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PREDICTION 09 THE EFFECTS OF A FLOOD CONTROL 
PROJECT ON A HEr3jDERING STRZkX 

D. Michael Gee* X.ASCE 

A3STZACT 

The Arkansas River between Pueblo, Col.orado, and John Uartin D m ,  
a distance of about 125 river miles, is an alluvial, scad-bed river. 
It meanders between bluffs in a flood plain about one mile in width. 
During geologic time the downstrean (eastern) portion of this reach 
has been migrating southward due to heavy sediment loads from northern 
tributaries. A locai flood control project is being planned for the 
town of La Junta, which is in the downstrewn one-third of this reach. 

A study was undertaken to evaluate the future performance of 
various flood control alternatives with regard to channel stability, 
sediment movement, and project maintenence. The alternatives 
considered were various channel and levee configurations. Evaluations 
were based on both long-term (100--year period) s ~ d  short-term (single 
fiooa $vent) hydrologic scenarios. 

The primary tool used in this study was the movable boundary 
mathematical model HEC-6 entitled "Scour and Deposition in Rivers and 
Reservoirs.*'(S) The hydrologic and sediment regimes of the study 
reach are complex due to four tributaries and eleven major irrigation 
diversions. This paper describes development of representative data 
for t h e  long--term analysis, operation 02 tne model, calibratisn end 
simulation strategies employed, interpretation of model results, and 
conputational aspects of this application. 

Introduction 

Tne strategy used in this comprehensive study was to integrate 
both qualitative and quantitative analyses to best identify critical 
factors pertaining to the stream's behavior and, therefore, predict 
the stream's response to various channel modification plans. A major 
study component was the application of the mathematical model HEC-6 to 
simulate changes in the stream bed profile. This paper focuses on the 
procedures and techniques developed for utilization of the model end 
interpretation of simulation results. It is important to note that 
the process of assembling, interpreting and anal.yzing the field dsta 
necessary to apply the model led to a comprehensive understandiog of 
the stream's behavior and contributed directly to the qualitative 
aspects of the study. 

"Research Hydraulic Engineer, U.S. A m y  Corps of Engineers, The Hydro- 
logic Engineering Center, 609 Second Street, Davis, Ch 95616 
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A unique aspect of this study was the use of HEC-6 to simulate 
both the long-term (1.00 years) and short-term (single flood event) 
performance of the existing channel and the proposed flood control 
channel. The approach used was to recognize the basin-wide scale of 
long-term stream behavior and localized resporlse of short period, 
high-flow events. Consequently, different data sets were empl.oyed for 
the different aspects of the study. The long-term simulations covered 
approximately 100 river miles and utilized historical observed water 
and sediment discharges. The single-event sirulations focused on the 
stream channel in the vicinity of La Junta only, and utilized 
synthetic water discharge hydrographs and sedi;...ent load curves. 

Historical Stream Behavior 

The ancestral Arkansas River probably cut its first river valley 
during the earliest known geomorphic cycle in Quaternary time. 
Analysis of terrace gravel deposits reveals that this initial 
geomorphic cycle was followed by five more geornorphic cycles during 
the Pleistocene. In each geomorphic cycle, the Arkansas River c ~ t  a 
deeper valley and deposited gravel on its floor. During this 
downcutting, the Arkansas River also moved laterally. Geologic 
evidence indicates that the rivet between Fowler and La Junta, 
Colorado, has migrated northward as much as nine miles ( 2 ) ,  (Fig. 1). 

Higration of the river northward or southward across its valley 
probably resulted from a greater discharge of sediment into the river 
channel from one side of the valley than the other. Tributaries that 
discharge large volumes of sediment build alluvial fans at their 
junctions with the river. Unable to remove the sediment as quickly as 
it is deposited, the river flows around the edges of the fans. In so 
doing, the river cuts into the opposite wall of the valley and 
gradually moves away from the growing fan. Along the Arkansas river 
betweeri La Junta and Kansas, for example, the tributaries from the 
north are long and flow over unconsolidated, erodible deposits. The 
tributaries from the south are shorter and flow over bedrock, which is 
less erodible. Due to these physical differences, the northern 
tributaries supplied a greater volume of sediment than did the 
southern tributaries, and the river migrated southward ( 2 ) .  

