsylvania, in 1977; and Kelly Barnes Dam, Georgia, in 1977. The criteria 
for model evaluation were several desirable dam-break model features and the 
models' ability to accurately simulate field occurrences. The desirable fea
tures included such items as requiring only readily available data; having 
numerical stability and accuracy; simulating flow on hydraulically mild or 
steep slopes; and having simplicity, flexibility, and economy. 

182. Land's results and conclusions are summarized as follows. Model 
results were compared with field data. Except for the Teton Dam analysis, 
computed peak discharges were often within 20 percent of the values obtained 
by indirect methods based on the field data. Computed crest elevations were 
usually within 2 ft of high-water marks. Results for the Teton Dam showed 
greater deviations between computed and measured values than for the other two 
dams. (The Teton and Laurel Run dam failures are included in the case study 
analysis performed as a part of the investigation reported herein, except that 
102 miles of the valley below Teton Dam was modeled rather than the 9 miles 
included in Land's studies.) 

183. Although no error analysis between the computed and observed data 
was made, it appeared that the DAMBRK model achieved the best results. The MP 
model appeared to be second best. The MOC-LIF tended to compute high dis
charges and stages in the stream reach immediately below the dam and also had 
relatively high mass-balance errors. 

184. The MP model was most stable, followed by DAMBRK, MOC-LIF, and 
USTFLO. The MOC-LIF model often required minor time step and data alterations 
to achieve stability. The results from the MOC-LIF simulations showed some 
irregularities. Occasionally, the USTFLO model would not stabilize. 

-1~5. -Anotherreature evaluated was the ease of getting the model opera
tional, making minor adjustments for subsequent runs, and making calibrations 
and production runs. The MP model was easiest to get running. The most dif
ficult were the MOC~LIF and the USTFLO. Major data alterations are likely to 
be required for the LIF model. To prevent failure, the USTFLO model may also 
require major data alterations. The MP and DAMBRK models were easiest to run 
because they are one-step operations. The USTFLO model usually requires four 
steps but may require more if a separate model is used to determine the 
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initial conditions. The MOC-LIF models require the user to perform several 
lengthy tasks when transferring the necessary information during the coupling 
step. The MOC model requires unusual data that are not needed in the other 
models. The printout from all the models is fairly easy to read. 

186. The USTFLO and LIF models are not programmed to simulate super
critical flow. As progrannned, the MOC model is unable to represent complex 
channel geometry, such as irregular shapes, variable roughness with depth, or 
overbank storage. 

187. In terms of computer costs, the MP model was the least expensive. 
Compared to the MP model, the DAMBRK and USTFLO models seemed to be about 
5 times more expensive and the MOC-LIF about 50 times more expensive. The 
MOC-LIF model has the potential of being extremely expensive. 

188. A primary objective of the investigation was to identify the dam
break flood wave model that would be expected to perform best for most appli
cations. The NWS Dam-Break Flood Forecasting Model (DAMBRK) was selected as 
the best general-purpose dam-break model. Based on the results of this inves
tigation, the USGS made minor modifications to DAMBRK to emphasize general
purpose dam-break applications and developed a user's manual for their version 
of the model (Land 1981). 

Georgia Safe Dams Task Force 

189. A journal paper by George F. McMahon of the USAED, Savannah, 
describes the work of an interagency task force in developing a model dam
break flood hazard ordinance for counties and municipalities and adapting the 
ordinance to Gwinnett County, Ga. (McMahon 1981). The task force developed 
guidelines to establish criteria for reasonably accurate determinations of 
inundated areas due to dam failures. Efforts were made while developing the 
guidelines to reconunend dam-break flood forecasting methods that are theoreti
cally applicable, are reasonably easy to apply to large numbers of dams, and 
will withstand legal and technical scrutiny for purposes of amending dam-break 
flood hazard zones determined by the State. 

190. In order to select a model for general application, the following 
four alternative models were considered in detaili HEC-1, DAMBRK, USTFLO, and 
MOC-LIF. These four models were considered to be well documented and tested. 
The many other models for unsteady flow simulation were believed to offer no 
significant advantage over these four, are generally proprietary, and are 
neither documented nor readily available. (Note that these are the same 
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models evaluated by Land (1980a), except HEC-1 is included instead of the USGS 
modified Puls model.) The kinematic wave option in HEC-1 was used for the 
downstream routing. 

191. McMahon (1981) outlines the use of each of the four models and 
presents the following summary remarks. 

a. HEC-1 is well documented, easily applied, and incorporates 
variation in breach geometry and time rate of breach forma
tion. It is· presently limited to single-dam applications with 
dry downstream channels. 

b. DAMBRK is designed specifically for dam-break floods and is 
easily applied and extremely versatile. It handles variable 
breach and time rate of breach formation, using storage or 
dynamic routing in the reservoir. Cross sections may be 
irregularly spaced. Multiple domino-type dam failures can be 
handled. It will route supercritical or subcritical flow. 

c. USTFLO was designed for river routing, and usage for dam-break 
floods is difficult. It requires relatively small time steps 
and fixed distance steps. 

d. MOC-LIF is not widely used. The dam is treated as an internal 
node. A single bore is propagated. Only subcritical flow can 
be handled. Analysis is limited to single dams. Trapezoidal 
cross sections, evenly spaced distance steps, and small time 
steps are required. Computational cost is relatively 
expensive. 

192. The four models were compared by use of a weighted decision 
matrix. Criteria for acceptance were established and assigned weighting f ac
tors that reflect the opinions of the investigator developed during the study. 
Each model was assigned a number between 1 and 10 for each acceptance crite
rion, with 10 signifying "best." The selection matrix is reproduced below. 

