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Computer assisted analysis is provided through use of the VAX 11 /750
microcomputer.

Water Resources

Over the last decade, there has been
an increasing awareness throughout
the United States of water as a
precious natural resource as well as
a potentially destructive agent.
Dooley-Jones & Associates was one
of the first consulting engineering
firms to respond to the demand for
expertise in watershed and floodplain
management created by this
awareness.

DJA maintains a staff of highly experi
enced engineers, hydrologists and
technicians. They use the latest
methods and computer capabilities
in the analyses of storm water and
the design of its associated flood
control structures. To stay abreast of
these ever-changing technological
developments, these professionals
continuously pursue and utilize the
most effective and comprehensive
techniques, training and education.
Utilizing the VAX-11-750 and H P
1000, the firm possesses in-house
capabilities for performing computer
modeling on floodwater projects.
Available programs include HEC-1.
HEC-2, HEC-5, HEC-6, TR-20, FLU
VIAL 11 and FREQFLO.

DJA's Water Resources Division
offers clients a full range of services
in hydraulic and hydrologic studies,
modeling and design. These services
include sediment transport and
erosion analyses; bridge, dam and
reservoir analyses; channelization
and energy dissipation; and highway
drainage. Key areas of expertise
encompass:

• Urban drainage
• Floodplain and watershed

management
• River flow mechanics
• Hydraulic structures
• Hydraulic simulations

DJA's Water Resources Division
offers clients a full range of services
categorized as follows:

Urban drainage

Subdivision drainage; economic
feasibility studies; land development

master planning; highway drainage,
storm drainage; detention basins.

Floodplain and watershed
management
Soil conservation studies, basin
studies, floodplain reclamation,
environmental impact assessments,
floodplain mapping, flood potential
analysis and master planning.

River flow mechanics

Bridge analysis; geomorphology;
sediment transport analysis; erosion
and channel bank armoring.

Hydraulic structures

Analysis, planning and design of
energy dissipators, dams, reservoirs,
pumping stations, bridges, lined

channels, earthen channels,
drywells, levees, storm drains and
spillways.

Hydrologic simulations

State-of-the-art technology and
computer modeling for basin studies,
reservoir and channel routing.



Innovative drainageway design and
creative landscaping helps to make
usable land within this multi-family
residential development functional as
well as attractive.

The integrity ofa channel and prevention of erosion can be
assured by the proper design of hydraulic structures. A
baffled chute energy dissipator was designed to significantly
reduce the erosive energy of 10,000 cfs as it drops the water
level 12 feet from the west branch to the main branch of the
Santa Cruz River.



The desire and ability to meet
their client's needs, together with
experienced personnel,
diversified services, and state-of-
the-art technology, allows

,.,
Dooley-Jones & Associates, Inc.
(DJA) to offer clients progressive
engineering and planning
services on time and within
budget limitations.

DJA is a progressive,
professional consulting
engineering firm. Established in
1963, their services have grown
through the years to encompass
all phases of civil and sanitary
engineering, planning, design,
surveying and construction
management.

To serve their clients more
effectively, DJA maintains offices

'. in both the Tucson and Phoenix
metropolitan areas. The staff in
each location consists of
engineers, hydrologists,
planners, technicians and field
personnel who are experienced
in a variety of disciplines.

Additional information on these
or other services offered by DJA
can be obtained by contacting
one of the following locations.
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Dooley-Jones &.Associates, Inc.
35 East Tool'e Avenue

Ir 1 Mailing Address:
P.O. Box 1830

. ' Tucson, AZ 85702-1830
(602) 624-239.1

Dooley-Jones & Associates, Inc.
4747 N. 22nd Street, Suite 302
Mailing Address:
Anchor Centre Two
2207 E. Camelback Road, Suite 302
Phoenix, AZ 85016
(602) 956-9850
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Key words: Mi ssouri River; sedimentati on; computati onal hydraul i cs;

degradation; simulation.

Abstract: The future course of bed degradation in the middle
",

Missouri River has' been predicted using numerical simulation

techniques. The simul ation requi red development of the new Total

Load Transport Model (TLTM) which incorporates the interdependence of

fri cti on factor and sediment transport through data-based empi ri cal

relations. TLTM was implemented in a mathematical simulation model

called IALLUVIAL, which computes quasi-steady water and sediment flow

in natural rivers having nonunif9rm bed sediments. IALLUVIAL also

incorporates bed-sediment sorting and armoring, these being processes

of fundamental importance to the future course of Missouri River

degradation.

IALLUVIAL was first validated through simulation of ,the 1960-1980

severe degradation in the Missouri River between Sioux City, Iowa and

Omaha, Nebraska. Subsequently IALLUVIAL was used to predict 1980

2000 degradation for several river-management scenarios. The

simulations suggest .that the worst of the degradation' is now over,

and that it is the channelization, rather than upstream regulation,

which is primarily respons1bl~ for the degradation.

A compani on paper desc ri b:es the details of IALLUV IAL I S armo ri ng

qand sorting simulation procedures.

Summary: Past and future bed evolution in the middle Missouri River

between sioux City, ,Iowa and Omaha, Nebraska has been simulated us~ng

a numer1 ca1 -model.
,

Simulation methodologies and Missouri River

predictions are presented.
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I. INTRODUCTION

The past three decades have seen the transformation of the middle

Missouri River from its natural state of an unstable, heavily

sediment-laden, shallow, unregulated stream into a stable, narrow,

deep navigation channel with upstreaJ)l control of water and sediment

inflow. Thi s transformation has admi rably met its design objectives

of providing for continuous navigation from Sioux City, Iowa to the

mouth at St. Louis and of allowing reclamation of tens of thousands

of acres of productive riparian farmland through bank stabilization

and flood· control. These benefits have, however, been accompanied by

the inevitable environmental and morphological costs associated with

the river's response to such major man-imposed changes to its natural

equilibrium. The response of particular interest to the river

engineer has been a severe scouring, or degradation, of the bed from

about 20 miles upstream of Sioux City down to near Omaha, Nebraska.

The structural and envi ronmenta1 consequences of thi s deg radati on,

whi ch has reached as much as ei ght feet (2.4 m) near Si oux City, are

explored in (20).

The purpose of thi s paper is to descri be the development of a

numerical model for simulation of long-term bed evolution in a r:iver

having nonuniform bed sediment, and its application for guidance in

.anticipating, accommodating, and possibly arresting Missouri-River

bed degradati on in the affected re~ch. The model's development is

focussed on several phenomena whi ch . are of parti cul ar importance to

sediment-transport processes in the Missouri River:

1
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interdependence. of sediment-transport capacity and bed

roughness;

accumulation of non-transportable large particles on the

bed surface to form an armor layer.

One must. be ci rcumspect about the compl eteness of severa·l of the

schematic conceptual models employed to represent these complex

physical processes; .nonetheless, the overall procedure produces

surpri si ngly accurate reproductions of observed hi stori cal trends.

The model has become not only a useful tool for river-engineering

studies on the Missouri River, but also a valuable vehicle for

continuing investigation and conceptualization of the relevant

constituent processes.

A companion paper (l3) presents the details of the armoring and

sorting algorithms, for which only summary descriptions are provided

her~in.

II. SEDIMENT TRANSPORT AND FRICTION FACTOR RELATIONS

A. Background

The principal, and surely the most important, component of a

numeri cal model for alluvial rivers is the mathematical
-

representation of the sediment transport, friction factor, and their

interactions with changes in Doth river-bed elevation and bed-

2
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material size distribution. The dependence of the friction factor on

~ . sediment discharge has been well documented, yet no existing relation

adequately describes this dependence. The first stage of the present

study, therefore, invol ved the development of new sediment transport

and friction factor relationships for application in the computer

based modelling of·-alluvial rivers.

All existing friction-factor relations, including those arising

from the analyses reported in references (1, 2, 5, 6, 7,·16, 19, 22,

24), treat the friction factor or hydraulic roughness as being

independent of sediment discharge. It is well known, however, that

alluvial-channel friction factors are heavily dependent on sediment

discharge. Indeed, it is this dependence that permit,s a riverls

variable water discharge to transport the even more variable sediment

.discharge delivered to the stream from its watershed. This

dependence of friction factor on sediment discharge is illustrated in

the results of the constant-discharge experiments reported by Kennedy

(14). His data show that for a given slope, some flows can occur at

up to three different combinations of depth and velocity, each with a

different friction factor and sediment discharge. A similar

interdependence between friction factor and sediment discharge is

demonstrated by the constant-depth experiments of Vanoni and Brooks

(21), and by the depth-discharge relation of the Rio Grande in New

Mexico reported by Nordin (17). These examples, as well as a careful

analysi s of the underlyi ng mechani sms whi ch govern the i nteracti on

among the flow, the bed with its continuously changing geometry, and

sediments transported ..by' the flow, suggest that fri cti on factors for

sand-bed alluvial streams cannot be uniquely determined by water

3



discharge and energy slope; sediment discharge (or its intensity per

unit width) must also be specified for unique determination of the

friction factor.

Recent research at the Iowa Institute of Hydraul i c Research has

1ed to the development of two model s whi ch take i ntoaccount the

interdependence between friction factor and sediment discharge

described in the preceeding paragraph (11). The Suspended- and Bed

Load Transport Model (SBTM) is· based on detailed analysis of vertical

di stri buti ons of velocity and concentrati on and i ncl udes predi ctors

for fri cti on factor, bed-l ayer concentrati on and vel oci ty, bed-load

discharge, and, suspended-load discharge•. The Total-Load Transport

Model (TLTM) includes predictors for total sediment di scharge and

friction factor. Because of its simplicity and adaptability for

computer applications, the TLTM was adopted for the present study; it

is described in the following sections.,

B. Sediment Discharge Predictor

The sediment-discharge predictor of TLTM was developed from

regression analysis' of an extensive data base comprising both

1aboratory experiments and fi eld observati ons. the dimensi onl ess

total sediment di scharge per unit width was expressed as a functi on

of relevant independent variables through computer-based multiple

regression analysis.: Fifteen' data' sets, which included a total of

615 flows (of which 103 were field data) were used in the analysis.

Twenty independe~t variables, suitably non-dimensionalized, were

formed from different. combinations of seven basic quantities: flow

depth (d), velocity'(U), energy slope (Sm)' median bed-material size

4
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(DSO)' bed-material gradation (ag), specific gravity of sediment

particles (s), and kinematic viscosity of water (v). Due

consideration was given to the non-independence of several of the

dimensionless groups in the course of analysis. To facilitate

efficient nonlinear regression analysis, all variables were

transformed into logarithmic forms, and to ·further investigate the

non-linearity of functional relationships among the dependent and

independent variables, additional variables were formed from double

and triple products of these transformed variables. Thus, a large

number of regresslon equations, with the dimensionless sediment
3 .

discharge, q/' g{s-1)D SO expressed as functions of various groups

of independent variables, were formed (qs = volumetric sediment

discharge per unit width). These equations were evaluated using the

.following statistical criteria of multiple-regression analysis:

multiple correlation coefficient, standard error of estimate, overall

F-statistic, F-statistic for each independent variable, and standard

error of the regression coefficient for each independent variable.

The interested reader is referred to reference 11 for detailed

descriptions of the statistical analyses. The following relation was

found to have the best statistical characteristics among those

examined, and was adopted as the sediment-discharge predictor:

( qs )Log =-2.2786 + 2.9719 Vl + 0.2989 V2·V 3
3

Ig{s-1)DSO

.(1)

in which

5



U d u* - u*
V1= Log (,-;::;~~=); V2 = Log (-); V3 = Log ( c)

Ig(s-l)DSO °50 Ig(s-I)DSO

where u* = bed shear velocity =IgdSm; u*c = critical bed shear

velocity; and g = gravitational constant.

The data base from which Eq. (1) is derived has the following

ranges for different measured quantities: depth between 0.10 ft and

17.35 ft (0.03 m and 5.29 m); velocity from 1.04 ft/sec to 9.45

ft/sec (0.32 m/sec to 2.88 m/sec); energy slope from 0.0015 to 0.024;

050 from. 0.137 mm to 28.65 ~; ag from 1.00 to' 1.96; water

temperature from 0.6°C to 38.0°C; and Froude number from 0.09 to

2.08. Appl ication' of Eq. (1) beyond these ranges is subject to

uncertainty.

The sediment discharge per unit width for the kth size fraction,

qsb is obtained from qs calculated by Eq. (l) and. the following

allocation relation:

in which

050 x
(-0)

q _ q.p -=_k_~~
sk - s k mDSO x

t Pk (-0:-)
k=l k

'(1
x = 0.0316 1-0 -

5Q
i

( 2)

( 2a)

where Pk = the quantity of bed material in the kth size interval,

expressed as a fraction of the total; Ok =mean sediment size of the

kth fraction; and IT! '= total number of size ffractions. The

development of Eq. (2) is based on data analysis: of the .measured

6



suspended-sediment size distributions of the Missouri, the Niobrara,

and the Middle Loup Rivers. 050 for these rivers varied from 0.18 mm

to 0.40 mm, and a ranged from 1.17 to 2.00. The validity of Eq. (2)
g

beyond these ranges has yet to be established. It may be noted here

that the total sediment discharge per unit width, qs' can be obtained

from Eq. (1) alone, while sediment discharge for each size fraction

can be cal cul ated from Eq. (2) and the estimate of qs obtai ned from

Eq. (1) or any other sediment discharge relation. Eq. (2) has been

found to yield reasonably accurate predictions of the distribution of

transported materials by size (qsk/qs) for flows transporting

sediments predominantly in suspension (11).

c. Friction Factor Predictor

The dependence of the friction factor on sediment discharge in

sand-bed alluvial channels has been demonstrated by laboratory

experiments as well as fi e1d data. For a given water di scharge and

slope, the specification of sediment discharge is necessary to

determi ne whi ch of the vari ous possi bl e· combi nati ons of depth and

velocity occurs. In keeping with this concept, the formulation of

the friction factor relation of TLTM considers sediment discharge as. .
one of the independent variables. The particle Froude Number,

U/lg(s-I)OSO' is expressed as a function of various groups of.

dimensionless independent variables, using the same pr'ocedure

described previously for the development of Eq. (1). The same

procedure for evaluating the accuracy of different regression

equations developed using the 615 flows led to adoption of the

following relation as the friction factor pr.edictor:

7



log ( u ) = 0.9045 + 0.1665 V4 + 0.2166 VS.V6
19(5-1)°50

( 3)

in which

(
qs u* wo

SOV
4

= log ) ; Vs = 10g(W-); Vs = log (V--);

Ig(S-l)OSO
3

V7 = log (Sm· 10 3)

where w = particle fall velocity of median bed-material size (as

determined using Ruby's equation); and v = kinematic viscosity of

water. The range of applicability of Eq. (3) is the same as that

described previously for Eq. (1). Although the friction factor does

not appear explicitly in Eq. (3), it implicitly relates Sm to U and d

through the Oarcy-Weisbach equation.

o. Predicted Results with TLTM

Because of the dependence of the fri ct i on facto r re1at ion, Eq.

(3), on sediment discharge, and the dependence of Eq. (1) on friction

factor through Sm and U, simultaneous solution of Eqs. (1) and (3) is

necessary to solve for qs and friction factor (f). Any convergent

iterative scheme, such as the Newton-Raphson method, can be employed

for this purpose.