Measurements and reports by explorers in the early 1800's indicate 
that the Arkansas River was relatively straight, wide, shallow, 
braided, and intermittent, with sparse bank and floodplain vegetation 
(1). The river has changed dramatically during the past 150 years. 
Today it is narrower and more sinuous due to perennial stream flow. 
Large meander loops are evident, and there is a substantial increase 
in bank and floodplain vegetation, especially the phreatophytic 
salt-cedar . 

Irrigated-agriculture practices eventually changed the natural 
hydrologic character of the river. By 1895 there were 20 major 
irrigation diversions between pueblo and Kansas (1). These diversions 
also removed large volumes of sediment with the irrigation water. The 
effect of crop irrigation was to raise the water tables (via recharge) 



A! O:;D.LLLE GqGE 
( 6 2 2 7  mi') 

CCL9?33nC CA!:AL 

CTE?.O CAYAL 
t-----.. 

TI?IPAS CREEK 

- 
PROjFCr LbLATIOS 

R . M .  1194 IO 1202 

L S  iS-YINAS 
O!:SOLIDATED 

CAYAL r 
L4S IL?'I?'%s GgGE 

(14417 mi-) 

S C E l t r l T I C  DIAGRAM 



above the river beds in late sumer and to change streamflow from 
intermittent to perennial. The perennial river could support other 
types and arr,ouxts of riparian and floodplain vegetation. Areas of 
prairie decreased and shrubs and trees took hold. Salt-cedar, a 
phreatophyte native to the Hediterranean, was first observed in the 
the Arkansas Valley in 1913 and today thrives along the river. This 
incr~ase i r !  v e g e t a t i o n  reflects an increase in soil moisture due to 
the higher water table, a result of increased irrigation. These 
hydrologic and vegetative changes produced major morphological changes 
along the river. h'adler 1 )  stetes that the river narrowed 
considerably between 1926 and 1952 (215n to 06x1); the 1952 width was 
only 21% of the 1892 width. The sinuosity of every reach of the river 
was greater in 1977 (1.43) than it was in 1870 (1.15). 

Droughts after 1900, in conjunction with the decrease in sediment 
discharge, also caused channel changes. During that time, salt-cedar 
was able to colonize the channel below mean high water level and 
stabilize the point bars. This process allowed meander loops to 
enlarge as channel width decreased. 

Development of Geometric Data for HEC-6 Long-Term Simulations 

Application of HEC-6 to predict future trends in the behavior of 
the Arkansas River required development of a georrietric description of 
the river. A study reach of about 90 river miles froin Las Animas to 
Avondale was identified. This reach was selected to avoid the need to 
simulate behavior of John Martin Reservoir (approximately 16 mi (26 
km) downstream from Las Animas) and to avoid having to develop 
separate sediment load information for both the Arkansas River and 
Fountain Creek, a major tributary located approximately 17 mi (27 km) 
upstream from Avondale. Good flow records exist for both Las Animas 
and Avondale as well as at two intermediate locations: La Junta and 
Nepesta. Flow records were also available for all the irrigation 
diversions in this reach. The reach contains four significant 
tributaries and 11 irrigation diversions F i g 1  The intervening 
drainage area between Las Animas and Avondale is 8090 mi2 (20,950 
km2) of which 3730 mi2 is (9660 km2) ungaged. 

The basic geometric information necessary for HEC-6 was developed 
from a set of river cross sections that cover the reach from Great 
Bend, Kansas, to Pueblo, Colorado. The sections are dated 1940 and 
1945 with additional surveys in 1953 and 1977. The 1945 sections were 
selected for use because bed material size distribution information 
was available for 1946. The later data could then be used for 
calibration. 

A l . 1  1945-surveyed cross sections for the study reach were 
digitized by hand into HEC-6 input format. Where additional spatial 
resolution was necessary, supplemental data were obtained from the 
1953 survey. In some locations it was necessary to repeat cross 
sections for additional resolution or to provide unique entry or exit 
points for all tributaries and diversions. The surveyed sections were 
biased towards constrictions (bridges, diversion dams); therefore, 
when necessary, valley sections were used as repeated sections. The 
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resulting data set contained 41 cross sections. Channel lengths were 
based on section river mile and overbank lengths scaled from a river 
range location map that is part of the 1953 cross-section data. 
Manning's n values of 0.035 for the channel and 0.050 for the overbank 
were chosen. 