Model 
Criteria (Weighting Factor) HEC-1 DAMBRK USTFLO MOC-LIF 

Theoretical applicability (0.30) 5 8 7 8 
Ease of usage, input data requirements (0.25) 9 8 3 5 

-Tot-al -u-sage --cust -(o.-t5) -9 -a 6 5 
Versatility (0.2) 6 9 6 5 
Availability, documentation, and user 

experience (0.1) 10 9 8 4 
Total 7.3 8.3 5.75 5.80 

193. Based on the decision matrix, DAMBRK is the best model, followed 
by HEC-1. DAMBRK was the model recommended and included in the guidelines 
developed by the task force. 
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Tennessee Water Resources Research Center 

194. An investigation conducted by Bruce A. Tschantz, Professor of 

Civil Engineering, and Reza M. Mojib, Graduate Research Assistant, University 

of Tennessee, under the sponsorship of the Office of Water Research and Tech

nology, is documented by the report "Application of and Guidelines for Using 

Available Dam Break Models" (Tschantz and Mojib 1981). The report states 

that, based on a literature review and informal survey of model users and 

potential users, it is evident that few models are ready for immediate general 

application. The DAMBRK and HEC-1 computer programs and the SCS Simplified 

Dam Breach Routing Procedure given in SCS TR 66 were chosen for testing and 

evaluation. The three models were tested by application to a 36-ft-high 

earthen dam impounding a 1.1-mile-long, 3,900-acre-ft reservoir. 

195. For the test dam, DAMBRK was found to produce 1.3 to 8.9 percent 

lower peak flows than HEC-1, depending on the location along the stream. 

DAMBRK and HEC-1 produced consistently close times to peak. The maximum flow 

profiles were similar for all three models, with the greatest variation being 

between the SCS method and the other two models. DAMBRK required signifi

cantly more computer time and manpower than the other two methods. 

Illinois State Water Survey 

196. Krishan P. Singh and Arni Snorrason of the University of Illinois 

conducted a study for the Illinois State Water Survey which included a com

parison of DAMBRK and HEC-1 (Singh and Snorrason 1982). The study focused on 

peak discharges and stages occurring at short distances below the breached 

dam. DAMBRK and HEC-1 were applied to assumed failures of eight selected 

earthen dams located in Illinois. 

197. The report presents results of the various simulations. The fol

lowing general remarks were made regarding the experience gained in applying 

DAMBRK and HEC-1~ In generalL the flood staga profiles predicted by-DAMBRK

were smoother and more reasonable than those predicted by HEC-1. For channels 
with relatively steep slopes, results for the various methods were similar, 

whereas, for channels with mild slopes, HEC-1 often predicted oscillating, 

erratic flood stages. No problems were posed in obtaining solutions with 

HEC-1. Nonconvergence problems were experienced in applying DAMBRK. The 

problems were solved by adjusting the initial flow and the time and distance 

steps. In one case, Manning's roughness coefficient was adjusted to prevent 
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flow from changing from subcritical to supercritical as the discharge 
increased. 

Soil Conservation Service 

198. Keefer and Peck (1982) document the results of an evaluation of 
one-dimensional unsteady flow models for use in SCS programs. The study con
sisted of interviews with researchers in universities, private organizations, 
and Federal agencies throughout the United States, supplemented by information 
in research publications. A number of unsteady flow models were investigated. 
Of the conclusions reached in this study, the following are most pertinent to 
the present discussion. 

a. The National Weather Service DWOPER and DAMBRK models are the 
most highly developed and widely accepted channel and dam
break routing models currently available. 

b. The weighted nonlinear, four-point implicit finite difference 
solution of the full St. Venant equations is the best 
available. 

Overview Assessment of Modeling Capabilities 

199. DAMBRK, FLOW SIM 1, FLOW SIM 2, HEC-1, SMPDBK, TR 66, and the 
dimensionless graphs are representative of the current state of the art of 
dam-breach flood forecasting. MILHY is a state-of-the-art model developed 
specifically for military use in forecasting streamflow conditions resulting 
from precipitation events. MILHY could be modified to include dam-breach 
flood forecasting. All of the above models were developed within the last 
10 years and are readily available from Federal agencies in the United States. 
Model development generally tends to be a process of continual evolution. 
Several of the models have recently undergone significant revisions, and fur
ther improvements and modifications are likely. The numerous other dam-breach 
flood forecasting models reported in the literature are not considered to 
offer significant advantages over these selected models from the perspective 
of military application. 

200. Milit~ry Hydrology Bulletins 9 and 10 provide ~ step-by-step man
ual computation method for developing the outflow hydrograph from a dam breach 
and routing it downstream. The Defense Intelligence Agency outflow hydrograph 
procedure improved upon the outflow hydrograph portion of the Military 
Hydrology Bulletins 9 and 10. These dam-breach flood forecasting procedures 
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were developed during the 1950's and early 1960's and were representative of 
the state of the art at that time. The computations are rather tedious, 
involving development of a number of graphs. The outflow hydrograph modeling 
capability is somewhat limited by the assumption of an instantaneous breach. 
The Muskingum valley routing method is significantly less accurate than the 
more recently developed routing models, particularly for a dam-breach flood 
wave. The old military hydrology procedures have become obsolete with the 
development of improved methods during the past decade. 

201. The selected models were developed to provide improved modeling 
capabilities necessitated by dam safety programs being conducted by the vari
ous water resources development agencies and/or flood warning activities con
ducted by the National Weather Service. The primary application of dam-breach 
flood forecasting models in dam safety studies is preparation of flood inunda
tion maps for postulated dam failures. The NWS is responsible for real-time 
issuance of flood warnings in the event of an actual dam failure. Modeling 
uncertainties can be handled to some extent in civilian application by assum
ing conservative or worst-case conditions. 