A comparison of, predicted and measured values of sediment

discharges and friction factors of 24 data sets (total of 947 flows)

8
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is summarized in Table 1. In Table 1, Mean Ratio is the ratio of the

computed· to measured value; and Mean Normalized Error (%) is the

average of the absol ute devi ations between the measured and computed

values expressed as percent of the measured values. It may be noted.
that the last nine data sets {332 flows) in Table 1 were not used for

the development of either Eq. (l) or Eq. (3). DsO for these 332

flows varied from 0.083 nun to 3.76 mm, ag ranged from 1.0 to 2.0,

mean concentrati on vari ed from 9 ppm to 21,000 ppm, and Froude number

ranged from 0.13 to 1.15. It is seen from Table 1 that the mean

normalized error for all 947 flows for the sediment-discharge

prediction is 44.8% and for the fr.iction-factor prediction is

28.5%. The prediction 'accuracy of TLTM as illustrated by Table 1 has

been found to compare favorably with several existing sediment

discharge and friction factor relations. A more detailed analysis of

TLTM's accuracy can be found in (11).

III. MATHEMATICAl REPRESENTATION OF BED EVOLUTION PROCESS

The TLTM sediment transport/friction factor predictor has been

implemented in IALLUVIAL, a numerical model for the simulation of bed

evol uti on in non-equi 1i bri urn all uvi a1 rivers.

procedures are outlined in this section.

The computational

A. Sediment Continuity Equation

The central operation of IALLUVIAL is approximate solution of the

sediment continuity equation (Exner's equation) to yield changes in

bed ele'(ation.
;

.:

This basic equation,

9



az aqs
(l-p) at + ax = 0 (4)

expresses the fact that in a control volume of unit width, any

imbalance between sediment inflow and outflow must result in a change·

in bed elevation, z. In Eq. (4), P = porosity of sediment on the

bed, x = streamwise coordinate, and t = time. In IALLUVIAL, Eq. (4)

is somewhat modified for application to an entire cross section, and

written in the following finite-difference form using Preissmann's

(18) four-point discretization:

B (l-p) ( n+1 n . n+1 - zry) a (n+1· Qn:1)Ut zi+1 - zi+1 + zi , + ~x. Qsi+1- S1,
(I-a) n n

(5)+
~x. (Qsi+1 - Qsi) = 0

1

where the subscri pt i denotes computati anal poi nts (the downstream

boundary being the first point) on a one-dimensional, streamwise

grid; superscript n denotes discrete time levels separated by ~t; B =

h 1 •dth t th t f Q 8 -B -- a(Bni +1+ ·8 n,.++11). /2c anne w, a e wa er sur ace; s = qs;
n h+ (l-a)(Bi + 8;+1)/2; ~xi= xi+l - xi; and a is· a weighting factor

normally taken as 1/2. Equation (5) corresponds to a control volume

.which occupies the entire width of the channel, and for' which z

represents some representative bed elevation at each end. Solution

of Eq. (5) yields z~+1 (the bed elevations at time (n+1) ~t ) at all

computational points; = 1, ••• ,N. However Qs and 8 are also unknown

quantities at: time (n+1)~t. The water-surface width B depends

directly on the water surface elevation y, and Qs depends iRdirectly

on y through the various hydraulic quantities appearing in TLTM, Eqs.

10
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(1) and (3). Therefore to the simple model represented by Eq. (5)

~ must be added the two-equation TLTM system and an appropriate water

flow equati on.

B. Flow Energy Equation

IALLUVIAL is based on the assumption that water wave propagation

effects can be ignored insofar as river-bed evol uti on is concerned.

This so-called quasi-steady flow assumption, which has been formally

justified for rivers which are not subject to tidal or other strong

unsteady influence (4, p. 282; 15; 23), involves representation of

mainstem and tributary inflowhydrographs as a series of constant

di scharges over di screte time intervals. The one-dimensional water

flow is then presented by an ordinary water-surface profile

(backwater) equation, written in discrete form as follows:

n+1 2 ; ( n+1)
2

n+1 (U i +1) n+1 Ui · AX i n+1 n+1}
Yi+1+ 2g =Yi + 29 + --2-- (Sci + Sci+1 (6)

in whi ch Sc = composite energy slope, see below. Now the ve1.ocity U

is given by Q/A, and under the steady 'flow assumption, the water

discharge Q is known at any point. The cross-sectional area A, and

the top-width B, are unique functions of the water level y and bed

1eve1 z at any poi nt (at 1east as long as the cross secti on shape at

a point is assumed to be constant, as is "assumed herein)." Thus Eqs.

(1) and (3) written for each of N computational points, and Eqs. (5)

and (6) written for each of N-1 computat~onal reaches, form a system

of 4N-2 nonlinear algebraic· equations~ The unknown dependent

variables at each of N points are yl)+1,: zl)+1, Qn~1 and Sn~1 for a
1 1 Sl' C1 '
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total of 4N, leaving two additional relations needed to close the

system. These are a downstream hydrodynamic boundary conditi on,

typically imposition of a known water surface elevation y~+l, and an

upstream sediment boundary condition, typically imposition of a known

volumetric sediment inflow rate, Q~~l. Solution of the complete

nonlinear system for each time step is described in Section IV below.

c. Roles of sediment Sorting and Bed Armoring

The above outline of a possible simulation procedure assumes that

the median bed material particle size, appearing in Eqs. (l) and (3)

as 050' is known. But in fact 050, which changes through. hydraulic

sorting as bed· evolution proce.eds, must also be considered to be a

dependent variable. Moreover, hydraulic sorting may also lead to

formation of an armor layer of coarse material on the bed surface,

and this armor layer affects the hydraul ic roughness and sediment

transport capacity. Consequently the straightforward four-equation

model outlined above is incomplete insofar as nonuniform sediment is

concerned.

The details of the sorting and armoring procedures used in

IALLUVIAL are described in a companion article (13). For the present

discussion, it is sufficient to note that these procedures can be

represented symbolically as

and

~·····In·

~ry + ~ry+1
1 1
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in which the arrows represent a volume accounting procedure, and ~ is

e the armori ng factor, interpreted as the fracti on of the bed surface

covered by immobile particles, 0 ~ ~ ~ 1. The evolution of 050

intervenes directly in the TLTM Eqs. (1) and (3); 050 is in fact the

most important independent variable appearing in TLTM.

When the equilibrium sediment discharge entering a reach is

reduced, the flow seeks to augment its diminished sediment supply by

entrai ni ng sediment from the channel bed. The fi ner materi al is

removed first, and the mean diameter of the affected bed layer is

increased; thi sis the process known as hydraul i c sorti ng or

coarsening. The process continues until the bed becomes partia11y or

wholly armored. Coarsening and armoring both ~end to reduce the

sediment-transport capacity of a flow,' and thereby act to restore

equi1 ibrium between the sediment-transport capacity and the reduced

sediment-supply rate into the reach. Both also reduce the height and

steepness of the bed forms on ri pp1ed and duned beds" and thus also

reduce the bed- form roughness of the channel. However, coarseni ng

increases the grain roughness. All sediment-transport relations,

including TLTM, have been developed from data sets for streams with.

little or no bed armoring. Moreover, the most reliable of the data-

those from laboratory f1umes--are from flows in bed-material-size

equilibrium (i.e., not undergoing coarsening). It is, therefore,

di ffi cuI t to quanti fy how bed-surface armori ng affects th:e sediment·

discharge and bed roughness. It is assumed in IALLUVIAL that

sediment discharge is reduced in direct proportion to the fraction of

the bed-surface area that is armored (i.e., covered with material,. i

which cannot be transported by the flow). Thus, the transport;

capacity Qs appearing in Eq. (5) is actually obtained from

13



On
s
+
1
.1 =8n

1
.+1(1 C ~n+1) n+1

- l"i qsi (9)

with the parameter C1 normally taken to be 1.0.

The effect of armoring on the friction factor arises from the fact

that the hydraul ic roughness of the armored portion of the bed is

essentially different from the rest of the bed, which is

characteri zed by an active state of sediment transport and often

deformed through the presence of ripples and dunes. The interaction

between the armor particles and the moving-bed roughness is complex

and not .yet fully understood or mathemati ca lly formul ated. Of

particular significance is the effect armoring has on the bed-form

geometry; specifically, armoring generally diminishes the height and

steepness of ri ppl es and dunes. It is assumed in the present study

that the resistance of the armored portion of the bed may be

approximated by a fixed-bed friction-factor relation (the 'Colebrook

White relation, for example), and that the composite friction factor,

f c , of the flow may be expressed as

f = f ~ + f (1-~)
cam

(10)

in which fa is the friction factor corresponding to the mean size of

the non-moving' armor material (determined using the Colebrook-White

- relation) and fm is the moving-bed roughness contribution appearing

in TLTM. The Darcy-Weisbach equivalence of energy slope and friction

factor is, for Eqs. (l}'and (3),

14
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and for Eq. (6),

f U2
c

Sc = -gga

IV. NUMERICAL SOLUTION PROCEDURE

( 11)

( 12)

In formal mathematical terms, the armoring and sorting processes

add two new dependent variables - ~~+1and o~~t - to the nonlinear

algebraic .system of equations comprising the model. However the two
.

. associated additiona·l relations, Eqs. (7) and (8), are not algebraic

. equations, but complex accounting processes as described below.

Therefore itis no longer possible to consider, even in principle, a

formal algebraic solution of tJ:e complete model in one. time step.

Instead, an iterative procedure based on a fractional step approach

must be employed.

The fractional step algorithm involves successive, independent

. execution of the following four operations in each iteration of each

time step: 1) backwater sweep, Eqs. (1), (3), and (6); 2) bed evolu

tion sweep, Eq. (5); 3) bed-material sorting, Eq. (7); 4) bed

armoring, Eq. (8).

A. Backwater (Upstream) SWeep

Once .the flow conditions-at any point i are known, Eqs. (1), (3)

and (6) form a system of three

k n+1 n+1 an'd n+1
un nowns qsi+1' Yi+1" Smi+1'

z~:i which are the most recently

15

nonlinear equations in the three

. . n+1 n+1
uSlng values for 050i+1' ~i+P and

available, either from the previous



iteration or the previous time step. The upstream sweep is initiated

using the imposed value of yn+1 and values of n+1 and Sn+1
1 ' qsl ml

resulting from simultaneous solution of Eqs. (1) and (3) by Newton-

Raphson iteration. These values are used to calculate yn+1 qn+l.
,2 ' s2'

and s~~1 through Newton-Raphson solution of Eqs.· (1), (3), and (6),

and so on up to i = N.

B. Bed Evolution (Downstream) Sweep

Once the bed elevation is known at point i+1, Eq. (5) can be

. n+1
solved dlrectly for zi using values for Band Qs (through Eq. (9))

which resulted from the preceding backwater sweep. The bed level at

the upstream limit of the model, z~+1, is computed through use of the

n+1
imposed sediment inflow, QsN The procedure, a generalization of

one described by Cunge (3), .implements the physical requirement that

the channel bed level must ultimately change in such a way that its
. I

sediment transport capacity is equal to the imposed load. For

example, if the imposed load is zero, then the channel must deepen

unti 1 the transport capacity is zero; thi s becomes the mechani sm for

computing the bed. level change at the upstream point.

This straightforward physical principle must be slightly modified

to account for the fact that the channel cannot instantaneously

adjust to a change in the imposed load. Instead, it is assumed that
;

some local degradation. lor aggradation due to imbalance between the

imposed and transportable load -can -occur i~ a special computational

reach a~x adjacent to the upstream limit. One seeks the bed

elevation change which satisfie~ a special sediment continuity
f

equati on wri tten for the "buffer" reach, ,-----.

16'
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{s(Qn+l_ -qn+l)' + {l-e)~)}~t = e~xB (1-p)~z (13)
. s s s N 'N

in whi ch 11 = imposed sediment load at the upstream- boundary, Q =s . s
TLTM-derived sediment-discharge capacity at the downstream end of the

buffer reach, BN = some appropriate width, and ~zN = change in bed

elevation of rea~h s~x (and point N) in time at. The bed level

change aZ
N

is expressed as

(14)

Here the water surfaceelevatio~y~+l is known from the latest

backwater sweep, and the previous bed elevation zN is also known,

e leaving the depth d~+l as an unknown in Eq. (l4). Since ~+1 and

~ are given, and Q~ is· known from the previous time step, the only

remaining unknown is 11n+1 , whi chcan be thought of as the s~diment
s '

-transport capacity at the downstream end of the reach sax with the.

armoring factor taken into acco~nt, i.e. ~n+l= BN(1-~Nn+t qn+l. Again,·. s s
one can consider q~+l as' a functi on only of dN+

1 through the TLTM

sediment discharge predictor, Eq. (1), all parameters other ,than
. .

d~+l being known from the most recent backwater sweep and sorting!

armoring operations. Consequently Eq. (13) reduces to a nonlinear

algebraic equation in the single unknown dN+1, whose value can be

determined through a Newton-Raphson iteration.
I

It is instructive tg note that if one suppresses' the buffer reach
,

by setting S = 0, then the procedure outlined above simply requires
•

that the bed 1evel adjust immedi ately so that the TLTM sediment

17



di scharge capacity at poi nt N becomes equal to the imposed load.

If a > 0, then the effect is to require the TLTM capacity to

approach, but not equal, the imposed load, the difference being

absorbed in aggradation or degradation in the buffer reach.

The value of aAx is guided by the physical principle that the

length of the buffer reach should correspond roughly to the distance

travelled by a bed perturbation in time At. Denoting the bed

perturbation celerity by c, this yields

a = CAt/AX (15)

The value of c is difficult to ascertain exactly, and depends on

changing flow conditions and sediment composition. Current research

at the Iowa Institute of Hydraulic Research is directed. toward

developing estimators for c. For the Missouri River, c would appear

to be the order of 10 miles per year. However, the proced'ure does

not appear to be particularly sensitive to a, as is shown in (10).

Once the bed 1eve1 at the upstream poi nt has been determi ned, a

normal sediment continuity equation is applied to (l-a)Ax far use in·

ultimately determining z~:i. In its present form, this equation uses

the imposed load ~+1 as inflow to the shortened reach, though an
s

equally plausible argument could be made" for using 'Qn+1. It is
s

implicitly assumed - and virtually always true - that a < a <.1.- .-;

c. Hydraulic Sorting Sweep

Once the overall change in bed el evati on has been computed for

each poi nt in the bed evol uti on sweep, an account; ng procedure 1s

18
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applied to each computational reach (i.e. each river segment between

adjacent computational points) to compute the change in bed material

composition. This rather tedious procedure is described in detail in

(13) •

At the completion of the sorting computation for each reach, the

updated particle size distribution P~:~ is used to compute the new

median particle size 'for each reach. Finally~ the point values o~~t

are taken as weighted averages of the two adjacent reach values,

. n+1 n+1wlth 0SOl and 0SON set equal to the median size in the single

adj acent reach.