Lncorporet ion of Project Channel 

The channel project being investigated directly affects about 8 
miles (13 izi)  of' t.he river in the vicinity ok La Junta. The project 
condi t.iori was simulated by replacing the surveyed cross sect ions with 
those representing the proposed project design within this reach. The 
anticipated shortening of the river was captured through the new 
channel and overbank lengths. Thus, the interaction of the project 
channel with both the upstream and downstream reaches of the river 
could be simulated. 

Development of Sediment Data for Long-Term Simulations 

Bed material gradations for the study reach were obtained from 
1946 surveys performed in conjunction with the construction of John 
Martin Dam ( 3 , 4 ) .  Tt was decided to use a single, average gradation 
for the entire study reach. This is the initial condition gradation 
and is updated continuously by the HEC-6 sediment sorting algorithm 
during the simulation. The average gradation curve was broken into 10 
size classifications ranging from silt to coarse gravel (Fig. 2). 

Heasurements of instantaneous transport rates and size 
distributions were not available at the main stem gages and could not 
be obtained within the scope of, this study. Based on field 
inspection, it was decided to develop an inflowing load that is in 
equilibrium with the transport capacity of the upstream end of the 
reach. This was accomplished by operating HEC-6 for a range of 
discharges, each with very short duration so that insignificant 
changes to the bed material size distribution or bed elevations would 
take place. An infl.owing load curve with zero sediment load was then 
input to HEC-6. The calculated load passing each section (by grain 
size fraction) is equivalent to the equilibrium transport rate for 
those conditions. The inflowing load curve adopted was computed as an 
average of the calculated load curves at the three most upstream 
sections (Fig. 3). 

Transport capacity was calculated using the Toffaleti procedure 
(11). The Toffaleti method was initially chosen because this reach of 
the Arkansas is similar to sand bed streams for which the Toffaleti 
method has worked well in past studies. The model performed 
satisfactorily with this method; therefore, no others were tried. As 
the Toffaleti function computes bed material load for sands and 
coarser grain sizes, wash load must be estimated from suspended load 
measurements. The wash load component was included in the infzowing 
load for completeness, but has an insignificant impact on channel 
behavior for this particular situation. 
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Four major tributaries occur within the study reach: Timpas Creek, 
Apishapa River, Huerfano River, and Chico Creek. Although 
instantaneous sediment transport measurements were made on these 
tributaries in conjunction with early John Martin sedimentation 
surveys, the original data are no longer available. Konthly and/or 
yearly averages of those data were kept and were available for use in 
the study. Those averaged data were gsed tc estimate " : - c + n n C - - h - - . - r '  L i l a  L a I L ~ ~ ~ ~ ~ ~ ~ ~  

relationships between water discharge and sediment load for tte 
tributaries. Monthly averages were used for the Apishapa and Huerfano 
gages; yearly for the Chico and Timpas gages. These load curves, 
while yielding correct average volumes of sediaent, do not reflect the 
true relationship between instantaneous water and sediment discharges 
may require some adjustment during model calibration. 

Average grain size distributions for the tributary suspended loads 
were available ( 5 ) .  These distributions were applied directly to the 
total-load curves (developed as described above) to yield loads for 
the individual grain sizes. 

The irrigation diversions divert sediment as well as water; 
altho~gh att-e-npts qre made 50 rninimize the tolume of scdiment 
diverted, particularly of the coarser size fractions. No data were 
available on the relationship between diverted water and diverted 
sediment. HEC-6 does not use a load curve to determine quantities of 
sediment diverted; rather a relation between concentration of sediment 
in the diverted water and in the main scem is used. For this modeling 
effort, it was assumed that all the diversions divert silt at a 
concentration equal to the ambient silt concentration in the main 
stem. The concentration of all sand fractions diverted was set at 75% 
of the corresponding main stem concentration based on historical 
records ( 5 ) .  It was assumed that none of the main stem gravels would 
be diverted. This capability for realistically simulating diversions 
with HEC-6 was a key factor in establishing credibility for this model 
application. 

Hydrologic Data 

To simulate the behavior of a stream for a 100-year period with a 
movable boundary model such as HEC--6, one needs a continuous flow 
record for a 100-year period. Typically, flow data are obtained as 
mean daily discharges and then aggregated into longer-period, variable 
time steps to minimize the computational effort. As continuous flow 
records rarely exist for 100 years or more, the modeler must assemble, 
construct, or synthesize the record somehow. Development of 
appropriate long-term flow sequences for sediment routing is an 
important research topic yet to be addressed. The procedure described 
below is reasonable and has been used on previous studies. 
Development of the flow record proved to be the most difficult and 
time consuming aspect of this study. 