202. Military applications are similar to civilian sector applications 
but, in many respects, are more demanding. Military applications may require 
"actual" rather than "conservative" predictions of flooding conditions. 
Floodplain trafficability for military purposes involves flood durations and 
velocities under low-flow conditions as well as the peak flow depths, which 
are of primary concern in preparing floodplain inundation maps in civilian dam 
safety studies. In certain military applications, modeling expertise, com
puter resources, and time will be available to perform an analysis at the 
level of sophistication required to maximize accuracy. In other situations, 
though, a terrain team will be required to perform an expeditious analysis 
under adverse working conditions..-

203. Dam-breach flood wave modeling capabilities to provide meaningful 
and useful information for practical military and civilian applications are 
definitely available. Significant advancements in the state of the art have 
been achieved during the past 10 years. The various dam-breach flood fore
casting models provide a wide range of trade-offs between accuracy and ease of 
use. However, mathematical models always have accuracy limitations, regard
less of the type of model or application. Model users should always be aware 
of accuracy limitations. The dam-breach flood wave is extremely difficult to 
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model mathematically. Consequently, achieving a high level of accuracy for 
all situations is particularly difficult. 

204. The case study results presented in Part III show a large varia
tion between computed and measured flood wave characteristics. The.accuracies 
achieved in this study are consistent with those reported by others in the lit
erature. Even with the significantly improved modeling capabilities developed 
in recent years, dam-breach flood wave modeling is still not highly accurate. 

205. Numerous factors determine model accuracy. The significance of 
each factor depends upon the particular dam and application. For example, the 
measured high-water elevations for a reach of the Teton Valley just below the 
canyon mouth varied by 20 ft between the right and left sides of the valley. 
The flow was clearly not one-dimensional at this location. However, all of 
the models are based on the assumption of one-dimensional flow. About a third 
of the volume of water from the Teton was lost before reaching the downstream 
American Falls Reservoir. Little information is available to predict the loss 
of flow volume through infiltration and pondage. Irregularity in valley topo
graphy is a major complicating factor in modeling which will vary signifi
cantly between dams. Some river valleys are relatively uniform while others 
have abrupt variation in geometry. Likewise, tributaries, levees, bridges, 
downstream dams'· and split channels complicate modeling. Capabilities for 
handling valley geometry and other complexities vary between the models. Pre
dicting breach characteristics will typically involve a high level of uncer
tainty. Even with detailed eye-witness accounts of the breaching of Teton 
Dam, the breach is difficult to model accurately. In the case of both Teton 
and Laurel Run, the breach did not form instantaneously nor did the breach 
dimensions vary linearly with time. 

206. In general, the accuracy achieved in modeling flows in rivers and 
reservoirs and in similar types of modeling is highly dependent upon how well 

-theHmodel -is -calibrated. -Parameters -are adjusted until the model. reproduces 
results known to be correct from actual observation. However, field measure
ments of the characteristics of an actual flood wave similar to that being 
modeled must be available if a flood-routing model is to be calibrated. Since 
a dam-breach flood will usually be much larger than the flood of record for a 
river, calibration of a dam-breach flood wave model is difficult. In most 
applications, the dam-breach flood wave analysis will be performed without 
parameter calibration. 
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Breach Simulation and Outflow Hydrograph Computations 

207. Breach characteristics, such as size, shape, elevation, and forma
tion as a function of time, are major factors in determining flood wave char
acteristics. The effect of breach characteristics will be most pronounced 
near the dam, diminishing as the flood wave propagates downstream. 

208. The simplifying assumption of an instantaneous complete removal of 
the dam severely limits model applicability. The assumption of an instanta
neous partial breach is less severe but still a significant limitation. In 
addition to not necessarily representing actual breach characteristics, an 
instantaneously peaking outflow hydrograph is very difficult to route down
stream using dynamic routing due to computatio~al problems. 

209. From a military applications perspective, the breach simulation 
routine incorporated in DAMBRK, FLOW SIM 1 and 2, and HEC-1, in which breach 
dimensions grow linearly with time, is probably the most practical general 
approach. Predicting the response of the dam to an attack or damaging action 
is essentially accomplished independently of the model. The breach routine 
provides a flexible framework in which breach characteristics can be provided 
as input data to the model. 

210. FLOW SIM 1 and 2 contain an option for using a sediment transport 
equation to simulate the erosion of a breach in an earthen embankment. The 
erosion model for computing the breach outflow hydrograph recently developed 
by the NWS (Fread 1985) is a separate computer program that can be used in 
conjunction with DAMBRK or some other model with the capability of routing the 
outflow hydrograph on downstream. The general approach of using sediment 
transport algorithms to model the erosion of a breach in an earthen embankment 
provides a more realistic representation of the erosion process than assuming 
the breach dimensions grow linearly with time. However, this approach is 
limited to breaches caused by the erosive action of an overtopping flood or 
piping in an earthen embankment. 

211. The TR 66 relationship between peak breach outflow and reservoir 
depth was developed from actual dam failure data. Since military applications 
may involve intentionally caused dam breaches, breaches significantly 
different from the actual past dam failures used to develop the relationship, 
the usefulness of TR 66 for military purposes is limited. The TR 66 
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relationship produced peak outflows significantly different from the other 
models and the measured data in the case studies. 