D. Bed Armoring Sweep

Armoring of the bed surface for each computational subreach is

updated at the end of each iteration. Following the procedure

e '. described in -( 13) ,the cont ri but1on 'of each size fraction to the

armor-layer is calculated. The increase (or decrease) of the areal

,.:o:-::coverage" of -the armoringparticles for each size fraction, as a

'.-result of the incremental degradation in the current time period, is

added' to the cumulative value computed at the end of the previous

time step, f;~, to obtain the updated armoring factor, f;~+1. These

reach val ues are then averaged to obtain the armori ng factor at each. .. . .
. .

computational point, where they are used in the next time .step to

modify sediment discharge and friction factor characteristics as

described earlier.

19



E. Iterative Coupling

Iterative repetition of the above four processes results in

convergence to a solution in which the values of Qn+1 and 6n+1
s

appearing in Eq. (5) reflect the use of D~~l, dn+1, ~n+l, S~+l, etc.

in Eqs. (I), (3) and (6). It is of interest to note that for uniform

sediments, i.e. when neither sorting nor armoring occur, "the physical

coupling between Eqs. (1, 3, 6) and Eq. (5) is only through bed
.

elevation changes, resulting in such weak interdependence that

iterati ons are not needed. It is for nonuniform sediments, when

additional coupling occurs through 050 and~, that iteration$ are

generally necessary.

V. APPLICATION TO THE MISSOURI RIVER

A. Problem Description

Since 1960, bed elevations in the Missouri River between about

Si oux City and Omaha (see Fi g. 1) have been steadi ly decreasi ng.

This degradation, which has attained as much as eight feet near Sioux

City, Iowa ( 20) and is accompan i ed by a concomi tant drop in water-

surface elevation, has caused, or is threatening to cause, severe

environmental and structural pro~lems. These include loss of

wildlife habitat, shrinking of oxbow lakes as the flood-plain water

table declines, undermining of bridge and bank-protection structures,

decrease in water-intake efficiency, etc."

Most of this reach of the Missouri River has been significa"ntly

altered from its natural state. The closure of I six major multi

purpose dams, the mo~t'downstream of which is Gavins Point Dam (Fig.

1), has greatly reduced the frequency of extreme high or low flow

20
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events, and virtually shut off the downstream release of sediment.

Concurrent with the period of dam construction (1930-1965), the

Mi ssouri River navi gati on channel was ~omp1 eted from Ponca State

Park, Nebraska downstream to the mouth at St. louis, Missouri.

Stabil i zation of the channel involved construction of an extensive

system 'of spur dikes designed to provoke accretion of sediment from

the natural bankline inwards, effectively creating a navigation

channel at least 9-ft (2.7-m) deep and 600 feet (l83 m) wide. The

river from Gavins Point Dam down to Ponca State Park is still in its

natural topographical state, having an average width of some 2,500

feet (762 m) •.

B.Model Construction

Attempts to simu1 ate the channel degradation using IALLUVIAL have

been motivated on the one hand by a desi re to ascertain to what
\

extent the reservoi r constructi on and channel i zati on proj ects mi ght

be responsible for the degradation, and on the other hand by a need

to forecast the future course of degradation under various river

management scenarios. A preliminary modelling effort, carried out· in

conjunction with IALLUVIAL development (12), adopted ~ schematic

representation of the channel as ~ectangu1ar, assumed constant

initial bed material properties th.roughout the reach, and neglected

tributary and bank erosion effects. The initial channel and sediment

characteristics were taken as those prevail ing at the time of dam

closure in 1957. The 20S-mile (330-kilometer) reach from Gavins

Poi nt Dam to Omaha,. Nebraska was broken into 22· computati ?na1

sub reaches for application of IALLUVIAL.

21
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conditi on consi sted of a repeated, two-stage annual hydrograph of

36,000 cfs (1020 cms) for the 8-month navigation season, and 15,000

cfs (425 cms) for the remainder of the year, schematically

reproducing the actual regulated releases from Gavins Point Dam, with

zero sediment inflow. The downstream boundary condition was an

approximate water surface elevation, imposed at a fictitious station

far enough downstream. not to affect the flow from Omaha on upstream.

c. Model Verification

The schematic model was run for twenty years (1960-1980) with a

time step of 30 days, to simulate the simultaneous processes of bed

degradation, bed material coarsening, and armoring. Figure 2 is a

summary compari son of observed and computed water surface and bed

elevation changes after 20 years. The simul ati on reproduced the

I .
i

overall pattern of bed evol uti on, i ncl uding the apparent shift to

aggradation near Omaha, quite faithfully, although local differences

. in water surface elevation of as much as 4 feet (1.2 m ) can be seen

in the zone where aggradation begins, between Blair and Omaha.

D. Simulation Results and Discussion

The demonstrated success of IALLUVIAL in reproduci ng the general

historical trends of Missouri River bed degradation led the Iowa

State Water Resources Research Institute to support modelling efforts

focussed on a prognosis of 'future bed degradati on. The schemati c

model data set of the 1960-1980 simulation was replaced by one.

incorporating all available data on 1980 channel topography, bed

sediment size distribution, tributary and bank erosion rates (treated

22



in the model as sediment inputs to the natural channel above Ponca

State Park). The model was extended to below the Iowa-Mi ssouri

border, and incorporated water and sediment inflow from nine major

tri butari es as shown on Fi g. 3. The tri butary water i nfl ows were
"

schematized as repeated annual two-stage hydrographs, four months of

spring high flow and eight months of low flow, yielding the correct

mean annual flows. The tributary sediment inflows were obtained from

power-law total load rating curves,developed from analysis of

historical data available from the U.S. Army Corps of Engineers and

the U.S. .Geol o.gi cal Survey. After removal of the fi ne (washload)

material, these inflow loads were 'allocated by- size fraction based on

historical suspended-load size distribution analyses.

The changes in water-surface and thalweg profi 1es at the end of

the base 20-year prognosis run are shown on Figure 4. These results

show that apart from an additional two feet (0.6 in) of degradation in
!

the immediate vicinity of Gavins Point Dam, (compared to 4.2 feet

(1.3m) computed in the earlier 1960-80 study), very little additional

degradation is forecast to occur in the uncontrolled reach from the

Dam down to Ponca. ' However in the ·controlled reach from Ponca to

Omaha, as much as four feet (1.2 m) of additional degradation is..
expected to occur, bei ng most severe near Si oux Ci ty and .Decatur

Bend. This is to be compared to th~ 7.2 feet ·(2.2 m) computed near

Sioux City in the 1960-80 simulation. Below Omaha the model predicts

continung. aggradation; the large inflow of the Platte River (River

mile 595) causes a backwater in the Missouri which provokes

deposition of transp:or.ted sediments, and the Pl atte itsel f del ivers a
,

sediment load which ,is coarser than that transported by the Missouri,
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causing formation of a local delta.

resumes below Plattsmouth.

A general degradation trend

If one considers the Mi ssouri River bed degradation to be the

river's response to an imposed change in its geometry and sediment

. supply, then one can thi nk of the degradati on as a mechani sm for

transition from a former (undisturbed) equilibrium to a new one. The

new state of equilibrium will be reache~ when, for any given

subreach, the sediment transport capaciti es at its downstream 1imit

is sufficient to carry the mainstem, tributary, and bank-erosion

inflow to the reach, both globally and for individual size

fractions. Although one thinks ~aturally of local and overall slope

adjustments as one of a river's mechani sms for reachi ng a new

equilibrium, it is clear from Fig. 4 that the overall slope is

i nsignifi cantly changed by the degradation. Of far more importance

for the Missouri's return to equilibrium are bed coarsening and

armoring. This is demonstrated on Fig. 5, which shows longitudinal

profiles of median bed material size 050 and armoring factor at the

beginning and end of the simulation. The armoring factor was set to

zero throughout the model initi ally, effectively ignori ng the

computed (and actual) armori ng whi ch had taken place in the 1960-80

period. (Because of this initial condition .used tn the model, the

predicted degradation depths should be considered as upper-bound
. .

estimates.) After twenty years the computed armoring factor reaches

a maximum of about 0.6 in the vicinity of Sioux City, then decreases

gradually toward Omaha. The abrupt increase to about 0.2 near

Plattsmouth reflects ,the deposition of relatively coarse material

delivered by the Platte. At Gavins Point Dam, the armoring factor is

24
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a relatively low 0.34; the approach to equilibrium below the dam has

been dom; nated by a coarsen; ng of the mi xed 1ayer materi al rather

than by annori ng ..E!!:.~.

The initial profile of median bed material size distribution shown

on Fig. 5 corresponds to the 1980 fi el d data used. The medi an si ze

is seen to be close to 0.3 ITm from Gavins Point Dam down to the

vi ci nity of Pl attsmouth~ where the Pl atte l s coarser deposited load

causes it to increase locally toward 0.5 mm. After the 20-year

simulation
t

the greatest increase in 050 is seen below Gavins Point

Dam, whe~e 'the dominant mechanism is apparently hydraulic sorting.

In the remainder of the. model t sorting has caused a general

coarsening of the order of 0.1 mmt though some areas show no

significant change at all.

The base simulation described above was complemented by several

others desi gned to test the. sensitivity of future degradation to

alternative river-management schemes~ the more interesting of which

are as fall ows:

Run 52: An out-of-basin diversion was simulated by reducing the

Gavins Point Dam water release by 3 million acre feet per year t i.e.~

4,100 cfs (116 cms) distributed uniformly over the. annual cycle.

Run 54: The effect of the channelization was simulated by widening

the navigation channel from 600 ft to 800 ft (183 m to 244 m).

Run 55: The naviga~ion channel was further widened to 1000 ft (305

m).
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Run S8: The effect of artificial annoring as a means of locally

retarding severe degradation was studied by increasing the amount of

bed material between 2.4 Im1 and 19.1 ITItt by about 10~, schematicaily
.

simulating the dumping of fine gravel onto the bed.

Run 59: The potential reduction in degradation which could be

obtained by modulating Gavins Point Dam releases was studied by

constantly releasing the mean annual discharge of 29,000 cfs (822

cms). . ,

Figure 6 shows the evolution in time of the thalweg elevation at

5ioux City for Runs 52, 54, 55, sa and 59, with the base run 51 shown

for comparison. The initial rapid degradation for all runs is caused

by the use of an initial armoring factor at zero. It is apparent

that all the runs seem to reach ta kind of equilibrium from two to six

years; then all but Run 55 show the, effects of the arrival of the

degradation wave from upstream. The asymptotic approach to a new

equilibrium appears visible from about 15 years onwards.

Runs 52 and 59 show that reduction and 'modulation of the mainstem

water inflow can reduce the ultimate degradation by 0.3 and 0.6 ~t (9

and '18 cm) respectively. Runs 54 and sa show that ~ 200-foot

widening and local aritifical armoring could reduce the ultimate'

degradation by about one foot. Run 55 shows that a 400-foot

wideni ng, whi ch represents a return to nearly the pre-channeli zati on

width, waul d vi rtually el imi nate further, degradati on. Analysi s of

similar results for these and other runs bt all computational points
,

of the model can be found in reference (8)~
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VI. SUMMARY AND CONCLUSIONS

The techniques employed in IALLUVIAL, taken as a whole, have been

validated to some extent by the successful Missouri-River

simulations. However these modelling results do not signal the end,

but rather the beginning, of efforts to achieve a better physical

understanding and mathematical formulation of constituent physical

processes such as armoring, sorting, mixed-layer dynamics, mixed

grai n~and-form roughness, etc. There is an urgent need for

imagi native comprehensive 1aboratory experiments on non-equi 1i bri um

bed evolution in channels having nonuniform bed sediments.

Responsible contributions to' the alluvial-river modelling

capabilities of computational hydraulics will be those devoted, not

to the movement towards user-fri endl i ness and di'stri buted computi ng

systems, but to improved mathematical and numerical formulation of

some of the most complex processes to be found in nature (9).
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APPENDIX B: NOTATION

·channel width at water surface

celerity of bed disturbance

weighting parameter for armoring effect on sediment discharge

flow depth

mean sediment size of kth size interval

median bed-material size

grain-size friction factor

composite friction factor

non-armored friction factor.
gravitational acceleration

index of computational points

size-fraction index

total number of sediment size intervals

index of computational time levels

total number of computational points

bed-sediment porosity

fraction of material in kth size interval

volumetric sediment discharge per unit width

total volumetric sediment discharge

imposed sediment load at upstream boundary

-TLTMsediment load at end ·of upstream boundary

specific gravity of sediment particles

composite energy slope on armored beds

non-armored energy slope

time
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u* shear velocity

u*c critical shear velocity (incipient motion)

U cross-sectional average velocity'

VI-V] logarithms of dimensionless groups

w particle fall velocity

x exponent in size-fraction allocation equation; longitudinal

coordinate

y water surface elevation

z bed elevation

B dimensionless length of buffer reach
. .

~t length of computational time step

~x length of computational reach

~z change in bed elevation

e weighting factor in time

v kinematic viscosity of water

~ armoring factor

a
g

gradation coefficient for nonuniform bed material
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Table 1

Summary Comparison of Measured and Computed (TLTM)
Sediment Discharges and Friction Factors

Sediment Discharqe Friction Factor
Data Set No Mean Mean Mean Mean

of Ratio Norm. Ratio Norm.
Pts Error (%) Error (%)

Guy et al ( .19mm) 29 1.45 69.3 1.00 40.6
Guy et al ( •27mm) 17 1.51 52.4 0.80 41.1
Guy et al ( •28mm) 32 1.36 52.1 0.97 35.9
GUy et al (.32mm) 29 1.97 102.9 0.74 33.0
GUy et al (.45mm) 27 0.95 37.0 1.18 48.0
Guy et al .( .93nm) 23 1.07 24.5 0.80 25.1
Will i ams 24 2·.12 112.5 0.85 18.4
Vanoni-Brooks 21 0.92 47.6 1.18 56.9
Missouri R. (Cat. A) 60 1.02 36.9 1.04 32.2
Missouri R. (Cat. B,C) 26 1.20 47'.0 0.90 20.0
Missouri R. (RS) 17 1.07 48.9 1.28 33.7
Sato, et al (lil) 136 1.01 32.1 0.92 16.7
Meyer-Peter &Muller 41 0.90 39.7 0.96 15.9
Gil bert "43 0.70 35.0 0.81 35.4
Waterways Expt. Sta. (lil) 90 0.98 29.5 0.93 10.4
Willi s-Kennedy 31 . 0.76 39.2 0.72 28.8
Missouri R. (Sioux City) 51 1.09 41.3 0.46 54.6
Middle Loup R. 45 0.80 31.9 0.80 35.4
Niobrara R. .. 25 1.72 72.6 0.56 43.7
ACOP Canals 34 0.63 44.6 0.84 29.2
Rio Grande 58 0.80 46.7 0.79 31.5
Elkhorn R. : 23 0.35 67.2 0.92 25.4
Sato, et al (#2) 45 0.87 38.4 0.84 21.8
Waterways Expt. Sta. (#2) 20 1.18 45.9 0.93 13.6

All data 947 44.8 28.5
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SIMULATION OF BED ARMORING IN ALLUVIAL CHANNELS

12·by Hong-Yuan Lee and A. Jacob Odgaard , M. ASCE

INTRODUCTION

The stability of a river channel depends to a great extent on sediment

characteristics. If the amount of sediment entering a given channel reach for

some reason (upstream flow control measures., seasonal changes in sediment

yield, etc.) becomes less than the river's sediment-transport capacity in .that

reach, channel degradation occurs. An example (14) is the Missouri River

between Gavins Point Dam and Omaha where, as a result of regulation for

navigation, flood control and irrigation, the bed has lowered as much as seven

feet in places in the last 25 years . (causing problems of' bank erosion,

undermining of bridge foundations, reduced efficiency of water-intake

structures, loss of wildlife habitat, loss of recreational sites, etc.). The

rate at which degradation occurs depends very much on the composition of the

bed material (9), which can range from well sorted to broadly mixed. Most

river beds are made up of grains with a broad spectrum of sizes. If the flow

over such a bed is depleted of sediment, and the bed-shear stress is such that

coarser fractions of the bed mater ial do. not move, only finer fractions will

lSenior water Resources Engineer, Dooley-Jones and Associates, Inc., Tucson,
Arizona~ formerly Graduate Student, Institute of Hydraulic Research, College
of Engineering, The University of Iowa, Iowa City, .rowa.