Daily stream flow data were obtained for eight gages (Arkansas 
River and tributaries between 'the towns of Avondale and Las Animas) 
from U:S Geological Survey records. Monthly flow volumes for the 
eleven diversion structures within the study reach were obtained from 
the State of Colorado. 
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A base time period of 1941 to 1980 had the most overlapping, 
continuous, daily data for all the necessary gages. After development 
of the HEC-6 discharge histogram as described below, that histogram 
was repeated 2.5 times to produce a 100-year flow record. 

Hissing tributary records were interpolated on a monthly basis 
using HEC-4 !7! The interpolated monthly values xere then convert.ed 
to daily flow values. This was accomplished by taking the 
interpolated missing monthly volume and dividing it by the observed 
monthly volume of a nearby tributary stream gage, This produced a 
ratio which was used to multiply the nearby gegcs '  daily flop: values. 
Chico's nissi~g daily flow values were patterned after the Huerfano 
Gage. Timpas' missing daily flow values were patterned after the 
Apishapa Gage. 

The first adjustment made to the tributary flows was to modify 
them for ungaged areas and non-contributing areas. This was necessary 
to provide an estimate of sediment being delivered from adjacent 
ungaged areas (through the tributary load curve). 

P daily flow bz1-&nee at the mainstsm gage,s was performed which 
indicated significant errors between flow volumes calculated from the 
tributary and diversion data and the observed volumes at the gages. 
These errors were due to a combination of the following: 

1. Irrigation return flow and sand' sluicing flows that are not 
gaged 

2. Routing effects, attenuation and travel times 
3. Interaction of river flows with ground water infiltration 

and/or exfiltration 
4. Use of constant diversion rates for one month periods whereas 

daily variation probably occurs 
5. Random gage errors 

It was necessary to remove the error in the water balance; reliable 
long-term sediment accounting requires accurate water accounting. 

To obtain the correct (observed) flow volumes at each of the three 
intermediate gages, an additional tributary was inserted immediately 
downstream of each of those gages. This tributary accounted for the 
ungaged irrigation return flows in the next reach. The tributary 
flows were calculated as daily flows, constant for a month ,such that 
a balance was maintained at the intermediate gages. No sediment 
discharge was associated with these tributaries. 

The final adjusted daily flow data were then processed by the 
HEC-6 data pre-processor to generate a sequence of flows of varying 
time step to optimize computational efficiency and accuracy. The 
final computational time steps ranged from one day to one month. 

Hodel Performance and Calibration 

Evaluation of the performance of HEC-6 consists of a comparison of 
trends in sccur and/or deposition between model simulations and 



historical stream behavior. It is known that the study reach has been 
aggrading during recent years. According to gage ratings obtained 
from the U.S. Geological Survey, the rating curve for the Las Aninas 
gage shifted upwards by about 5 feet (1.5 m) between 1955 and 1966. 
The model simulations adequately reproduce the aggradation tren2s. 
The computed trap efficiency for the reach is about 80%. The 
ca?c~!lated patterns of dep~siti~n alsa ccrrespond favorably uith field 
observations; deposits appear downst,ream of tributaries and major 
irrigation diversions. A more quantitative calibration effort is 
currently underway. The observed drift in gage ratings will. 5e used 
to further adjust xodel parameters if necessary ( 6 ) .  

Simul.ation Results 

A project consisting of a 7.46 mi (12.00 km) long, 175 ft (53.3 m) 
bottom width channel was analyzed initially. This channel replaces 
8.26 mi (13.29 km) of natural river and is, therefore, steeper. The 
change in bed profile over the 100-year period is shown on Fig. 4 for 
both existing and project conditions. It is important in interpreting 
results of model rimulations such as these to compare ~roject 
conditions to a base case condition. The difference between the two 
results can then be associated with project impacts. For example, in 
this case, the existing channel exhibited an average of 3.4 ft (l.0 m) 
deposition in the project subreach while the project channel exhibited 
only 1.5 ft; ( 0 . 5 ~ )  of deposition for tlie 100-year period. The reach 
doknstream of La Junta shows somewhat increased deposition under 
project conditions however. 

These results are examples presented for illustrative purposes 
only and may not reflect the performance of the final project design. 