212. DAMBRK, FLOW SIM 1 and 2, HEC-1, and MILHY use variations of the 
modified Puls technique for reservoir routing. DAMBRK and FLOW SIM 1 and 2 
also have options for using dynamic routing to develop the reservoir outflow 
hydrograph. Dynamic routing is theoretically more accurate than storage rout
ing for a long, narrow reservoir with a significantly sloping water surface. 
However, the modified Puls method is also considered to provide a high level 
of accuracy for reservoir routing. In most applications, dynamic routing is 
not considered to be particularly advantageous over storage routing for com
puting a reservoir outflow hydrograph. Dynamic routing is significantly more 
accurate in developing water-surface profiles through and upstream of a 
reservoir. 

Valley Routing 

213. The key difference between the various dam-breach flood forecast
ing models considered is the procedure used for routing the flood wave through 
the valley below the dam. The models can be divided into three categories 
based on valley routing techniques as follows: 

a. Dynamic routing models (DAMBRK, FLOW SIM 1 and 2). 
b. Generalized dynamic routing relationships (SMPDBK and dimen

sionless graph procedure). 
c. Storage routing models (HEC-1, TR 66, MILHY). 

Dynamic routing models are based on a numerical solution of the St. Venant 
equations. The dynamic routing models are generally the most accurate, but 
they are also the most difficult of the models to use. The other two cate
gories consist of models which are simpler to use but are also less accurate. 

-The-simplified-dynamic -rout-ing -mode-ls -are -basetl un ~ene-rali2ed relationships 
between selected input parameters and selected routing output quantities which 
were predeveloped using a dynamic routing model. The third category consists 
of models which use techniques other than dynamic routing. 
Dynamic routing models 

214. A dynamic routing model should be used for military or civilian 
applications whenever obtaining a maximum practical level of accuracy is 
important and adequate manpower, time, and computer resources are available. 
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Although dynamic routing is based on simplifying assumptions including one
dimensional flow, it is the most theoretically correct of the state-of-the-art 
routing techniques. The case study analyses co~firmed that the dynamic rout
ing models are the most versatile and accurate of the models tested. 

215. DAMBRK, FLOW SIM 1, and FLOW SIM 2 were the three dynamic wave 
models investigated. FLOW SIM 1 and 2 require the same input data. The 
numerical solution technique used in the dynamic routing is the only differ
ence between these two models. FLOW SIM 1 employs an explicit solution and 
FLOW SIM 2 an implicit finite difference solution of the St. Venant equations. 
DAMBRK employs an implicit four-point finite difference solution of the 
St. Venant equations similar to that contained in FLOW SIM 2. 

216. The dynamic routing models can reflect a significantly broader 
range of conditions than the other models, including backwater effects and 
inactive versus active flow areas. The dynamic routing models are generally 
more accurate than the other models, However, numerical computation problems 
may require significant modification of input data to obtain solutions. 
Smoothing the valley geometry and modifying other input data can significantly 
reduce the accuracy of the results. Computational problems also make the 
dynamic routing models much more complicated to use than the other models~ 

217. Results obtained with DAMBRK, FLOW SIM 1, and FLOW SIM 2 were 
found to be very close in the case studies whenever solutions were obtained 
with comparable input data. The results were too close to conclude that one 
of the three models is more or less accurate than the others. FLOW SIM 1 
and 2, in particular, yield extremely close results for the same input data, 
if solutions are obtained. The primary factor in differentiating between the 
models is how much the input data had to be modified to obtain a solution. 
Stated another way, model performance is measured in terms of the range of 
input data values for which a solution is obtained versus a termination of the 
calculations due to nonconvergence or instability. DAMBRK performed signifi
cantly better in the case studies than FLOW SIM 1 and 2 in this regard. FLOW 
SIM 1 performed better than FLOW SIM 2. 

Generalized dynamic routing relationships 

218. Significant expertise and time and a mainframe computer are 
required to use a dynamic wave model. Some military applications require the 
capability to perform an analysis expeditiously without access to a mainframe 
computer. Further, personnel performing the analysis may have limited 
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training and experience in numerical hydraulic modeling. Consequently, 
simplified routing methods are needed for those situations in which using a 
dynamic routing model is not practical. 

219. SMPDBK and the HEC dimensionless graphs procedure are based on 
generalized relationships between dimensionless parameters that have been pre
computed using dynamic routing models. Relative to dynamic routing models, 
the simplified dynamic routing procedures are extremely easy to use. The 
results of the simplified routing models were reasonably close to the dynamic 
routing models in the case studies. 

220. SMPDBK was somewhat more accurate in the case studies than the 
dimensionless graphs procedure. The dimensionless graphs procedure is carried 
out with manual computations; with a microcomputer, SMPDBK is quicker to use. 
The dimensionless graphs procedure is somewhat easier to use than the manual 
version of SMPDBK. 

221. The prismatic channel assumption is a significant limitation of 
both models, which was particularly evident in the Teton case study. For the 
general case where not valid, the assumption of an instantaneous complete 
removal of the dam limits the accuracy of the dimensionless graphs, particu
larly near the dam. 

222. SMPDBK was generally more accurate than HEC-1 and TR 66 in the 
case studies. SMPDBK is much easier to use than HEC-1 and TR 66. 
Storage routing models 

223. Computational instability was not a problem with HEC-1 in the case 
studies. Although warnings that the modified Puls routing may be numerically 
unstable for certain ranges of outflow were often obtained, the computed 
hydrographs were generally reasonable. Consequently, HEC-1 was found to be 
much simpler to use than DAMBRK and FLOW SIM 1 and 2. The peak discharges and 
times to peak computed with HEC-1 were reasonably close to the measured data 

-and DAMBRK-results. -However, the peak depths were highly inaccurate. The 
program option in which the Manning equation and an assumption of uniform flow 
are used to compute the outflow versus storage functions and the discharge 
versus stage functions. Although not investigated, the results could be 
somewhat improved by developing outflow versus storage functions with HEC-2; 
however, this would more than double the effort required. 