2Associate Professor and Research Engineer, Institute of Hydraulic Research,
College of Engineering, The University of Iowa, Iowa City, Iowa 52242.
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be entrained into the flow and the bed surface will become progressively

coarser. Ultimately, an armor coat of large particles may form that stops

further degradation (15). It follows that the degree to which a river bed is

armored, and its cumulative frequency, must play an important role in the·

prediction of rates of river-bed degradation.

Gessler (7) and Little and Mayer (11) were among the first to

systematically study the process of bed armoring. In series of laboratory

experiments they generated armor layers by running (over an extended period of

time) sediment-free water through straigh~ flumes with broadly mixed

(nonuniform) sediment. Based on their data, they established rel~tionships

between the initial and final bed-material composition. Data obtained by

Garde, AI-Shaikh Ali, and Diette (6) in a similar type of experiment supported

Gessler's bed-armoring theory, which is a probabilistic approach. Garde et

ale aiso measured the time variation of the median-grain diameter of the bed

surface material. Support for Gessler's approach was provided also by Lane

and Carlson's [see Gessler (7)] studies of armoring in the San Luis Valley

Canals in Southern Colorado. A method consisting of combining Gessler's

theory and Einstein's (3, 4) bed-load theory was used recently by Shen and Lu

(12) to predict the composition of the armor-layer in both Little and Mayer's

(11) and Gessler's (7) experiments. Shen and LU's method included

modifications of Gessler's theory; Einstein's "hiding function N
; and of

Shields' curve (13).

None of the aforementioned studies focussed on the relationship between

the time scale of the armoring process and the flow and sediment characteris

tics. Usually, river beds are only partially armored; and the degree of

armoring often varies with seasonal changes in the rates of flow and sediment

-2-
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tit transport. In order to fully evaluate a channel bed's long term stability it

is necessary to be able to relate the degree of arrnoring to characteristics of

the flow and sediment in the channel. In an effort to obtain such a relation-

ship, this study developed a numerical procedure for correlating the temporal·

change .of the composition of the bed-surface layer with changes in the rate of

sediment transport near the channel bed. The procedure was based on: (1)

Bayazit's (1) scheme for the exchange of grain sizes between a surface and a

subsurface layer of bed sediment~ (2) Einstein's (3,4) bed-load function with

a modified hiding-factor curve~ and (3) Karim'$ (8) mixing-layer concept. The

.
procedure is an alternative to that proposed recently by Borah et ale (2) in

their sediment-routing model. Borah et ale also used a mixing-layer concept~

however, to control the erosion/deposition process they introduced an

additional active-layer concept and a somewhat arbitrary ordering procedure

for the removal of the various grain-size fractions.
!

Their procedure is

complex. The rate at which they let sediment be entrained into the fluid is

dependent on the time step chosen for the numerical computation, and it must

be calibrated wi th measured data. The model presented herein is simpler and

it contains a minimum of floating variables.

MODEL

.
A channel reach of length L and of unit width is cortsidered (Fig. 1). If

the flow approaching this reach is sediment depleted, sediment will be picked

up from the reach at a rate which may be described, for each grairy-size class

fraction i, by the equation (1)

-3-
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(1)

in which q = bed-load transport capacity of the. flow per unit width; t i =

fraction of grains in class interval i; 6t = time interval; and 6Q. = weight
l

of the grains in class interval i that are removed from the bed-surface mixing

layer dur ing the time interval 6t, per unit area of the mixing layer. The

time interval At is assumed to be small enough that q and t i can be taken to

be constant within this period of time. The thickness, T, of the mixing layer

is taken to be given by

1
T =- H (I-c)

2
(2)

in which c = coefficient with value between 0 and 1; H = dune height as given

by Yalin's (16) relation, H = (d/6) (l-T It); d = flow depth; t bed-shear
cr

stress; and T = critical bed shear stress
cr

(13) • Eq. 2 is a simplified

version of the expression suggested by Karim and Kennedy (8). The total

weight of bed material that leaves the mixing layer (per unit area) during the

time interval At is obtained by summing up the contributions from all class

intervals:

(3)

It is assumed that the material eroded from the mixing layer (AQ) is replaced

by bed material of the same weight from the layer below the mixing layer. At

the end of the time interval At, the weight of the grains in class interval i

in the mixing layer is then (per unit area)

-4-



m~Q = m.Q - t.~Q + p,AQ
~ ~ ~ ~

(4)

in which Q = PgT = weight per unit width of the mixing-layer bed material; P =

density of sediment; g = acceleration due to gravity; mi = fractions of grains

in class interval i in the mixing layer at the beginning of -the time

interval At; and Pi = the fzaction of grains in class interval i in the parent

bed. Hence, the fraction of grains in class -interval i at the end of time

interval At is

(5)

As the numerical process proceeds, the amount (per unit time) of sediment

e leaving the mixing layer (AQ) decreases; and a gradual coarsening of the

material in the mixing layer occurs. Eventually, the rate of sediment

transport becomes zero, at which point the armor layer is fully developed.

The procedure is summarized in Fig. 2.

MODEL RESULTS

Einstein's (3,4) bed-load function was used to determine the rate of bed-

load transport (by size fraction). His hiding-factor curve, which has been

modified on several occasions since it was first developed ( see Shen and Lu

(12)], was modified again in this study. Using the hiding-factor curve shown
I

in Fig. 3, and c = 0.3, the model simulated very well both the temporal

variation of the sediment-transport rate and the final armor-layer conposition

-5-



in all of Little and Mayer's (11) experiments. Figs. 4 and 5 show a compa~i

son between measured and simulated sediment-transport rates for Runs 6-1 and

3-4; measured and simulated armor-layer grain size distributions for the same

runs are shown in Figs. 6 and 7. The experimental conditions for these runs'

are summarized in Table 1. As the flow chart in Fig. 2 indicates the bed is

defined herein to be fully armored when the sediment load is less' than or

equal to one percent of the initial sediment load. The agreement between

measured and simulated armor-layer grain size distribution was, in general,

closest at the larger size fractions. The discrepancy at the smaller

fractions may not reflect any model deficiency. It could be explained by a

systematic error in Little and Mayer's (11) bed-sampling technique, which was

pointed out by Kellerhals and Church (10) and Ettema (5). Figs. 6 and 7 also

show simulated bed-material grain size distribution at an arbitrarily chosen

intermediate time, t = 500 min. (No data are available to verify intermediate

bed-material compositions) •

APPLICATION

Problem. - Assume that the initial conditions for a given reach are

known; i.e., a certain composition of bed material corresponding with certain

rates of flow and sediment transport. At time' zero,- the sediment supply

upstream from the reach is reduced (or the discharge is increased without the

sediment supply being increased 'correspondingly) • Determine the composition

of the bed-surface material at time t and the corresponding sediment

discharge.

-6-
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solution. - Input into the model the initial flow and sediment conditions

for the reach; calculate the sediment transport for each size fraction

corresponding to the initial flow and sediment conditions (at t = 0) and

determine the difference between the total sediment load for the reach, q (sum'

over all size fractions) and the incoming (reduced) sediment load, qo' This

difference determines the initial amount of bed material leaving the mixing

layer, ~Q. Proceed then as described earlier and prepare graphs similar to

Figs. 4, 5, 6, and 7 (with the ordinate in Figs. 4 and 5 being q - qo). The

composition of the bed-surface material and the corresponding sediment

discharge can then be read< from these graphs. For example, in Li t tle and

Mayer's Run 3-4, the sediment-transport rate corresponding with the.grain size

distribution at t = 500 min (Fig. 6) is read by entering Fig. 4 at t = 500 min

to be q = 0.001 Ibis (qo = 0). <

DISCUSSION AND CONCLUSIONS

Although the research is still in its early stages of development,

important conclusions can be made already. The bed-mater ial exchange model <

used herein is adequate for a simulation of the temporal variation of

sediment-transport rate and corresponding variation of bed-material

composition. Only two calibration factors are employed. The hiding-factor,

which controls primarily the initial removal rate of the smallet sediment.

particles; and coefficient c, which, by controlling the thickness of the

mixing layer, essentially tunes the overall time variation of the process (and

the time to reach "full" armoring).
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The model has the advantage of being simple and flexible. Modifications

and adjustments can be easily made as more data become available. Modifica

tions are foreseen. For example, in its present form the model takes the

hiding factor, ~, to be a function of x/o, onlYl x = large particle size that

will be subjected to the shielding effect by protruding coarser particles or

laminar sub1ayer: 0 = local particle diameter. The program calculates x/O at

each time step and uses the value of ~ given by the curve in Fig. 3. However,

the rationale behind the hiding-factor concept suggests that ~ should also be

a function of the geometric standard deviatio~ of the material in the mixing .'

layer. Such a modification is easily incorporated. Also, t,he simulation

procedure in its present form is based on the assumption that the water depth,

energy slope, and friction factor remain COnstant during the development of

the armor layer. This is not the case in reality. The model is flexible

enough that continuous adjustments of these parameters can be made. Finally,

a minor modification is foreseen On account of the fact that Little and

Mayer's experiments were conducted with inflow of sediment-free water (q =o

0): in reality, the inflowing water would be sediment laden with only a

certain sediment deficit.

In closing it seems justified to state that the proposed armoring model

can be a useful design tool for estimates of the effect of alternative flow

regulation measures on a channel bed's long term stability. The simplicity of

the model also makes it an attractive framework for further theoretical and

experimental studies of armor-layer behavioq in particular, when the flow

pattern becomes more complex such as in curved channels.

-8-
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APPENDIX II - NOTATION

~he following symbols are used in this paper:

c

d

g

H

i

L

m

p

Q

q

T

t

~t

P

T
cr

=

=

=

=

=

=

=

=

=

=

=

=

=

=

=

coefficient;

depth of flow;

acceleration due to gravity;

dune height;

grain-size class interval;

length of channel reach;

fraction;

fraction;

weight of mixing-layer bed material;

bed-load transport capacity;

mixing-layer thickness;

fraction;

time interval;

sediment density;

bed-shear stress; and

critical bed shear stress.
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FIGURE CAETIONS

Figure

1. Bed-Material Exchange Model

2. Flow Chart for Numerical Computation

3. Hiding-Factor Curve

4. Measured and Simulated Sediment-Transport Rates as a Function of Time
for Little and Mayer's (~1) Run 6-1.

5. . Measured and Simulated Sediment-Transport Rates as a Function of Time
for Little and Mayer's (11) Run 3-4.

6. Measured and Simulated Armor-Layer Grain Size Distributions for Little
and Mayer's (11) Run 6-1.

7. Measured and simulated Armor-Layer Grain Size Distributions for Little
and Mayer's (11) Run 3-4.
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Table 1. Experimental COnditions (11)

Flow Original Bed Material
Run
No. Rate, in Velocity, Depth, Slope Median grain Geometric

cubic feet in feet in of water diameter, in standard
per second per second feet surface millimeters deviation

(1) (2) (3) (4) (5) (6) (7)

3-4 0.572 1.338 0.217 0.0019 1.00 2.50

6-1 0.448 1.236 0.184 0.0020 1.00 3.05

Note: 1 ft = 0.305 m: 1 cfs = 0.0283 m3/s.
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ABSTRACT

A numerical procedure for simulating the temporal variation of sediment

transport rate and corresponding variation of bed-material composition in a

straight alluvial channel has been developed. The procedure is based on a

simple model for the exchange of grain sizes between a surface and a

subsurface layer of bed sediment together with a standard bed-load function.

Verification was made with laboratory data. The procedure should be a useful

tool for estimates of the effect of alternative flow regulation measures on a

channel bed's long term stability.
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PREFACE

This report presents the results of one of four studies related to the

Nati ona 1 Flood Insurance Program (NFlP) conducted by the Advi sory Board on

the Built Envi ronment (ABBE) during 1981-1982. The c1 ient for these studies

has been the Federal Emergency Management Agency (FEMA). which administers

the NFl? This report addresses the evaluation of flood-level prediction

using computer-based models of alluvial-river flows. The other three studies

are: (1) an assessment of the conduct of flood insurance studies; (2) the

problem of how to map areas of mudslide hazards (including recommendations on

how to delineate areas prone to mudslides); and (3) an evaluation of a

computer model for coastal flooding from hurricanes (and its specific

application to Lee County, Florida).

The study committee was selected after consultation with experts in
government, industry and academia, as well as within the National Academy of

Sciences/National Academy of Engineering. The committee was chosen to include

experts in river engineering, classical and numerical hydraulics, hydrology,

and river morphology--the technical discipl ines related to the study area

under consideration. The Chairman of the Committee was Or. John F. Kennedy, a

specialist in river hydraulics and sedimentary processes. The other members

of the Committee were Or. Vito A. Vanoni and Or. Carl F. Nordin, Jr., both

specialists in sediment-transport mechanics and river hydraulics; Dr. John A.

Schaake, an expert in the field of hydrology who specializes in runoff

prediction and flood forecasting; Or. David R. Dawdy, whose specialty is

numerical modeling of river-flow and other hydrologic processes; and Or.

Stanley A. Schumm, a specialist in riverine geomorphology. See Appendix for

biographical sketches.

The study was initiated by FEMA Regions 8,9, and 10, primarily the

western states, because they had experienced problems with modeling channel

erosion and sedimentation using fixed-bed models (e.g., HEC-2) to compute

flood-water elevations. The focus of these problems was flood-insurance

studies in communities impacted by rivers with movable beds or alluvial

channe1s. It was suggested to FEMA that one or more exi st i ng numeri ca1,

alluvial-river models might better serve the requirements of flood-stage

prediction for the, National Flood Insurance Program. This study was organized

to address the question of flood-stage prediction and capabilities of
computer-based flow- and sediment-routing models for alluvial streams.
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The Committee decided early in their deliberations that a subcontract

should be awarded to the Institute of Hydraulic Research of The University of

Iowa to engage Dr. Tatsuaki Nakato to manage the technical aspects of the

study. Specifically, th~ subcontractor was to:

1. Prepare an inventory of available computer-based flood- and sediment

routing models; a detailed description of each model's capabilities,
limitations, required input and input format, and output and output

format; and a general evaluation of each model's strengths, weakness'

and applicability for use in flood insurance studies.