Computational Aspects 

This study required utilization of major computational resources, 
The operation of HEC-6 to simulate a 100-year long period was the 
primary element. However, developing, manipulating, and storing the 
100 years of daily flow records for four main stem gages, four 
tributary gages, and eleven diversions was a significant data handling 
effort in its own right. This study utilized software developed at 
the HEC for hydrologic data storage and manipulation (lo), and 
graphical analysis of data and simulation results (9). The linkage of 
these various software packages and data files used in this study is 
shown on Fig. 5. This support software has become an integral and 
necessary component of any major movable boundary modeling effort at 
the HEC. 

Acknowledgements 

This study is being performed for, and sponsored by, the 
Albuquerque District of the U.S. Army Corps of Engineers. The 
opinions and conclusions expressed herein are those of the author and 
not necessarily those of the U.S. Army Corps of Engineers. 



Dl8lANCE (RIVER MILES ) 

4, -- 

406 

- 
4040 

! 
r 

0 

PROJECT CHANHEL 
0 

0 

/ 

NATURAL c--- 
CHANNEL 

FIGURE 4b 

SIMULATION RESULTS : 

3%o- a PROJECT CONDITIONS 

P - 
+- - + ---, 7 - 1 - P  -.i 

1190 1192 1195 1196 1 I98  1200 I202 1204 1206 



( MAIN STEM & 

FLOW DATA DIVERSION 

-7- I 

MEROE 

DAILY 

----- 
PLOTS ( DISPLAY ) I 

1 FLOW :E~:::~ RECORD /-Pi A 
PLOTS 

OUTPUT 

* 

PLOTS 

C 

Figure 5 HEC-6 DATA FLOW AND PROGRAM LINKAGE 

1 

7 

HYDRAULICS 

GRAPHICS 

PACKAQE 

HEC-6 

-- - A 

-- 
--- 

----+ 

/ 



Appendix 1 - References 

1. Nadler, C.T. and Schumm, S.A., "Eetamorphosis of South Platte and 
Arkansas Rivers, Eastern Colorado, "Phvsical Geogrcrpb, Vol. 2, 
NO. 2, 1.981, pp. 95-11.5. 

2. Sharps, J . A . ,  "Lateral M;arations & b L  of the Arkansas River during the 
Quaternary - Fowler, Colorado, to the Colorado-Kansas State tine," 
GeoloaieaL Survey Research 1969, Professional Paper 650-C, 1969. 

3. U. S . k.rn!y Corps of Engineers, .:.lbuquerc:e District, "Report on 
Review Survey for Flood Control and A l l i e d  Purposes, Arkansas 
River and Tributaries above John Martin Dam, Colorado," Vol. I, 
Kain Report, 1968. 

4. U.S. A m y  Corps of Engineers, Albuquerque District, "Report on 
Review Survey for Flood Control and Allied Purposes, Arkansas 
River and Tributaries above John Martin Dam, Colorado," Vol. 11, 
1968. 

5 .  U.S. A m y  Corps of Engineers, Albuquer<ua District, "R;?port oa 
Sedimentation in John Martin Reservoir, Arkansas River Basin, 
Colorado," September, 1953. 

6. U.S. Army Corps of Engineers, Hydrologic Engineering Center, 
"Guidelines for the Ca1,ibrat ion and Application of Computer 
Program HEC-6," Training Document No. 13, February 1981. 

7. U.S. Army Corps of Engineers, Hydrologic Engineering Center, 
"HEC-4 Monthly Streamflow Simulation," Users Manual, February, 
1971. 

8. U.S. Army Corps of Engineers, Hydrologic Engineering Center, 
"HEC-6 Scour and Deposition in Rivers and Reservoirs," Users 
Manual, Karch 1977. 

9. U.S. Army Corps of Engineers, Hydrologic Engineering Center, 
"Hydraulics Graphics Package," Users Manual, August, 1981. 

10. U. S. Arnly Corps of Engineers, Hydrologic Engineering Center, "The 
Hydrologic Engineering Center--Data Storage System (HEC-DSS)--An 
Overview, '' 1982. 