224. HEC-1 performed as well or better than SMPDBK in regard to peak 
discharges and time to peak stage. Also, HEC-1 provides an entire hydrograph 
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while SMPDBK is limited to peak discharge. However, peak water-surface eleva

tion is the most important model result in most applications, and for the case 
studies, water-surface elevation profiles computed with HEC-1 are less accu

rate than those computed with SMPDBK. 

225. The HEC-1 computer program used in this study requires a mainframe 

computer. However, the Hydrologic Engineering Center has recently coded the 

model for microcomputer use. The HEC-1 program is actually an assemblage of 

computational packages. The computational options available for dam-breach 

flood wave modeling are a relatively small portion of the total program. 

226. MILHY is very easy to use; another advantage is that it is already 

being used by Army personnel for precipitation-runoff modeling. With respect 

to peak discharges, MILHY and HEC-1 were comparable in accuracy in the case 

studies. MILHY performed significantly better than HEC-1 in computing peak 

water-surface profiles. 

227. The manual TR 66 procedure is time-consuming, due primarily to the 

requirement for developing stage versus discharge and storage versus discharge 

relationships for the valley routing. HEC-1 and MILHY are much easier to 

apply than the manual TR 66 computations. However, TR 66 could be easily pro

grammed for a microcomputer. 

228. HEC-1 has a breach routine not presently available in TR 66 and 
MILHY. However, the channel routing methods can be compared independently of 

the development of the reservoir outflow hydrograph. The TR 66 attenuation

kinematic and MILHY variable storage coefficient channel routing procedures 

could be easily combined with a breach simulation and reservoir routing 

algorithm. 

Model Comparison Matrix 

229. The model comparison matrix, presented in Tables 19 and 20, pro

vides a means to systematically organize and communicate an essentially sub-

· jective evaluation of the various models. The matrix includes scores for each 

of several criteria. Scores vary from 0 to 10, with 10 indicating the 

strongest model and 0 the weakest with reference to a particular criterion. 

Weighting factors are assigned to indicate the relative importance of each 

criterion. The relative merit of each model is indicated by a weighted aver

age score. The scores and weighting factors are valid only for a specificalry 
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Table 19 

Mode\1 * Comparison Matrix, Scenario 1 

WeigHting FLOW FLOW 
Criteria Factor DAMBRK SIM 1 SIM 2 HEC-1 SMPDBK GRAPHS TR66 MILHY ----

MILHY 

Computer requirements o.os, 0 0 0 5 10 10 10 10 
Documentation and maintenance o.-id 10 0 0 10 7 6 7 9 
User experience o.1d 10 6 6 10 4 0 5 5 

Versatility o.1d 10 10 10 6 4 0 0 5 
Ease of use o.os 2 0 0 8 10 9 4 8 
Robustness O.ld 4 2 0 9 9 9 10 9 
Theoretical accuracy 0.2.S 10 10 10 0 5 3 3 3 
Observed accuracy 0.2S 10 10 10 0 6 4 4 3 

Weighted average 1.0d 8.5 6.8 6. 6. 4.2 6.2 4.2 4.7 5.2 

* Scenario description: A model is being selected for use in preparing flood inundation maps and other 
data for hypothetical failures of various major dams to provide a data base for future reference. The 
modeling will be accomplished in an office with mainframe computer capabilities. Adequate time and 
manpower resources are available for a fairly in-depth modeling effort. 
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Table 20 

* Model ComEarison Matrix, Scenario 2 

Weighting FLOW FLOW 
Criteria Factor DAMBRK SIM 1 SIM 2 HEC-1 SMPDBK GRAPHS TR66 MIL HY 

Computer requirements 0.25 0 0 0 5 10 10 10 10 
Documentation and maintenance 0.05 10 0 0 10 7 6 7 9 
User experience 0.05 10 6 6 10 4 0 5 5 
Versatility 0.05 10 10 10 6 4 0 0 5 
Ease of use 0.25 2 0 0 8 10 9 4 8 
Robustness 0.05 4 2 0 9 9 9 10 9 
Theoretical accuracy 0.15 10 10 10 0 5 3 3 3 
Observed accuracy 0.15 10 10 10 0 6 4 4 3 

Weighted average 1.00 5.2 3.9 3.8 5.0 7.9 6.6 5.7 6.8 

* Scenario description: A model is being selected for use by terrain teams who will need to be able to 
analyze a postulated dam breach quickly under adverse working conditions. 



defined scenario. A scenario encompasses the purpose for performing a dam
breach analysis and the conditions under which the analysis will be performed. 

230. Weighted average scores associated with two scenarios are provided 
in Tables 19 and 20. The first scenario (Table 19) consists of using a dam
breach flood wave model to prepare a set of inundation maps and other data on 
flood wave characteristics for hypothetical failures of various major dams 
throughout the world. The information will be kept on file so as to be 
readily available if needed at some time in the future. The modeling will be 
performed by trained hydraulic engineers in an off ice with mainframe computer 
capabilities. Adequate manpower and time resources are available for a fairly 
in-depth modeling effort. The second scenario (Table 20) involves selecting a 
dam-breach flood wave model for use by ~errain teams who will need to be able 
to analyze a postulated dam breach quickly under significant time and data 
constraints. Access to a mainframe computer is possible, but a microcomputer 
or manual procedure would be advantageous. The same scores are used for both 
scenarios, but the criteria weighting factors are varied. The models are dis
cussed below with respect to each criterion. 
Computer requirements 