2. Propose, for committee consideration, at least two u.s. river

channe1sand corresp ondi ng flood events to be used as test cases in

the evaluation and comparison of models deemed appropriate by the

Committee.

3. Compile the data required by each model, in the format required, for

the test cases sel ected and transmit thesE!' data packages to the

appropriate agencies or individuals for use in performing the test

case calculations.

4. Make the arrangements requi red for the vari ous agenci es or

individuals responsible for the selected models to perform test-case

calculations using their models.

5. Perform, using the test cases selected by the Committee, a set of

test-case calculations using one of the selected models in order to

provide some indication of the accuracy, resolution, reproducibility,

etc., that can be expected from the ather models and to ensure that

the test cases chosen are appropriate.

6. Prepare a report describing the test cases selected and the test-case

calculations.

7. Prepare, in a form suitable for evaluation by the Committee, a

compilation of the results of the test-case calculations that

incl udes written narrati ves describi ng the techni ca1 advantages and

disadvantages of the models considered.

In October of 1981 it was further determined that subcontracts should be

negotiated with four computer modelers for the performance of test-case

calculations, utilizing models selected from the inventory compiled by Dr.

Nakata, for at least two U.S. river channels and corresponding flood events.

Each modeler selected was to:

vi if
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1. Supply background information consisting of:

a. The characteristics and limitations of his model, including
background documentation.

b. A copy of the program or a functional block d~agram for each
computer-based flow-routing and sediment-routing model.

2. Run his computer model(s) using given input data for given test-river

reaches in two phases:

Phase I:
Phase II:

Rigid-bed model calculation
Erodible-bed model calculation

Provide rationale for selecting the various parameters utilized in
his model(s) and final computational outputs tabulated in the format

requested by the Committee.

3. Upon request, perform additional computation and clarify any

Committee member's questions on the· test results.

The four modelers selected for this purpose were:

1. Dr. Ranjan Ariathurai
Resource Management Associates
3738 Mt. Diablo Boulevard, Suite 200
lafayette, California 94549

2. Dr. Howard H. Chang
Department of Civil Engineering
San Diego State University
San Diego, California 92182

3. U.S. Army' Corps of Engineers
Hydrologic Engineering Center
609 2nd Street
Davis, California 95616

4. Simons, li &Associates, Inc.
3555 Stanford Road
Post Office Box 1816
Fort Collins, Colorado 80552



The report is intended for the use of technical staff members of FEMA.

While the report may also be of interest to other professionals in government,

univer-sities, and private consulting firms, it is not designed as a document

to be used by the general public or those without previous technical

background in the subject.
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SUMMARY

The primary objective of this investigation was to determine whether

river-bed degradation during flood pa'ssage has an effect on flood stage that

should be incorporated into the calculation of flood-zone limits. The

ancilliary question is whether flood-zoning studies should make use of flood

stage prediction models which incorporate river-bed mobility and

degradation/aggradation, instead of utilizing fixed-bed models, which have

been employed heretofore. The study involved application of six flow- and

sediment-routing models for alluvial streams to study reaches of the San

Lorenzo, San Oieguito, and Salt Rivers, for which relatively complete input

data were available. The developers of the individual models were

commissioned to perf~rm the numerical simulations using their models.

From the results of the studi es, it was concl uded that the effect of

river-bed degradation and aggradation on water-surface elevation during flood

passage is much smaller than the effects of the uncertainties of channel

roughness or flow friction factor, sediment input, and initial channel

geometry. Moreover, the available input data on channel geometry, bed

material characteristics, etc., generally are inadequate to permit full

utilization of the capabilities of erodible-bed models. Therefore, except in

cases of severely disturbed rivers which have experienced extreme local

degradation or aggradation through man's intervention, utilization of

erodible-bed models instead of fixed-bed models cannot be justified in flood

insurance studies. The principal deficiencies of the erodible-bed models are:

a. Unreliable formulation of the sediment-discharge capacity of' flows.

b. Inadequate formulation of the variable friction factor of erodible

bed flows, and, in particular, the dependency of friction factor on

depth and velocity of flow, sediment concentrati on, and temperature.

c. Inadequate understanding and formulation of the mechanics of bed

coarsening and armoring, and their effects on sediment-discharge

capacity, friction factor, and degradation suppression of flows.
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d. Inadequate understanding and formulation of the mechanics of bank
erosion, and, therefore. limited capability to incorporate this
contribution into the sediment input to the flows from bank erosion
and the effects of channel widening.

Numerical modelling of riverine processes ~ill become a steadily more reliable
and increasi ngly powerful tool. The principal 1imitation on the methodology
likely will continue to be inadequate formulation of the constituent processes,
enumerated above. Until these imp rovements are made, ri gi d-boundary model s
should be utilized for flood-insurance studies. and attention should be
directed toward examining the sensitivity of these models to uncertainties and

variations in channel roughness. channel geometry. and channel slope.
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I. INTRODUCTION

The principal objective of the investigation reported herein was to

provide advice and guidance to the Federal Emergency Management Agency (FEMA)

concerning the capabilities, limitations, and applicability of available

computer models for erodible-bed rivers to flood events, with the goal of

improving flood-insurance studies conducted under the National Flood Insurance

Program (NFIP). Descriptions of the Committee that was convened and the

organizational aspects of the project are presented in the PREFACE. the

early stages of the study, a nationwide canvass of river experts was made by

the Committee to identify modelers who had developed usable, alluvial-river

flow models. Although the Committee was aware of the several alluvial-river

flow models, developed in Europe and elsewhere, such as those of the Danish

Hydraulic Institute in Denmark; Delft Hydraulics Laboratory in the

Netherlands, Sogreah in France; and Hydraul ics Research Station of

Wallingford, England, a decision was made to limit the study to models that

had been developed in the USA. This decision was dictated primarily by the

time and budgetary constraints of this study. From among the several modelers

identified, four agreed to participate in the project: Hydrologic Engineering

Center, Corps of Engineers (HEC); Resource Management Associates (RMA); San

Diego State University (SDSU); and Simons, Li & Associates, Inc. (SLA). A

total of six numerical models was selected by the Committee members: three

from SLA, and one from each of the other organizations. The characteristics

of the models are summarized in Chapter II. Chapter III presents background

on the selection of the three study rivers (the San Lorenzo River (SLR); the

San Dieguito River (SDR); and the Salt River (SR)), and describes the

characteristics of the rivers and the input data utilized for each. The

principal numerical results obtained by each modeler are summarized in Chapter

IV. Chapter V describes the limitations of the alluvial-river-flow models,

and the principal conclusions and recommendations arrived at by the Committee

are summarized in Chapter VI.

1



II. DESCRIPTION OF MODELS EVALUATED

The characteristics of the six numerical models of flow and sediment
transport in movable-bed channels evaluated in the present study are

summarized in this chapter. The models are HEC2SR, KUWASER, UUWSR, HEC-6,

FLUVIAL-Il, and SEDIMENT-4H. Summaries of the models' characteristics were

first prepared on the basis of the individual modelers' final report?

submitted to the Committee, and the references cited therein. Each modeler

then was requested to review the Committee's description of his model. The

modelers' suggestions and corrections have been incorporated into the

following descriptions.

A. HEC2SR (HEC-2 with Sediment Routing):

1. Developer: Simons, Li &Associates, Inc. (SLA), 1980

2. Previous Applications:

(1) Boulder Creek, Larimer County, Colorado (SLA, 1980)

(2) Salt River, Phoenix, Arizona (SLA, 1980)

(3) Santa Cruz River, Tucson, Arizona (SLA, 1981)

(4) Canada del Oro Wash, Pima County, Arizona (SLA, 1981)
(S) Rillito Creek, Pima County, Arizona (SLA, 1981)

3. Basic Concepts:

The model was developed for simulati~g watershed sediment yield and the

attendant aggradation and degradation in a river system. HEC2SR uses the HEC

2 backwater-computation program developed by 'Eichert (1976), at the Corps of

Engineers (COE), Hydrologic Engineering Center (HEC), for calculation of

backwater profiles. The following assumptions are incorporated into the HEC-2

program (Eichert, 1981):

(1) Flow is steady and gradually varied.
(2) Flow is one dimensional and hydrostatic pressure prevails at any

point in the channel.
(3) The total energy head is the same for all points in a cross section

(one-dimensional assumption).

3



4

(4) Channel slope is small.

The following basic equations are ew~Joyed:

(1) Flow-continuity equation:

dQ = q
dx

(2) Sediment-continuity equation:

3Qs + aAb
3 x (1 - A) at = qs.t

(3) Flow-energy equation:

2 2
«2V2 «IVl

Y2 + 29 ':' Y1 + 29 + he

•• ""'!

(4) Energy head-loss equation:
2 2

- «2V2 «IVl
he = LS f + clzg - 2'91

•••• (2-1)

•••• (2-3 )

•••• (2-4)

where Q &Qs =water and sediment discharges in volume units

q = lateral water inflow per unit width

Ab =bed cross-sectionar.ea •

qst = lateral sediment inflow in volume per unit time and length

A = porosity of bed sediment

Yl &Y2 =water-surface elevations at ends of reach

VI &Vz =. mean velocities at ends of reach

«1 &«2 = velocity-head correction factors for flow at ends of reach

he = energy head loss

L = discharge-weighted' reach length

Sf= representative friction slope for reach

C = expansion or contraction loss coefficient

III~



5

4. Sediment-Transport Function:

The bed-load transport' rate~ % in vol ume per unit wi dth, ,is computed

from the- Meyer-Peter and Muller formula (Meyer-Peter and MOller, 1948):

where

_ 12.85 ( ')1.5
qb - - TO- TC

Ip Y5

T = bed shear stress
o

T
C

= critical shear stress = 0.047 (y - y)ds s
p = density of water

y = specific weight of sediment
s

y = specific weight of water

ds = median sediment particle size

•••• (2-5)

The suspended~load transport rate, qs in volume per unit width, is given by

the Einstein formula (Einstein, 1950):

"qb' Gw-1
qs =-116 w «V/u*) +2.5) II + 2.5 12 )

, •. (I-G) .

where . G = depth of bed layer divided by ~ediment diameter

u '= shear velocity
* .

V =mean flow velocity

,11 & 12 = Einstein's integrals

w = Rouse Number =particle fall vel~city/(O.4u*)

•••• (2-6)

The combined bed-material transport rates are further corrected for the fine

sediment concentration using Colby's empirical re,lationships .(Colby~ 1957).

During the sediment-routing phase, armoring effect and bed-material

composi ti on changes are cons.idered. ,In determi ning the armored layer, a

functional relationship between mean flow velocity and median sediment size~
. ., .

whi ch determi nes the si ze of sediment that wi 11 not move ~ was fi rst deri ved

using Shields' criterion. The channel is assumed to be armored when a layer

of nonmoving sediment that is twice as thick as the smallest size of moving. .. . .

sediment particles is established.
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5. Numerical Scheme:

HEC2SR first runs the HEC-2 program to solve (2-3) and (2-4) by the
standard, iterative-step method. The computational procedure is as follows:

(1) Assume a water-surface elevation, Y2, at section 2.
(2) Based on the assumed value of Y2' determine the corresponding total

conveyance and velocity head.
(3) Compute Sf and compute he from (2-4).
(4) Check the equality of (2-3) with the computed value using the

assumedYZ·
(5) Adjust Y2 if the error 1n step (4) is significant, repeat steps 1

through 5 until the values agree to within 0.01 ft.

After the HEC-Z computation, the bed-material discharge, which considers both
sediment avai 1abil ity and transport capacity, is estimated for each
compu'tati onal reach. The channel aggradation/degradation corresponding to the
difference between the sediment inflow and outflow is also determined for each
reach. This . sediment-vol~me change is distributed uniformly along the
reach. The change in elevation at ea~h. cross-section vertical is determined
by 'a weighting factor based on flow conveyances in adjacent lateral
subsections. This technique is also used in KUWASER .. (see Section II-B)

6. Data Requirement:

HEC2SR requires the following input data:
(1) Data on channel geometry in HEC-2 format.
(2) Information on subreaches which are divided according to hydraulic

and sediment-transport characteri sti cs, i ncl udi ng number of cross
sections, reach length, number of tributaries, surface and subsurface
sediment-size distributions, and potential armor layer.

(3) Watershed data, including channel-geometry representation and
sediment-size distribution; this can be neglected if the sediment
inflow from the lateral tributaries is neglected and/or the upstream
reach does not connect to the upland watershed area.

T II
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(4) Inflow hydrographs and downstream boundar~ conditi on (stage

hrdrograph if available) throughout the flood.

7. Model Limitations and Applicability:

The use of HEC2SR is limited to.a reach for which the one-dimensional
flow approximation is applicable. The model accounts for neither lateral

channel migration nor secondary currents. The model assumes a uniform. "

aggradation or degradation pattern along the reach, so that localized scour or

deposition cannot be predicted. The model is not suitable for studying .1ong

term river-bed changes, because of the hi gh cost of backwater computation

using HEC-2. However, HEC2SR ,offers the option to input sediment inflows

di rectly or internally' -to generate sediment-loading data by consi deri ng the

sediment-transport capacities in the upstream main-channel and tributary

reaches. The backwater'results obtained using HEC-2 can be directly compared

to stage predictions utilized in the conventional 'flood-insurance studies.... ."

The model also features modular'structure, which enables users 'to modify each

functional component.

B. KUWASER (Known discharge, Uncoupled, WAter and SEdiment Routing):
1. Developer: Simons, Li, and Brown (Colorado State University), 1979

2. Previous Appl ications:

(1) Yazoo River Basin (Simons, Li, and Brown, 1979)

3. Basic Concepts:

The model was developed for simulating one-dimensional, spatially-varied,

steady water and sediment flows. The principal assumptions it employs are as

fo1101'1s:

(1) Hydraulic characteristics of flow remain constant for a specified

time interval.

(2) Hydrostatic pressure distribution prevai,ls over any channel section.

(3) Secondary flow is negligible.

(4) Friction loss at a section is the same as that for a uniform flow

with the same velocity and hydraulic radius.
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(S) Channel slope is small.

The following basic equations are employed:
(1) Flow-continuity equation:

~ = q

(2) Sediment-continuity equation:

(3) Flow-energy equation:

y2 y2
(z + 0 + a 2'9)1= (z + 0 + a 29)2+ Hl.+ Hl. V

where
Q &Qs = water and sediment discharges

q = lateral water inflow per unit width
A = bed cross-section area

b .' .
q = lateral sediment inflow

S.f., .

~ =porosity of bed material
z = channel bed elevation
o = flow depth
H = total head above datum
a = correction ractor for velocity head
y = mean flow velocity

H.f.,= friction loss = St X

Hl. V =losses due to all other factors except friction =Stl'x

4. Sediment-Transport Functlon:

The sediment discharge per unit width, qs' is expressed by

Vb yCq =as

II I

•••• (2-7)

•••• (2-8)

•••• (2-9)

•• eo (2-10)



where
v = mean flow velocity
y = flow _dep th
a, b, and c = coefficients determined by means of regression analysis

The regression coefficients are determined either from field data or by-generating data using the Meyer-Peter and Muller formula and Einstein's bed-
load function for bed-load and suspended-load discharges, respectively. The
model does not take into account changes in bed-material composition.