11. Vanoni , V.A. (ed) "Sedimentation Engineering, " American Society of 
Civil Engineers, Manual No. 54, 1975. 



 

Technical Paper Series 
 
 
TP-1 Use of Interrelated Records to Simulate Streamflow 
TP-2 Optimization Techniques for Hydrologic 

Engineering 
TP-3 Methods of Determination of Safe Yield and 

Compensation Water from Storage Reservoirs 
TP-4 Functional Evaluation of a Water Resources System 
TP-5 Streamflow Synthesis for Ungaged Rivers 
TP-6 Simulation of Daily Streamflow 
TP-7 Pilot Study for Storage Requirements for Low Flow 

Augmentation 
TP-8 Worth of Streamflow Data for Project Design - A 

Pilot Study 
TP-9 Economic Evaluation of Reservoir System 

Accomplishments 
TP-10 Hydrologic Simulation in Water-Yield Analysis 
TP-11 Survey of Programs for Water Surface Profiles 
TP-12 Hypothetical Flood Computation for a Stream 

System 
TP-13 Maximum Utilization of Scarce Data in Hydrologic 

Design 
TP-14 Techniques for Evaluating Long-Tem Reservoir 

Yields 
TP-15 Hydrostatistics - Principles of Application 
TP-16 A Hydrologic Water Resource System Modeling 

Techniques 
TP-17 Hydrologic Engineering Techniques for Regional 

Water Resources Planning 
TP-18 Estimating Monthly Streamflows Within a Region 
TP-19 Suspended Sediment Discharge in Streams 
TP-20 Computer Determination of Flow Through Bridges 
TP-21 An Approach to Reservoir Temperature Analysis 
TP-22 A Finite Difference Methods of Analyzing Liquid 

Flow in Variably Saturated Porous Media 
TP-23 Uses of Simulation in River Basin Planning 
TP-24 Hydroelectric Power Analysis in Reservoir Systems 
TP-25 Status of Water Resource System Analysis 
TP-26 System Relationships for Panama Canal Water 

Supply 
TP-27 System Analysis of the Panama Canal Water 

Supply 
TP-28 Digital Simulation of an Existing Water Resources 

System 
TP-29 Computer Application in Continuing Education 
TP-30 Drought Severity and Water Supply Dependability 
TP-31 Development of System Operation Rules for an 

Existing System by Simulation 
TP-32 Alternative Approaches to Water Resources System 

Simulation 
TP-33 System Simulation of Integrated Use of 

Hydroelectric and Thermal Power Generation 
TP-34 Optimizing flood Control Allocation for a 

Multipurpose Reservoir 
TP-35 Computer Models for Rainfall-Runoff and River 

Hydraulic Analysis 
TP-36 Evaluation of Drought Effects at Lake Atitlan 
TP-37 Downstream Effects of the Levee Overtopping at 

Wilkes-Barre, PA, During Tropical Storm Agnes 
TP-38 Water Quality Evaluation of Aquatic Systems 

TP-39 A Method for Analyzing Effects of Dam Failures in 
Design Studies 

TP-40 Storm Drainage and Urban Region Flood Control 
Planning 

TP-41 HEC-5C, A Simulation Model for System 
Formulation and Evaluation 

TP-42 Optimal Sizing of Urban Flood Control Systems 
TP-43 Hydrologic and Economic Simulation of Flood 

Control Aspects of Water Resources Systems 
TP-44 Sizing Flood Control Reservoir Systems by System 

Analysis 
TP-45 Techniques for Real-Time Operation of Flood 

Control Reservoirs in the Merrimack River Basin 
TP-46 Spatial Data Analysis of Nonstructural Measures 
TP-47 Comprehensive Flood Plain Studies Using Spatial 

Data Management Techniques 
TP-48 Direct Runoff Hydrograph Parameters Versus 

Urbanization 
TP-49 Experience of HEC in Disseminating Information 

on Hydrological Models 
TP-50 Effects of Dam Removal:  An Approach to 

Sedimentation 
TP-51 Design of Flood Control Improvements by Systems 

Analysis:  A Case Study 
TP-52 Potential Use of Digital Computer Ground Water 

Models 
TP-53 Development of Generalized Free Surface Flow 

Models Using Finite Element Techniques 
TP-54 Adjustment of Peak Discharge Rates for 

Urbanization 
TP-55 The Development and Servicing of Spatial Data 

Management Techniques in the Corps of Engineers 
TP-56 Experiences of the Hydrologic Engineering Center 

in Maintaining Widely Used Hydrologic and Water 
Resource Computer Models 

TP-57 Flood Damage Assessments Using Spatial Data 
Management Techniques 

TP-58 A Model for Evaluating Runoff-Quality in 
Metropolitan Master Planning 

TP-59 Testing of Several Runoff Models on an Urban 
Watershed 

TP-60 Operational Simulation of a Reservoir System with 
Pumped Storage 

TP-61 Technical Factors in Small Hydropower Planning 
TP-62 Flood Hydrograph and Peak Flow Frequency 