231. DAMBRK and FLOW SIM 1 and 2 require a mainframe computer. The 
three alternative dynamic routing models have comparable memory and processing 
time requirements. HEC-1 memory requirements are comparable to the dynamic 
routing models. However, the dynamic routing models require much more com
puter time than HEC-1. If an adequate mainframe computer· is available, none 
of the models requires excessive or unusual resources. Although not true at 
the time the case study analyses were performed, DAMBRK and HEC-1 have 
recently been coded to run on an IBM PC microcomputer with 640K bytes of 
memory. Microcomputer, calculator, and manual versions of SMPDBK are avail
able. MILHY is also programmed for a microcomputer. Memory requirements are 
much less for SMPDBK and MILHY than the HEC-l and DAMBRK microcomputer pro
grams. The dimensionless graphs and TR 66 are manual procedures. 
Documentation and maintenance 

232. The models continue to be improved and ·expanded. Model develop~ 
ment is a process of evolution in which improved versions of the models are 
released fairly frequently •. All the models are readily available from Federal 
agencies. DAMBRK has very_ good documentation and is maintained by both the 
NWS and HEC. The NWS continues an active interest in improving and refining 
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the program. HEC-1 has excellent documentation, probably the best of all the 

models. With the numerous options and broad applicability, detailed user 

instructions are particularly important for HEC-1. MILHY is maintained by WES 

as a part of the Military Hydrology Program. The model is documented specifi

cally for military use. The FLOW SIM 1 and 2 user manual is relatively infor

mal and is not documented to the same level of detail as the other models. 

SMPDBK, TR 66, and the dimensionless graphs are simpler to use and require 

less documentation than the other models. These simplified models are fairly 

well documented. The NWS is still actively expanding and refining SMPDBK. 

User experience 

233. User experience is important for testing, improving, and develop

ing confidence in a model. DAMBRK and HEC-1 are, by far, the most extensively 

used of the models. FLOW SIM 1 and 2 have been applied in a significant num

ber of dam safety studies in the USAE Division, Southwestern. The SCS is 

using TR 66 in dam safety studies. SMPDBK is undergoing significant testing 

by the NWS and others. Little actual use of the HEC di~ensionless graphs has 

been reported. MILHY was not developed for and has not been used for dam

breach flood forecasting. The precipitation-runoff model is presently being 

integrated into the Army's hydrologic engineering capability. 

Versatility 

234. A wide range of conditions can be encountered in dam-breach flood 

forecasting applications. DAMBRK and FLOW SIM 1 and 2 are the most flexible 

or versatile of the models in regard to simulating various field conditions. 

Numerous Of}tions are- available- in the programs-. · However, the- versati-lity- of

the models is sacrificed significantly when input data have to be altered from 

the desired values to obtain convergence to a solution. FLOW SIM 1 and 2 are 

the only models which can directly simulate multiple dam failures with the 

darns located on different tributaries. HEC-1 is also relatively versatile. 

SMPDBK, dimensionless graphs, and TR 66 cannot simulate lateral inflows, 

inactive flow areas, bridges, abrupt contractions, and other conditions that 

can be modeled with DAMBRK and FLOW SIM 1 and 2. SMPDBK and the dimensionless 

graphs are particularly limited in regard to modeling complex valley geometry. 

MILHY is evaluated on the premise that a breach simulation routine could be 

easily added to the model. 

235. The dynamic routing models are the most versatile in regard to 

providing a broad range of output data. HEC-1 and MILHY provide complete 
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hydrographs and peak water-surface elevations at selected locations. MILHY 
also provides water-surface profiles at selected points in time. SMPDBK pro
vides peak discharges and depths, time to peak depth, and the time at which a 
specified discharge is exceeded at each cross section. The dimensionless 
graphs provide only peak depth and time to peak. TR 66 provides only peak 
discharges and depths. 

Ease of use 

236. SMPDBK and the dimensionless graphs are the simplest and quickest 
models to use. The SMPDBK microcomputer program is more convenient to use 
than the manual dimensionless graphs procedure, assuming an appropriate micro
computer is available. The dimensionless graphs procedure is easier to use 
than the manual version of SMPDBK. MILHY is also very easy to use and has the 
additional advantage of already being used for similar military applications. 
TR 66 requires storage versus outflow and stage versus discharge relation
ships, which are very time-consuming to develop. The TR 66 procedure is sig
nificantly more difficult than SMPDBK, dimensionless graphs, and HEC-1. HEC-1 
requires about the same effort to develop the input data as DAMBRK and FLOW 
SIM 1 and 2. However, in the case studies, HEC-1 required only a small frac
tion of the time and effort spent on DAMBRK and FLOW SIM 1 and 2 because HEC-1 
did not have the computational problems associated with the dynamic routing 
models. DAMBRK and FLOW SIM 1 and 2 were much more difficult to use than the 
other models due primarily to difficulties in achieving convergence to a solu
tion. DAMBRK performed better than FLOW SIM 1 and 2 in this regard. FLOW 
SIM 1 performed better than FLOW SIM 2-. -DAMBRK _aLcw -has -a little more eonve
nient input and output data structure than FLOW SIM 1 and 2. 