5. Numerical Scheme:

KUWASER first solves (2-7) and (2-9) for a spatially-varied, steady flow
by means of the first order Newton-Raphson method. Equations (2-7) and (2-9)
are combined to yield the following expression for the sole unknown, flow
depth at section 2, O2:

4t\x Q~

•••• (2-11)

where
= water, discharge at section 2

= conveyance 'atsecti on 1
='bed elevation at section 2

Q2
Kl
z2
aI, aZ' a3, a4' as, and a6 = regression coefficients determined from field

data

Note that effective depth and width" cross-section area, cqnveyance, and
velocity-head correction factor are all expressed in terms of power functions
of the thalweg flow depth, 0•. Once the backwater calculation is completed,
sediment-transport rates at all cross sections are computed from (2-10). The
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sediment routing is then made by a two-step finite-difference algorithm. The

first step; s to compute the change in sediment volume between two cros/~

sections:

/i V. = (Q - Q + qS8 • )/i t
1 si+1 s1 k 1

•••• (2-12)

The second step is determination of the change in cross-section area at each

cross section. The model assumes that one-quarter of /iV, is deposited or
. 1

eroded in the upstream half of the segment between sections i and i+1, while.

three-quarters of /iV, 1 is dep os i ted or eroded in the downstream ha1f of the
1-

reach between sections i and i-1. Therefore, when qS1. is neglected, (2-8) can

be exp ressed as

•••• (2-13)

Fin~l1y, the model .. distributes /iAbi over the cross section to determine the

new channel geometry. The method' used is to relate the bed-elevation chan:~~

at a point to the ·local conveyan'ce. The elevation change at the j-th

vertical,·/iz., is computed as follows:
.J

/iA
kL + k1.+1 bi

/iZ, = K •.•• (2-14)
J . y'+l- y. 1, . J J-

where
k1. and k

t
+1

= conveyances of the incremental areas to the right and

left of the j-th vertical

yj+l and Yj-l= lateral coordinates of the (j+l)st and (j-l)st

verticals

Ki = total conveyance of the i-th cross section

6. Data Reguirements:

KUWASER .requires the following input data:

(1) Number of cross sections and individual reach lengths.

-1·111
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(2) Number of subdivided reaches.
(3) Locations of tributaries.
(4) Cross-section geometries of all sections.
(5) Manning's n at each section.
(6) Upstream and tributary inflow hydrographs and stage data for every

time step.
(7) Sediment-transport coefficients.
(8) Characteristic parameters for each dam, including its discharge

coefficient, width, and height.

7. Model limitations and Applicability:

The use of KUWASER .is limited to subcritical flows. The model does not
predict channel armoring or two-dimensional flow effects. KUWASER cannot
effectively model a river reac~ with" extremely irregular channel grade and
geometry, but has the capabil ity to model the main stem and tributaries in an

entire river system. KUWASER can simulate divided flows associated with bars,
islands; or channel breaches. The model finds its best application in long-e term degradation/aggradation analysis.

C. UUWSR. (Uncoup 1ed, Unsteadx Water and Sediment Routing):
1. Developer: Tucci, Chen, and Simons (Colorado State Univeristy), 1979

2. Previous Applications:
(1) Upper Mississippi and Lower Illinois Rivers (Simons, et al., 1975)
(2) Upper Mississippi and Lower Chippewa Rivers (Simons & Chen, 1976 &

1~77; Simons et al., 1979; Simons &Chen, 1979; Chen &Simons, 1980)
(3) Lower Mississippi River (Simons &Chen, 1978)

3. Basic Concepts:

This model was developed for simulating one-dimensional, gradually
varied, unsteady, water and sediment flows in complicated river networks. The

principal assumptions included in this model are as follows:
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(1) The river channel is sufficiently straight and unif9rm that the one~

dimensional flow approximation can be employed.
{2} Hydrostatic pressure. prevails at any point in the channel, and the

water-surface slope is small.
(3) The density of sediment-laden water is constant over the cross

section.
(4) The resistance coefficient for the unsteady flow is assumed to be the

same as that for a steady flow.

The following basic equations are employed:
{1} Flow-continuity equation:

an .. a
~ +TU- q :;0
ax at.t

(2) Sediment-continuity equation:

3Q . 3Ad---i + (I - A) - - q:; 0ax at s

{3} Flow-momentum equation:

aQ + a(s QV) + gAll:; gA (C\ _ S + 0 )IT ax· ax P -0 f 1

where
Q &Qs :; water and sediment discharges

T :; 3A/ay
y :; flow depth
~ :; cross-section area for water
Ad :; sediment volume deposited per unit channel length

q.t :; qs + qw
qs :; lateral sediment inflow
qw :; lateral water inflow

A :; porosity of bed material
V :; mean flow velocity
a :; momentum correction factor
P :; density of water

II I

•••• (2-15)

•••• (2-16)

•••• (2-17)
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S = bed slope. 0

Sf = friction slope
D

1r
=dynamic contribution of lateral inflow (q,t V,t/Ag)

To solve these .three equations for the three primary unknowns, Q, y, "and Ad'

other variables are expressed in terms of Q, y, and Ad·

4. Sediment-Transport Function:

The sediment discharge per unit width, qs' is expressed by

Vb c
q = a ys

where

•••• (2-18)

v =mean flow velocity
y = flow. depth
a, b, and c = coefficients determined by means of regression analysis

The. regression coefficients are determined .~ither from field data or by
generating data usi~g the Meyer-Peter and Muller formula and Einstein1s" bed

load function. for bed-load and suspended-load discha~ges, respe~tively.

Changes in bed-materi~l composition are not taken into account.

5. Numerical Scheme:

UUWSR first solves (2-15) and (2-17) by a four-point, implicit, finite
difference scheme" (unconditionally. stable) assuming a fixed bed. The
resulting flow information is used to compute the sediment-transport capacity
by means of (2-18). Computed sediment di scharges then are app 1i ed to the
sediment-continuity equation, (2..16), to estimate the change in the cross
section area. Equation (2-16) is solved using an explicit, finite-difference

approximation. Therefore, UUWSR is an uncoupled, unsteady, water- and

sediment-routing model.
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6. Data Requirements:

all computational sections (arranged from

Number of sub reaches.
r' .

Locations of tributaries.
Cross-section geometries of
upstream to downstream).
Manning's roughness coefficient at each cross section.
Boundar~ conditions specified by either a discharge hydrograph, or a
stage hydrograph, or a stage-discharge rating curve.
Sediment-transport function."
Characteristic parameters for each dam, including its discharge
coefficient, width, and height.

(5 )

(6 )

UWSR requires the "following input data:
. "'

(I) Number of cross sections and individual reach lengths.

(2)
(3 )

(4 )

(7)

(8 )

7. Model Limitations and Applicability:

The use of UUWSR is limited to 'a model ing reach for 'which the one
dimensional flow approximation and steady-state solutions at confluences" and ..~
dams are applicable. However, the model can simulate, with minimal computer
" .1" . .
cost, a complex river-network system in which islands, branches, meander

" I •

loops, and ·tributaries are connected to the main channel. The model can also. . .
simulate effects ot' hydraulic structures such as "dikes, locks and dams, etc.
The capability of uns~eady flow routing of this model enables users to
simulate the flood-wave movement in·a long reach.

D. HEC-6 (Hydrologic Engineering Center):
1. Developer: Wi 11 i am A. Thomas (Hydrologic Engi neeri ng Center, Corps of

Engineers), 1977 .
2. Previous Applications:

(1) Atchafalaya River Basin, Louisiana (Jennings & Land, 1977)
(2) Clearwater River, Idaho (Williams, 1977)
(3) Boise River, Idaho (Thomas &Prasuhn, 1977)
(4) San Lorenzo River (Jones-Tillson &Associates, 1980)

(5) Mississippi River (Nakato & Vadnal, 1981)~,

1-- -- II I·
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(6) Cottonwood Creek (Prasuhn &Sing, 1981)

3. Basic Concepts:

The model was developed to analyze scour and deposition of movable-bed

channels· by simulating one-dimensional, steady, gradually-varied water and

sediment flows. The principal assumptions employed in the model are as

follows:

(1) Flow is one dimensional and hydrostatic pressure prevails at any

point in the channel.

(2) Manning's n is applicable to gradually-varied flow and is expressed

as °a function of .oeither water-surface elevation or water discharge

(the modei incorporates indi rectly the roughness effects of changes

in bed forms).

(3) The entire movable-bed p~o:tion of a cross section is scoured or

deposited at the same rate.

(4) Channel slope is small.

The following basic equations are employed in the model:

(1) Flow-continuity equation:

~~ = q.f. • • •• (2-18)

(2) Sediment-continuity equation:

•••• (2-19)

(3) Flow-energy equation:

•••• (2-20)

where

Q = water discharge
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qt = lateral water inflow per unit width
G =volumetric sediment-transport rate
B = movable-bed width
y =movable-bed elevation
h = water-surface elevation
« = velocity-head correction factor
A = cross-section area
HL = head loss between sections k-1 and k

4. Sediment-Transport Function:

Five options are available for computing bed-material transport rates:
Laursen's ,relat.ionship,' as modified by Madden for large rivers (Laursen,
1958); Toffaleti's formula (Toffaleti, 1968); Yang's stream-power formula
(Yang, 1973); OuBoys' formula (Brown, 1950); and a special relationship
between unit-width sediment-transport capacity and ,the product of flow depth
and energy slope which is developed for a particular ri·ver reach.

Laursen's relationship is expressed by

•••• (2-21)

where
qs = bed-materlal transport rate ~er unit width
q = water discharge per unit'width
Pi = fraction by weight of the i-th fraction. of the bed sediment with

mean si ze, dsi
0 = flow depth

• = Laursen's bed-shear stress due to grain roughnessTO

pv2/ (58 (d50 /O) 1/3)=
dSO = median sediment size
V = mean flow vel~city

T = critical shear stress for mean particle size, dS1ci

The second option, the Toffaleti formula, is based on Einstein's bed-load
function and various empirical data and is expressed by

II I
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•••• (2-22)

where·

qsi =
qsbi =
qssli =
qssMi =
qssUi =

bed-material discharge for the i-th fraction of bed sediment

bed-load discharge for the i-th fraction of the bed sediment

suspended-load discharge in lower zone

suspended-load discharge in middle zone

suspended-load discharge in upper zone

Detailed procedures for computation of qsbi' qssli' qssMi' and qssUi are given
by Toffaleti (1966).

5. Numerical Scheme:

HEC-6 first solves the one-dimensional energy and continuity equations,

(2-20) and (2-18), using an iterative, standard step-backwater method, tv. .
obtain basic hydraulic parameters such as depth, width, and slope at each

section whi~h are necessary to compute the sediment-transport capacity.

Friction loss is calculated from Manning's equation with specified 'n values.

A functional relationship between Manning's n and water discharge or flow

stage can be used if available. Expansion and contraction losses are

calculated using loss coefficients. The potential sediment-transport

capacities at all cross' sections are computed" next, using one of the five
. .

optional sediment-transport functions. Note that the sediment discharge at

the upstream boundary must be related to the water discharge by a rating table

for different sediment-size fractions. Computations of sediment-transport

capacity begin at the upstream boundary and move reach by reach to the

downstream boundary. Equation (2-19) is then solved using an explicit,
finite-difference scheme:

or

-(GR - GL) B(Yp '- Yp)
~~:..----;:--.- + =0O.5(XL + XR) ~t

YP,= yp + 0~ ~B (GR- GL)/ (XL + XR)

•••• (2-23 )

•••• (2-24)



where
G
R

" . :;

GL =

Yp I =

Yp =

18

volumetric sediment-transport rate at the (k+l)st cross section

volumetric sediment-transport rate at the (k-l)st cross section
movable-bed thickness at the kth cross section at the time
of (j+l)6 t

movable-bed thickness at the kth cross section at the time
of j& t

XL = reach length between (k-l)st and kth cross sections

XR = reach length between kth and (k+l)st cross sections

Note that the transport capacity is calculated at the beginning of the time
interval, and is not recalculated during that interval. However, the

gradation of the bed material is recalculated during the time interval in
order to account for armoring effects. An equilibrium water depth below which
sediment with a parti!=ular grain size b~comes immobile is introduced using
Manningls equation, Stricklerls equation, and Einsteinls bed-load function:

•••• (2-25)

where
q = water discharge per unit width
d = sediment particle size

A zone of bed between the bed surface and the equilibrium depth is designated
the acti.ve layer. When all material is removed from the layer, the bed is

considered to be corrpletely armored for that particular hydraulic condition.
When a mixture of grain sizes is present, the equilibrium depth calculations
utilize the given gradation curve to relate the quantity of each grain size
present in the bed to the depth of scour. The armor layer formed by a
previous discharge is tested for stability using Gesslerls' (1971) stability
analysis procedure. If Gesslerls stability nus.nber is less than 0.65, the
armor layer is treated as unstable and the bed-layer size distribution is

computed for the next time step.

II I
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e -6. Data Regui rements:

HEC-6 requires the following input data:

(1) Number of cross sections, individual reach lengths, and tributary

locations.

(2) Geometric data on movable-bed portion of each cross section,

thickness of movable bed, and bridges, and dredging information.

(3) Manning's roughness coefficient at each cross section.

(4) Data on sediment inflow, bed-material gradation, and sediment

properties.

(5) Upstream and 1ateral inflow hydrographs, downstream boundary
condition (stage-discharge curve or stage hydrograph), and water

telll' eratu res.

HEC-6 is a one-dimensional model with no provision for simulating the

development of meanders or specifying a lateral distributjon of the sediment

transport rate across the section. The entire movable-qed portions of the

cross sections are assumed to aggrade or degrade uniformly. The model is not

suitable for rapidly:,changing flow conditions. The model can be applied to

predict reservoir. sedi'!'entation, degradation of the stream b~d downstream from

. a dam, and log-term trends of scour or deposition in a stream channel. The

influence of dredging activity can also be simulated. The model can be run in

the fixed-bed mode, similar to HEC-2, by removing all sediment:'data cards.

E. FLUVIAL-I!:

1. Developer: Chang and Hill (San Diego State University), 1976

2. Previous Applications:

(1) San Dieguito River (Chang &Hill, 1976)

(2) San Elijo Lagoon entrance channel (Chang &Hill, 1977)

(3) San Diego River (Chang, 1982)

3. Basic Concepts:

FLUVIAL-11 was developed to simulate one-dimensional, unsteady,
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gradua lly-vari ed water and sediment flows, as well as wi dth changes, of

erodible channels. The principal assumptions incorporated into this model at .

as follows:
(1) Flow is one dimensional, and hydrostatic pressure prevails at any

point in the channel.

(2) Channel slope is small.

(3) The Manning equati on and the sediment-transport fonnul a are

applicable to gradually-varied flow.

(4) Storage effect due to unsteady flow is negligible in the backwater'

computation.

The following basic equations are elt'4Jloyed:

(1) Flow-continuity equation:

an aA
~+--q=Oax at

(2) Sediment-continuity equation:

{ }
aAc aQ s

1 -l at + ax - qs = 0

(3) Flow-momentum equation:

2
g :~ + 1~ + 1;x (f) + g5 - ~ q = 0

A

where

Q &Qs = water and sediment discharges

A = cross-section area of flow

Ac = channel cross-section area within some reference frame

q = lateral water inflow

q = lateral sediment inflow
s .