Analysis 
TP-63 HEC Contribution to Reservoir System Operation 
TP-64 Determining Peak-Discharge Frequencies in an 

Urbanizing Watershed:  A Case Study 
TP-65 Feasibility Analysis in Small Hydropower Planning 
TP-66 Reservoir Storage Determination by Computer 

Simulation of Flood Control and Conservation 
Systems 

TP-67 Hydrologic Land Use Classification Using 
LANDSAT 

TP-68 Interactive Nonstructural Flood-Control Planning 
TP-69 Critical Water Surface by Minimum Specific 

Energy Using the Parabolic Method 



 

TP-70 Corps of Engineers Experience with Automatic 
Calibration of a Precipitation-Runoff Model 

TP-71 Determination of Land Use from Satellite Imagery 
for Input to Hydrologic Models 

TP-72 Application of the Finite Element Method to 
Vertically Stratified Hydrodynamic Flow and Water 
Quality 

TP-73 Flood Mitigation Planning Using HEC-SAM 
TP-74 Hydrographs by Single Linear Reservoir Model 
TP-75 HEC Activities in Reservoir Analysis 
TP-76 Institutional Support of Water Resource Models 
TP-77 Investigation of Soil Conservation Service Urban 

Hydrology Techniques 
TP-78 Potential for Increasing the Output of Existing 

Hydroelectric Plants 
TP-79 Potential Energy and Capacity Gains from Flood 

Control Storage Reallocation at Existing U.S. 
Hydropower Reservoirs 

TP-80 Use of Non-Sequential Techniques in the Analysis 
of Power Potential at Storage Projects 

TP-81 Data Management Systems of Water Resources 
Planning 

TP-82 The New HEC-1 Flood Hydrograph Package 
TP-83 River and Reservoir Systems Water Quality 

Modeling Capability 
TP-84 Generalized Real-Time Flood Control System 

Model 
TP-85 Operation Policy Analysis:  Sam Rayburn 

Reservoir 
TP-86 Training the Practitioner:  The Hydrologic 

Engineering Center Program 
TP-87 Documentation Needs for Water Resources Models 
TP-88 Reservoir System Regulation for Water Quality 

Control 
TP-89 A Software System to Aid in Making Real-Time 

Water Control Decisions 
TP-90 Calibration, Verification and Application of a Two-

Dimensional Flow Model 
TP-91 HEC Software Development and Support 
TP-92 Hydrologic Engineering Center Planning Models 
TP-93 Flood Routing Through a Flat, Complex Flood 

Plain Using a One-Dimensional Unsteady Flow 
Computer Program 

TP-94 Dredged-Material Disposal Management Model 
TP-95 Infiltration and Soil Moisture Redistribution in 

HEC-1 
TP-96 The Hydrologic Engineering Center Experience in 

Nonstructural Planning 
TP-97 Prediction of the Effects of a Flood Control Project 

on a Meandering Stream 
TP-98 Evolution in Computer Programs Causes Evolution 

in Training Needs:  The Hydrologic Engineering 
Center Experience 

TP-99 Reservoir System Analysis for Water Quality 
TP-100 Probable Maximum Flood Estimation - Eastern 

United States 
TP-101 Use of Computer Program HEC-5 for Water Supply 

Analysis 
TP-102 Role of Calibration in the Application of HEC-6 
TP-103 Engineering and Economic Considerations in 

Formulating 
TP-104 Modeling Water Resources Systems for Water 

Quality 

TP-105 Use of a Two-Dimensional Flow Model to Quantify 
Aquatic Habitat 

TP-106 Flood-Runoff Forecasting with HEC-1F 
TP-107 Dredged-Material Disposal System Capacity 

Expansion 
TP-108 Role of Small Computers in Two-Dimensional 

Flow Modeling 
TP-109 One-Dimensional Model for Mud Flows 
TP-110 Subdivision Froude Number 
TP-111 HEC-5Q:  System Water Quality Modeling 
TP-112 New Developments in HEC Programs for Flood 