237. Collecting and organizing the input data is, of course, an 
extremely important aspect of dam-breach flood wave modeling. However, input 
data requirements are not considered a major factor in differentiating between 
models. Although additional input data are required to fully utilize the cap
abilities of the more soph~sticated models, these models can be used with less 
input data if a corresponding decrease in accuracy is acceptable. All the 
models use essentially the same types of valley geometry data. SMPDBK and the 
dimensionless graphs procedure require less data than the other models to 
describe the reservoir.· SMPDBK automatically provides default values if 
certain items of input data are not provided. 
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Robustness 

238. This criterion refers to the likelihood of obtaining a solution 
for a reasonable range of values for the input parameters. HEC-1, SMPDBK, 
TR 66, the dimensionless graphs procedure, and MILHY can be expected to yield 
a solution for a given set of input data. Highly nonprismatic channel geom
etry may render the SMPDBK and dimensionless graphs solutions extremely ques
tionable. As discussed above in regard to the ease-of-use criterion, 
computational instability and nonconvergence of the iterative solution algo
rithm can prevent obtaining a solution with the dynamic wave models. DAMBRK 
performed better than FLOW SIM 1 and 2 in the case studies in regard to 
obtaining solutions. FLOW SIM 1 performed better than FLOW SIM 2. 
Theoretical accuracy 

239. All of the models are based on simplifying assumptions such as 
one-dimensional flow. Dynamic routing has fewer assumptions than the other 
models and essentially no significant assumptions which are not also appli
cable to the other models. The dynamic routing models are theoretically the 
most accurate of the alternative models. Since SMPDBK and the dimensionless 
graphs procedure are based on functions precomputed using dynamic routing, 
these models should be fairly accurate whenever the conditions for which the 
functions were developed are met. The most important assumption is that of a 
prismatic channel. HEC-1 and TR 66 use simplified routing methods that should 
be significantly less accurate than dynamic routing, particularly for a dam
breach flood wave. The attenuation-kinematic routing used in TR 66 and the 
variable storage coefficient routing used in MILHY theoretically should be 
improvements over the HEC-1 modified Puls routing. 
Observed accuracy 

240. The results of the case study analyses support the conclusion that 
dynamic routing is the most accurate. All three dynamic routing models per
formed at a comparable level of accuracy for those sets of input data for 
which a solution was obtained. The degree to which input data has to be 
altered to overcome computational instability and convergence problems is a 
key factor in determining the accuracy of the final solution. However, for 
purposes of the comparison matrix, this aspect of the modeling is reflected in 
the scores shown for the ease-of-use and robustness criteria. The scores for 
the observed accuracy criterion assume that a set of input data is used which 
yields a solution with all the models. HEC-1 performed reasonably well in 
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computing discharges, but peak water-surface profiles were significantly less 
accurate than the other models. The HEC-1 option of computing flow depths 
assuming uniform flow was used. The results possibly could have been improved 
by using a gradually varied water-surface profile model in combination with 
HEC-1, but the required effort would have significantly increased as well. 
SMPDBK had trouble with peak discharges but performed well in regard to com
puting peak water-surface profiles. The scores in the comparison matrix are 
based on the assumption that·peak water-surface elevations are usually the 
most important of the flow characteristics computed. MILHY tended to yield 
discharge and water-surface profiles that were significantly low. 
Weighted average scores 

241. Tables 19 and 20 show the weighted average scores for each of the 
models for the two scenarios. The numbers are not intended to imply a quanti
tative measurement of model performance. Rather, the scoring system is simply 
a way to help organize and communicate a largely subjective model comparison 
involving many complex considerations• DAMBRK is the preferred model when 
adequate manpower, time, and computer resources are available. SMPDBK is the 
preferred method for obtaining a solution quickly under adverse working 
conditions. 

Model Selection 

242. Selection of a single dam-breach flood wave model for all military 
applications would be desirable. However, the broad range of applications and 
model characteristics necessitates adoption of at least two models. A dynamic 
routing model should.be used whenever sufficient manpower, time, and computer 
resources are available. A simpler model is also needed to provide the capa
bility to obtain solutions quickly with limited resources. 

243. Based on the study reported herein, DAMBRK and SMPDBK are con
cluded to be the models that should be adopted for military use. 

244. A breach simulation routine could also be added to MILHY. MILHY 
is already being used for forecasting streamflow resulting from precipitation. 
MILHY could provide· a useful supplement to DAMBRK and SMPDBK. A storage rout
ing model could serve as an easy-to-use check on the degree of confidence to 
be placed in the resul-ts o~ SMPDBK, particularly in applications involving 
highly nonprismatic valley geometry. 
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PART V: CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

245. The purpose of this comparative evaluation of models is to provide 
a sound basis for selecting and adapting one or more models for military use 
and otherwise improving the dam-breach flood forecasting capabilities of the 
Armed Forces. Recent dam safety programs conducted by Federal and State water 
resources development agencies and the flash flood warning program of the 
National Weather Service have provided the impetus for civilian sector devel
opment of models; these models have greatly expanded dam-breach flood fore
casting capabilities during the past decade. Based on the state-of-the-art 
review documented by Military Hydrology Report 9 (Wurbs 1985a), the following 
dam-breach flood wave models were selected for detailed evaluation and compar
ison: NWS Dam-Break Flood Forecasting Model (DAMBRK), SWD Flow Simulation 
Models (FLOW SIM 1 and 2), HEC Flood Hydrograph Package (HEC-1), SCS Simpli
fied-Dam-Breach Routing Procedure (TR 66), NWS Simplified Dam-Break Model 
(SMPDBK), and the HEC dimensionless graphs procedure. These leading models 
are representative of the current state of the art of dam-breach flood wave 
modeling. A set of dam-breach flood forecasting methods developed for mili
tary use during the 1950's and early 1960's were also reviewed. The recently 
developed Military Hydrology (MILHY) model was also included in the evalua
tion. Although MILHY is a runfall-rainfall model with no special features for 
dam-breach modeling, a breach_ s_imulati on routine could be- added. 