H =water-surface elevation

S = energy slope·

. A = porosity of bed material

II I

•••• (2-26)

•••• (2-27)

•••• {2-28}



21

Equations (2-26) and (2-28) are solved for two unknowns, Q and H, by an
iterative method. Note, however, that in this NRC study, a simpler method of- . .
compu~ing the water-surface profile, usi.ng the energy equation, was utilized
instead of solving the unsteady equations, (2-26) and (2-28). A standard step
method similar to that incorporated into HEC-2 was util ized in solving the
energy equation.

4. Sediment-Transport Equation:

The following formula developed by Graf (1968) was used to compute the
bed-material discharge for the San Oieguito River and the Salt River:

1/2
eVR/«s - 1)gdl/3 ) • = 10.39«s _1)d/(SR»-2.52

s s •••• (2-29)

where
C = mean volumetric concentration of bed-material sediment
s = ratio of sediment specific weight to water specific weights
d = median sediment size
S = energy slop e
V = mean flow velocity
R = hydraulic radius

The Engel und-Hansen formula (1967) was used fDr" the San lorenzo Ri ver to
compute the t?tal-load discharge:

•••• (2-30)

where

qT = total-load discharge. per unit width
Ys = specific weight of sediment
y = specific weight of water
u* =shear velocity
p = density of water
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5. Numerical Scheme:

FLUVIAL-ll first solves the water-continuity equation, (Z-26), and

momentum equation, (2-28), by aD iterative, four-point, implicit, finite

difference scheme developed by Arnein and Chu (1975). The flow information is

next used to compute the sediment-transport rate from either (2-29) or (2

30). The sediment-continuity equation, (2-27), is then solved to

obtain ~A in the following way: from (2-27)c

1 j '+1q = _ (q + qJ )s. 2 s. S.
1 1 1.

Qi + Qi+l
aQ s 1 s. s.

(ax) .=Ax. 1 ( 1 2 1
1 1-

Qi + Qi+1
s. 1 s. 1,- 2 ,- ]

•••• (2-~1)

•••• (2-32)

•••• (2-33)

Qj + Qi+1 _ Qi _ Qi+1

t s. 1 s. 1 s. s.
(AA ).= L [ ,- . , - , ,

c, I-A UX
i
_
l

•••• (2-34)

Note that a backward-difference scheme was 'used in x and a 'forward-difference

scheme was used in t.' The quantity AAcobtained from (2-34) is then corrected

for the following effects:

(1) Adjustment in channel width:

Width adjustments are made in such a way that the spatial variation

in power expenditure per unit channel length (YQS) is reduced along

the channel. The width is adjusted until the value which gives

minimum total stream power (integration of rQS over the reach length)

at each time step is found. To determine the width change at each

section, the actual energy gradient at this section S. is compared,
with the weighted, average energy gradient $. of its adjacent

1
sections given by

5,.= (S. lAX. + S·+1AX . 1)/(2(AX. 1+ AX.»,- , ,,- ,-,

111-
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IfS i i s greater than Si t the channel wi dth is reduced so as to

decrease $. t and vice versa. The new channel width is determined bv1 . J

a trial and error technique. Width changes are subject to the

physical constraints of rigid banks or the angle of repose of the

bank material.

(2) Adjustment in cross-section profile:
Deposition at an aggrading section is assumed to start from the

lowest point and to bui1d up the bed in horizontal layers. At a

degrading section, the change in cross-section area is distributed in

proportion to the local tractive force. These types of .adjustment

reduce the spatial variation in power expenditure along the channel.

(3) Lateral channel migration:
The model solves the sediment-continuity equation in the transverse

direction:

.. aql
(1 - A) 11. + ---i = 0at ay

•••• {2-35)

where
q I = q tan 13 = transverse sediment-transport rate per unit wi dth
s s .

13 = tan-1 {11D/r) = angle deviation of transverse flow from the

di rect i on tangent to the centerl i ne of a bend gi ven by

Rozovskii(1957)

D =.mean flow dep th

r = radius of curvature of the bend

z = bed elevation

Using a forward-difference scheme in y, AZk is obtained from
'ql _ql

At sk+l sk
AZk = --

I-A AYk

where
~ AY

k
= transverse distance between points k and k+l

•••• {2-36)



24

6. Data Reguirements:

FLUVIAL-l1 requires the following input data:

(1) Number of cross sections and individual reach lengths.
(2) Tributary locations.
(3) Flood hydrographs for main and tributary streams.
(4) Downstream boundary conditions.
(5) Cross-section geometries of all computational sections and Manning's

n at each cross section.
(6) Initial bed-material sediment compositions for the upstream and

downstream ends. Sediment compositions at intermediate cross
sections are computed using an exponential decay relationship.

(7) Description of channel bends, if any, by their radii of curvature.

7. Model limitations and Applicability'

The use of FLUVIAL-l1 is limited to a modeling reach for which the one
dimensional flow approximation is applicable. However, the model can predict
changes in erodible channel width, changes in channel-bed profile, and lateral
migration of a channel in bends.

F. SEDIMENT-4H:
I. Developer: Ranjan Ariathurai (Resource Management Associates), 1977
2. Previous Applications:

(1) The Osage River, Missouri (Ariathurai, 1980)

3. Basic Concepts:

The model was developed for simulating two-dimensional, gradually-varied,
unsteady, water and sediment flows. The model utilized in the present study,

however, is a one-dimensional version of SEDIMENT-4H. The principal
assumptions employed in this model are as follows:

II 1--
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(1) Flow is one dimensional and hydrostatic pressure prevails at any
point in the channel.

(2) Simil arity of both velocity and suspended-sediment concentrati on
profiles in a vertical at all locations in the flow field is assumed.

(3) The resistance coefficient for the unsteady flow is the same as that
for a steady flow.

(4) Channel slope is small.

The following basic equations are employed:

(1) Flow-continuity equation:

•••• (2-37)

(2) Sediment-continulty equation:

{3} Flow-momentum equation:

au + au + g !!l + gS = 0at u ax ax e

•••• (2-38}

•••• (2.-39)

= water-surface elevation

= mean channel width

= inflow rate to a node

= lateral inflow or outflow rate

= mass concentration

where
h

b

q

s
C

u = longitudinal component of sediment,,:,particle velocityas
Ox = turbulent mass diffusivity in the logitudinal direction
S = source/sink term produced by scour or deposition
-u = mean flow velocity
S = friction slopee
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4. Sediment-Transport Function:

SED IMENT-4H ca1cu1ates tota1-1 oad sediment di scha rge for an idea1i zed,
single, median grain size. The" basic concept is similar to Einstein'.s bed
load function; however, in SEDIMENT-4H the sediment concentration in the bed
layer is set to a maximum and is assumed to be transported at the local mass
weighted velocity. The concentration of sediment in the bed layer is assumed
to be dependent on the amount of sediment in suspension, but not to exceed
100 1bs/cu ft.

,
The Rouse (1937) equation for the verti ca1 di stri buti on

sediment concentrati on in a fully-developed. turbul ent flow is
the depth-averaged sediment concentration. <C>. and the

distribution is~expressed in dimensionless terms by

of suspended
norma1i zed by
concentration

and
t (J..) = t

!J.
; A <!J.

•••• (2-40)

•••• (2~41)

where

A

d

t (A)

!J.

a

= Y/d
= flow depth

= C(y)/<C>

= aId (nondimensional sublayer thickness)
= reference level where C is given'

= V IKU*
S

= sediment fall velocity
= von Karman's constant
= shear velocity

The sediment concentration in the sublayer. t!J.' is obtained from the following

rel ation: '

1
I t (A) cb. = 1
o

Therefore,

II

•••• (2-41)
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1
t A = 1/ (A +! (A(I/>. - 1)/(1 - A»';dA

o·e
A logarithm.ic-type

ut il i zed:

vertical velocity distribution

•••• (2-42)

in normalized form is

'i'.

where

'i'

u

<U>

= u/<U>

= local streamwise velocity

= depth-averaged streamwise velocity

= U*I<U>
= k /ds
= equivalent roughness height

•••• (2-43)

•••• (2-44)

Finally, depth-averaged, sediment-particle velocity, <Us>, "is expressed as

1
<Us> = <U> 1 Bt'i' d>.

o

where

B(A) = propo·rtionality· coefficient to relate sediment particle

velocity, Us(y), to the mass-we.ighted fluid velocity, U(y),

such that Us =BU(y)

Empirical formulas for the rate of scour during stream-bed erosion, E, and the

rate of deposition, 0, are expressed by

•••• (2-45)
and

•••• (2-46)

where

M

T

=

=

erosion-rate constant

bed shear stress
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T ce
= criti ca1 shear stress for erosion

. T cd = critical shear stress for deposition

Cb
= sediment concentration in bed layer

Cmax = maximum concentration in bed layer

5. Numerical Scheme:

The Li nk-Node Hydrodynami c model fi rst solves (2-37) and (2-39), whi ch

yield the depth-averaged mass-velocity component, u , and flow depth. The
a

depth-averaged sediment-particle velocity, <Us>, then is calculated from (2-

44). The convective-diffusion equation, (2-38), is next solved using the

finite-element method with isoparametric, quadrilateral elements. Time

marching is ef'ected by a two-point implicit· scheme. At each time step, the

model provides the average sediment concentration at every computational. node

point and the cross-section 'bed profile. Note that (2-45) and (2-46) are used

to determine the source/sink term, S, in (2-38).

6. Oata'Regui rements:

SED~MENT-4H requires the followiD9 input data:

(1 )
, (2)

(3 )

(4 )

(5 )

(6 )

(7)

Number of cross sections.

Initial cross-section geometries of all cross sections.
. '

Manning's nat each cross section.

Downstream stage hydrograph.

Bed-material characteristics: median size, fall velocity,

critical shear stress, maximum permi ssibl e concentrati on. in bed

layer, bed-strata data, and initial suspended-sediment

concentration.

Diffusion coefficient in the longitudinal direction.

Upstream sediment boundary condition: suspended-sediment

concentration specified as a function of time.

7.· Model Limitations and Applicability:

SEDIMENT-4H considers only a single sediment-particle size.

sediment particles are assumed to be convected at the local

II

Suspended
water-f1 ow ~
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velocities except in the vertical direction, in which the particles are

allowed to settle due to the gravity effect. This assumption becomes invalid

when the - sediment is transported prim~rily in the bed-load mode, in whiCh

velocities of sediment particles and flow are significantly different. The

two-dimensional version of the model is applicable to highly unsteady flow

over a river" bed composed of fine sediment in which the transverse velocity

and concentration profiles vary significantly.



III. DESCRIPTION OF STUDY RIVERS

A. Study Rivers. The study rivers were selected on the basis of the

following three criteria. First, the Federal Emergency Management Agency

(FEMA) requested that rivers be 'selected which historically have experienced

flash-flood type events with appreciable river-bed changes and channel

migration during floods. Suc.h rivers are found typically in the western

United' States. Second, the Committee Members wanted to include two different
types of rivers: those which are characterized by stable, confined channels;

and those which have unstable, disturbed channels. Third, an~ most

importantly, it was necessary that adequate input information on the study

rivers be available for testing the different numerical models. The input..
data' generally had to satisfy the requirements of the individual numerical

model s, as set forth in Chapter II. In the search for appropriate study

riv~rs which satisfy these conditions, various regional FEMA offices were

contacted, including Denton, Texas; Bothell, Washington; San Francisco •.~
California; and Denver, Colorado. After reviewing the recommended rivers. the

411Pan lorenzo River. (SlR), the San'Dieguito River (SDR), and the Salt River (SR)

were s~lected by the Committee. Note that these rivers had been previously
investigated using movable-bed numerical models by Corps of Engineers (COE),

San Diego 5tate University (SDSU). and Simons,' li & Associates (SlA),

respec.tively. Among. these, three rivers, SLR is a. channel ized. stable', sand
bed river; SDR is characterized by an unstabl~, disturbed. sand-bed .channel

conditions; and SR is an unstable, gravel-bed river. ,Other characteristics of

these rivers are as follows:

1.. San Lorenzo River. The San Lorenzo River is located in Santa Cruz County
in northern California, and meets the Pacific Ocean at the northern end of

Monterey Bay in the City of Santa Cruz. as shown in figure 1. SLR

histori cally has flooded frequently and caused substantial flood damage to the

City of Santa Cruz before the COEls flood-control project, which included a

leveed channel, was completed in 1959. Since completion of the project,

sediment has accumulated in the channel, resulting in a loss of channel

capacity. A photograph of the river supplied by CaE. San Francisco District~

eaken upstream of the Water Street Bridge looking downstream, is shown in

31
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STUDY REACH

SANTA CRUZ

Watsr
Street
Bridge
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MONTEREY
.BAY

Figure 1 Map showing San Lorenzo River study reach
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figure 2. The northern portion of the watershed has steeR slopes and unstable.
rock structures with high landslide susceptibility. The southern portion has

rela'tively Jaw erosion potential, due to dense. vegetation cover and stable

graniti,c soils. The southeastern part is' covered by loose, sandy soils with

high erosion potential.

2. San Diequito River. The San Dieguito River flows through San Diego County

in southern California, and flows through the City of Del Mar into the Pacific

Ocean. The approximately 2-mi long study reach, delineated in figure 3, was

innundated by recent floods, including those of March 1978 and February

1980. The reach shown in the f~gure is approximately 4 mi from the Pacific

Ocean and 5 mi below Lake Hodges Dam, which was constructed in 1918. The

drainage area above Lake Hodges is about 300 sq mi. During the 15 March 1978

flood, . a peak flow of 4,400 cfs was recorded downstream from the reservoi r.

An estimated peak reservoir outflow of 22,000 cfs, corresponding to a 40-yr

flood, was recorded during the 21 February 1980 'flood. The SDR channel has a

wide, flat cross section with highly erodible banks, as can be seen in figure

4, an ae~ia1 photograph taken above the Via' de Santa Fe Road Bridge during the

e21 February 1980 flood. This photograph was suppl ied by San Diego County

Flood Control District through Dr. Howard Chang of SDSU. The river channel

had been disturbed prior to the 1978 and 1980 floods by sand-mining activities

and construction of the Vi a de Santa Fe Road and its SDR bridge. Several

large, borrow pits, with ,depths up to 25 ft, we.re 'produced by sand-mining

operat ions. Although these borrows were part i ally refi 11 ed after the 1978

flood, major borrow-pit aggradation took place during the 1980 flood. The

channel bed is composed of primarily sand-range materials.

3. Salt River. The Salt River· is located in Maracopa County, Arizona, and

flows from Granite Reef Dam to the confluence with the Gila River. A reach of

the river through the City of Phoenix has drawn the most attention because

recent development within the flood plain has resulted in recurrent damage to

structures and facilities. SR experienced four major floods in three years

between 1978 and 1980 (March 1978, peak flow = 99,000 cfs; December 1978, peak

flow = 112,000' cfs; January 1979, peak flow = 73,500 cfs; and February 1980,

peak flow = 185,000 cfs) which produced extensive damage to the Sky Harbor

e
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Airport facH ities as well as. to the streets and bridges in the vicinity. In

.order to mitigate future flood damage, and to become eligible for federal

assistance to compensate for previous. flood losses, the City of Phoenix

proposed channelization of SR from just downstream of the 1-10 Bridge to the

Hohokam Exp ressway, as shown in fi gure5. A photograph of SR. taken near the

Sky Harbor International Airport and supplied by SLA is shown in figure 6.