Control 
TP-113 Modeling and Managing Water Resource Systems 

for Water Quality 
TP-114 Accuracy of Computer Water Surface Profiles - 

Executive Summary 
TP-115 Application of Spatial-Data Management 

Techniques in Corps Planning 
TP-116 The HEC's Activities in Watershed Modeling 
TP-117 HEC-1 and HEC-2 Applications on the 

Microcomputer 
TP-118 Real-Time Snow Simulation Model for the 

Monongahela River Basin 
TP-119 Multi-Purpose, Multi-Reservoir Simulation on a PC 
TP-120 Technology Transfer of Corps' Hydrologic Models 
TP-121 Development, Calibration and Application of 

Runoff Forecasting Models for the Allegheny River 
Basin 

TP-122 The Estimation of Rainfall for Flood Forecasting 
Using Radar and Rain Gage Data 

TP-123 Developing and Managing a Comprehensive 
Reservoir Analysis Model 

TP-124 Review of U.S. Army corps of Engineering 
Involvement With Alluvial Fan Flooding Problems 

TP-125 An Integrated Software Package for Flood Damage 
Analysis 

TP-126 The Value and Depreciation of Existing Facilities:  
The Case of Reservoirs 

TP-127 Floodplain-Management Plan Enumeration 
TP-128 Two-Dimensional Floodplain Modeling 
TP-129 Status and New Capabilities of Computer Program 

HEC-6:  "Scour and Deposition in Rivers and 
Reservoirs" 

TP-130 Estimating Sediment Delivery and Yield on 
Alluvial Fans 

TP-131 Hydrologic Aspects of Flood Warning - 
Preparedness Programs 

TP-132 Twenty-five Years of Developing, Distributing, and 
Supporting Hydrologic Engineering Computer 
Programs 

TP-133 Predicting Deposition Patterns in Small Basins 
TP-134 Annual Extreme Lake Elevations by Total 

Probability Theorem 
TP-135 A Muskingum-Cunge Channel Flow Routing 

Method for Drainage Networks 
TP-136 Prescriptive Reservoir System Analysis Model - 

Missouri River System Application 
TP-137 A Generalized Simulation Model for Reservoir 

System Analysis 
TP-138 The HEC NexGen Software Development Project 
TP-139 Issues for Applications Developers 
TP-140 HEC-2 Water Surface Profiles Program 
TP-141 HEC Models for Urban Hydrologic Analysis 



 

TP-142 Systems Analysis Applications at the Hydrologic 
Engineering Center 

TP-143 Runoff Prediction Uncertainty for Ungauged 
Agricultural Watersheds 

TP-144 Review of GIS Applications in Hydrologic 
Modeling 

TP-145 Application of Rainfall-Runoff Simulation for 
Flood Forecasting 

TP-146 Application of the HEC Prescriptive Reservoir 
Model in the Columbia River Systems 

TP-147 HEC River Analysis System (HEC-RAS) 
TP-148 HEC-6:  Reservoir Sediment Control Applications 
TP-149 The Hydrologic Modeling System (HEC-HMS):  

Design and Development Issues 
TP-150 The HEC Hydrologic Modeling System 
TP-151 Bridge Hydraulic Analysis with HEC-RAS 
TP-152 Use of Land Surface Erosion Techniques with 

Stream Channel Sediment Models 

TP-153 Risk-Based Analysis for Corps Flood Project 
Studies - A Status Report 

TP-154 Modeling Water-Resource Systems for Water 
Quality Management 

TP-155 Runoff simulation Using Radar Rainfall Data 
TP-156 Status of HEC Next Generation Software 

Development 
TP-157 Unsteady Flow Model for Forecasting Missouri and 

Mississippi Rivers 
TP-158 Corps Water Management System (CWMS) 
TP-159 Some History and Hydrology of the Panama Canal 
TP-160 Application of Risk-Based Analysis to Planning 

Reservoir and Levee Flood Damage Reduction 
Systems 

TP-161 Corps Water Management System - Capabilities 
and Implementation Status 

 



 

 


	Front Cover
	Abstract
	Introduction
	Historical Stream Behavior
	Development of Geometric Data for HEC-6 Long-Term Simulations
	Incorporation of Project Channel
	Development of Sediment Data for Long-Term Simulations
	Hydrologic Data
	Model Performance and Calibration
	Simulation Results
	Computational Aspects
	Acknowledgements
	Appendix 1 - References
	Techncial Paper Series