246. The models were evaluated on the basis of: (a) underlying con
cepts and theory incorporated into themodels and analysis capabilities pro
vided by the models, (b) findings reported in the published and unpublished 
literature with respect to application, testing, evaluation, and comparison of 
various models, and (c) results obtained and experience gained in the case 
study analyses performed as a part of the investigation. Key conclusions 
derived from the study are as follows. 

247. Significant advances in the state of the art of dam-breach flood 
wave modeling have occurred during the last 10 years and are readily available 
for incorporation into the Military Hydrology Program. 

248. Although modeling capabilities are available to provide meaningful 
and useful information for practical military application, dam-breach flood 
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wave modeling is not highly accurate. Model users should be aware of limita
tions in accuracy. 

249. Although the dynamic wave models are significantly more accurate 
and versatile than the other models, numerical computation problems are a 
major concern in their application. Training and experience in numerical com
puter modeling are needed to use the dynamic routing models. 

250. A dynamic wave model should be used when accuracy is very impor
tant and adequate manpower, time, and computer resources are available. A 
simpler model is needed for obtaining solutions expeditiously with limited 
resources. 

251. The NWS DAMBRK and SMPDBK are the optimal models for adoption by 
the Military Hydrology Program. 

Additional Research and Development Needs 

252. Although dam-breach flood forecasting capabilities have been 
greatly expanded during the past decade, significant potential exists for con
tinued improvements. Several general areas of research and development needs 
of dam-breach flood forecasting that are particularly pertinent to military 
applications are cited below. 

253. Dam-breach flood forecasting actually involves four major areas of 
concern: (a) predicting the occurrence of a condition or event (such as seep
age, an overtopping flood, an earthquake, or various acts of war) that could 
cause a darn to fail, (b) predicting the response of a dam to a damaging condi
tion or event.(analyzing the mechanics of breaching), (c) predicting the 
response of the water to a dam breach (analyzing the flood wave), and (d) pre
dicting the impact of the flood wave on facilities and activities located in 
the downstream floodplain. The scope of this investigation and the research 
and development needs cited below are limited to the third concern, flood wave 
analysis. However, the other three major areas of concern have associated 
research and development needs. In addition, the interfacing of the major 
areas of concern involves research and development needs. 

254. Breach simulation is the interface between areas of concern 
(b) and (c) above. Predict~ng the response of a dam to an explosion or other 
damaging event is well outside the scope of flood wave analysis. However, 
since the reservoir outflow hydrograph is governed largely by breach 
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characteristics, breach simulation is necessarily an integral part of dam

breach flood wave analysis. As previously discussed, breach simulation is 

highly uncertain. Modeling the erosion rate of a breach in an earthen dam has 

already received some attention and has potential for further development. 

Other improvements in breach simulation methods incorporated in the flood wave 

models will depend largely on developing a better understanding of breach 

mechanics from a structural and geotechnical engineering perspective. 

255. Areas of concern (c) and (d) abovee are also closely interrelated. 

One of the primary reasons for military interest in induced flood waves is the 

potential for rapid barrier creation. Predicting the extent and duration of 

the military barrier created and the damage inflicted on downstream facilities 

is a major research area. Methods are needed to predict the trafficability of 

soil following inundation by a dam-breach flood. Additional research is also 

required in predicting the impact of the flood wave on downstream structures. 

Capabilities are needed to predict whether a bridge will fail and how other 

downstream facilities will be affected by the flood wave. 

256. The major difficulties encountered in the case study analyses were 

in overcoming dynamic routing computational problems associated with numerical 

instabilities and in the iterative solution algorithm terminating without con

verging to a solution. Nonlinear instabilities in dynamic routing are caused 

by rapid variations in cross-sectional geometry with elevation and distance 

along the channel. Development of more robust computational algorithms and 

improved manual and/or automatic valley smoothing methods are key research 

needs. 

257. Another related major research need illustrated by the case 

studies is the development of dynamic routing capabilities for simulating 

supercritical as well as subcritical flow under all situations likely to be 

encountered in practical applications. DAMBRK is presently being modified by 

the NWS to handle changes between supercritical and subcritical flows, with 

both time and distance. 

258. The dam-breach flood wave represents a particularly pertinent 

application for two-dimensional unsteady flow modeling. The state-of-the-art 

models addressed by this investigation are all one-dimensional. Studies are 

needed to evaluate the significance of the one-dimensional assumption in dam

breach flood forecasting. 

259. Another broad group of research and development needs involves 
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expanding the capabilities of existing models to handle flow complexities such 
as: volume losses due to infiltration and pondage; multiple breaches of dams 
on different tributaries; dendritic and bifurcated stream networks; meandering 
streams with large differences between main channel and floodplain flow char
acteristics; downstream dams, bridges, and levees, which may or may not fail; 
and natural obstructions to flow such as ice or debris accumulations. Cap
abilities for handling these complications are incorporated to various extents 
in the available models. 

260. Dam-breach flood forecasting is presently based on the assumption 
of a fixed streambed without erosion or sedimentation. Channel geometry and 
roughness can be drastically changed by a dam-breach flood wave. The impacts 
of erosion and sedimentation on the flood wave, and vice versa, need to be 
assessed. Brosion and sedimentation simulation is a major feature to be added 
to dam-breach flood forecasting models. 

261. The dam breach work now needs to be extended to include predicting 
the characteristics of induced flood waves caused by repeated opening and 
closing of spillway and outlet works gates. 

262. The capabilities provided by the selected models, DAMBRK and 
SMPDBK, for military applications should be further evaluated through case 
studies of militarily significant dams located outside the United States. The 
studies should focus on defining and meeting military requirements for dam
breach flood forecasting information under realistic conditions representative 
of military applications. 
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