The bed material is composed primarily of gravel with a median diameter of

about 64 rnm. There are many gravel-mi~ing operations currently (1982)

underway within the proposed channelization area.

B. SUJmlaries . of Input Data. A brief description of the input data

utilized in this study is given in this section. Detailed input data are on

file at the Iowa Institute of Hydraulic Research, The University of Iowa, Iowa

City, Iowa, and are available through the Institute's. library.

1. San Lorenzo River. Input data' used previously by . Jones-Tillson &
. . .

Asso~iates, et al. in 1980 were.f~rnished by COE, San Francisco District, in

eHEC-6 format. The approximately 4.7-mi long study reach consi sts of two

different subreaches: the upper half is appr~ximately 2.3 mi long and is

relatively steep; and the lower. half, which is approximately" 2.4 mi long, has.
a much smaller slope. Data on 38 cross sections with subreac.~ length varying

between 150 ft and 770 ft were supp 1i ed. Input hydrographs for the February

16-20, 1980 flood, with a peak flow of 12,800 efs,-are shown in figure'], and
, .

the downstream boundary condition, whieh reflects tidal effects, is shown in

figure 8. Pre-flood channel cross-section profiles were coded in HEC-6

format. Suspended-sediment discharge rating curves by particle sizes

constructed from United States Geological Survey (USGS) data collected at Big

Trees Gauging Station, which i$ 7 mi upstream of the study r.each, were

supplied to the modelers. Bed-material composition data were also coded in

HEC-6 format. The median bed-material size in the study reach varied from

0.34 nm at the downst ream end to 0_93 mm at the up st ream end of the study

reach •

..
2.

_and

San Dieguito River. Input data were provided by Dr. Howard Chang of SDSU

San Diego County, California. Twenty-one detailed cross sections based on
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the 1973 survey by San Diego County for the 1.9-mi long study reach were
/-=--,

suppl ied in HEC-2 format. Input hydrographs at the upstream boundary,

u~stream from the Via de Santa Fe bridge, for the March 1978 and February 1980

floods with peak discharges of 4,400 cfs and 22,000 cfs, respectively, are
. .

shown in figure 9. The locations of the cross sec~ions and pre-flood channel

topography for the lower two-thi rds of the study reach are presented in fi gure

10. No sediment-transport rating curve was available. Bed-material data were

provided for only Sections 44 and 59; the median bed-material sizes for the

main channel and south overbank area at Section 44 were 0.46 rrm and 0.25 rnm,

respectively; and those at Section 59 were 0.70 mm and 0.36 mm, respectively.

3. Salt River. All input information was provided by SLA. Channel profiles

for 41 designe( cross sections were furnished in HEC-2 format. The total

reach length was 4.34 mi, and each reach length varied from 150 ft to 1,100

ft. The projected 100-year-flood hydrograph, with a peak discharge of 176,000

cfs .and a flood duration .of 10 days, is shown in figure 11. The lower and

upper limits of the geometric mean size of bed material were 0.22 mm and 185.0

m, respectively, and the median diameter for all '\ections was 64.0 rnm.

Downstream boundary condi~ions were given in two different modes: one

assuming the critical depth at ·the 1.:.10 drop structure (see figure 5); and

another with the assumed stage-discharge relationship at the 1-10 bridge.

Both conditions are possible, depending on the degradation below the 1-10 drop

structure. Initially, the area is backfilled and the second boundary

condition is valid; however, if degradation removes this material, the first,

critical-depth boundary condition is valid. The SR study reac~ was previously

investigated by Colorado State University (CSU), in 1980, using fixed-bed and

movable-bed physical models and SLAts HEC2SR numerical model (Anderson

Nichols, 1980).
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IV. PRESENTATION AND DISCUSSION OF RESULTS

The input data summarized in Chapter III were sent to all modelers who

participated in this project. A total of six models, the characteristics of

which are summarized in Chapter II, was utilized. The models tested and the

computational. modes util ized for each of the three rivers (SLR, SOR, and SR)

are summarized in table 1. It should be noted that the simulation of SR using

HEC2SR was already developed in 1980 by SLAj these ~omputationa1 results were

furnished to the Committee by SLA (SLA, 1980). All modelers submitted final

reports describing their efforts and results (SLA, 1982; HEC, 1982; SDSU,

1982; and RMA, 1982), and also furnished computer outputs; these materials are
on file at the Iowa Institute of Hydraulic Research Library. For this study,

only the principal resOlts were extracted from the vast computer-output

listings, and were compiled· in a uniform format to facilitate direct

comparison. Each modeler was sent the summary tables based on his results to

review for accuracy and correct interpretations. All numerical results

. presented in this chapter have been reviewed by the respective modelers. The

figures included in this chapter were prepared on the basis of the reviewed

output summaries. The pri ncipal results obtai ned from each simul ation are
summarized in the following sections.

1. San Lorenzo River. The principal results for a peak flow of 12,800 cfs
cOlJlluted using HEC2SR (SLA), HEC-6 (HEC), FLUVI.AL-ll (SOSU), and SEOIMENT-4H

(RMA) are tabulated in tables 2, 3, 4, and 5, respectively. In tables 4 and

5, the ·predicted water-surface el evati ons are shown for both movabl e-bed and

fixed-bed simulations of FLUVIAL-ll and SEDIMENT-4H. Definitions of the

symbols utilized are given in the individual tables. Thalweg and water-

surface elevations at peak flow computed by the four movable-bed models are

plotted together in figure 12, which also includes available field data on

water-surface elevation between stations 1,150 ftand 10,150 ft (see table

6). The computed water-surface elevations are seen to agree with the measured

values fairly well for all models over the lower half (roughly) of the study

reach. However, computed elevations are seen to differ among the models over

the upper part of the study reach. FLUVIAL-ll predictions are much higher

than those of the other models; at a river distance of 18,258 ft, for example,

47
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'================================================================
RrVER MODEL I TESTED RIVER-BED CONDITIONS

====================================================== =========~

SAN LORENZO
(CALIFORNIA)

I HEC2SR (SLA)
I KUtJASER (SLA)
I UUWSR (SLA)
I IiEC-b (BEC)
I FLUVIAL-i1 (SDSU)
I SEDIMENT-4H (RMA)

MOVABLE-BED ~ FIXED-BED*
MOVABLE-BED ONLY
MOVABLE-DED ~ FIXED-BED
MOVABLE-BED ~ FIXED-BED**
MOVABLE-BED ~ FIXED-BED*
MOVABLE-BED ~ FIXED-DED

--------------------~--------------------------------- ----------
SAN DIEGUITO I
(CALIFORNIA) I

I
I

HEC2SR (SLA)
UUWSR (SLA)
FLUVIAL-it (SDSU)
SEDIt1ENT-41·t (RMA)

MOVABLE-BED ~ FIXED-BED*
MOVABLE-BED ~ FIXED-BED
MOVABLE-BED ~ FIXED-aED*
MOVABLE-DED ~ FIXED-BED

~----------------------------------------------------- ----------
SALT
(ARIZONA)

HEC2SR (. SLA )***
HEC-b HIEC)
fLUVIAL-i1 (SDSU)
SEDIMENT-4H (RMA)

MOVABLE-!IED ~ FIXED-EtED*
MOVABLE-BED ~ FIXED-BED**
MOVABLE-BED'~ FIXED-BCD*
MOVABLE-BED ~ FIXED-DED

====================================================== =======~'

******SLA
HEC'
SDSU
RMA

HEC-2 (Fixed-bed Model developed at BEC)
IiEC-6 (Fixed-bed Model) ~ HEC-2 (Fixed-bed Model)

I Results were obtained frOM SLA's previous study in 1980.
SiMons, Li & Associates, Inc.

I Hydrologic Engineering Center
San Diego State University

I Resource ManageMent Associates

Table 1 List of models and their computational modes

-~ III
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================--============--======================================
SAM LORENZO RIVER: HECZSR

ID X YD YF Y HV g V OB OS or DS'
fT FT FT FT FT FT CFS F?S TID TID TID KK

==--============--=================--==--==--=
3 t -~.S -~.1 -~.1 1.6 246 12000 11.9 23160 221011 244171 '.41
~ 5SS -4.2 -4.4 -4.3 4.' 281 1280B 8.1 23160 221.10 24~17a O.~1
B 1183 -4.0 -4.2 -4.1 ~.8 265 12800 7.9 23160 221010 244171 '.41
9 1788 -1.3 -1.4 -1.3 5.4 282 12600 7.3 23160 221010 244174 0.47

10 2200 -1.' -1.6 -1.6 5.9 284 12880 6.6 17400 187810 21521. '.51
11 2640 -1.6 -1.2-1.2 6.2 281 12000 6.8 17400 187911 205211 0.50
12 2810 -1.4 -1.1 -1.0 6.8 ZOO 12800 9.2 17400 187810 205211 0.51
14 2950 -1.3 -1.1 -1.1 6.2 209 12aao 9.2 17409 187811 20S210 '.50
15 3575 0.2 -0.6 -0.5 7.6 235 12008 7.~17400 107810 215211 o.sa
19 4345 1.6 -1.2 -'.1 8.9 240 lZ800 6.6 17400 107810 205210 1.50
20 ~9S5 1.~ 1.9 1.8 9.6 237 12800 7.7 B160 HS070 153230 0.5a
21 5360 1.a 2.3 2.2 11.~ 238 12800 7.3 B160 14507. 153230 0.50
22 5610 2.0 2.3 2.3 11.3 340 12BOO ~.b BIb. 145070 153230 8.5a
25 6095 2.5 2.9 2.8 11.5 267 11000 5.2 8160 145070 153230 1.58
26 b745 3.0 ~.1 3.9 11.9 226 11090 b.8 8160 160720 16Bsao 0.~1
21 1325 3.2 4.2 ~.O 12.9 2&3 11000 5.9 aibO ib0720 IbSSOO 0.41
30 7575 3.~ 4.4 4.2 13.1 237 11000 5.9 8160 160720 168880 0.41
31 80BO 3.7 4.7 •. &13.4 235 11000 &.0 81&0 160720 1688ao D.~l
32 SSSS- ~.1 b.2 5.9 13.6 229 11000 6.9 12610 195290 207890 0.35
33 9090 4.4 b.5 &.2 14.0 2Z8 11000 6.9 12610 195280 207890 0.35
34 9595 4.8 b.9 6.6 14.4 226 11000 1.0 12610 195280 207890 0.35
35 9935 5.0 7.2 6/1 14.7 223 11000 7.1 12610 195280 207890 0.35
36 11140 5.2 5.5 5.4 14.7 172 11000 7.9 18028 252730 270750 0.64
38 10400 S.6 5.9 5.8 14.9 176 11000 8.1 IBGZO 252730 210750 8.64
39 11780 6.4 6.1 6.6 lS.~ 175 11000 8.5 18020 252730 270750 0.6~
40 11261 7.2 7.5 7.~ lb.' 156 11000 9.5 18020 252138 270750 0.64
41 l1BOO 8.2 10.4 10.' 17.0 17111009 10.1·15910 256140 272050 a.51
42 12305 9.2 11.5 I1.B IS.6 178 l1OCO 9.5 15910 256140 272050 0.51
~3 12645 9.8 12.3 11.8 19.115311000 11.4 15910 256140 272050 0.51
46 14118 1'.0 13.1 12.6 23.1 251 11000b.7 15910 256140 212050 0.51
41 15308 12.8 12.4 12.5 24.3 221 11000 7.1 20600 314530 335130 1.50
40 1690816.5 15.9 16.D 26.5 157 11000 13.220600.314530 335130 1.50
49 182sa 20.b20.1 20.232.220411000 8.620600314530 335130 1.50
50.1923824.223.4 23.b 35.3 123 11000 14.220600 314530 335130 1.50
51 20S7S 29.8 30.830.8 41.7 10111000 14.2 18130 301180 319311 0.64
S2 2150B 32.8 35.535.2 46.1 137 11000 U.8 18130 301104 319310 O.b"
53'2296835.7 35.7 35.7 49.1 1451100B 8.5 18260 306268 32452D 1.25
54 24158 41.2 41.2 41.2 53.6 loa 11000 15.0 18260 306260 324520 1.25
=================--=2=================
IJ)=SECTIOH I.]). 0 = UATER DISCHARGE AT PEAK FlOII
X~RIVER DISTANCE V = MEAN VELOCITY AT PEAK AlOII
YC=INITIAL THAlIIEr: a OB = BED-LOAD DISCHARGE AT PEAX FLOII
YF=FIHAL THALIIEG EL OS = SUS-LOAD DISCHARGE AT PEAK FLOII
Y=THAlIlEG EL AT PEAK FLOII OT = TOTAL-LOAD DISCHARGE AT PEAK FLOW
H~~.s. EL AT PEAK FLOW D50= MEDIAN DIAMETER OF BED
V=TOI' IlIDTH AT PEAX FLOIl MATERIAL AT PEAK FLOW

Table 2 Principal results computed by HEC2SR for the San Lorenzo River
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~-===--================--==--===============
SAN L02EHZO RIVER: l-lEC-&

ID X YD YF Y H II Q V OB OS OT D5.
~

FT FT FT FT FT FT as fPS T/~ TID TID Xlf
- -- ---===--===--======

J • -~.5 -~.6 -4.6 1.7 247 12040 12.' 74 46600 46681 1.71
~ sse -4.2 -3.7 -3.7 4.1 28~ 12808 8.4 203 ~102g 41230 0.7'
a 1183 -4.' -3.~ -3.~ 5.1 258 12800 8.5 326 38630 3896' 1.69
, 171. -1.3 -0.7 -0.6 5.8 282 lZ800 7.1 489 3a621 39111 '.66

1. 2200 -1.1 -8.8 -1.7 6.4 284 12800 6.9 62539730 4036' '.52
11 2600 -1.6 -1.1 -0.6 6.1 282 12800 7.0 197 41170 41370 1.56
12 2800 -I.~ -'.9 -o.S 6.7 232 12800 8.5 149 39390 3954' 1.58
1~ 2950 -0.3 -1.3 -1.1 6.9 212 12800 8.2 115 37580 37700 '.60
15 3575 1.2 -1.9-0.6 8.4 2-40 12308 6.7 69 36500 36570 1.61
19 4345 0.6 -'.1 -0.5 9.3 243 12800 6.1 92 30080 30180 '.65
20 4955 1.4 1.3 1.3 9.8 240 12800 7.8 12 17991 18460 1.17
21 5360 1.8 1.1 1.7 10.4 239 12800 6.9 S2 16840 16890 1.18
22 5610 2.0 2.0 2.8 11.1 348 12300 4.5 74 16330 16400 1.23
25 6095 2.5 2.6 2.6 11.3 267 11000 5.2112 13240 1335. 1.08
26 6745 3.0 3.• 3.0 11.7 227 11000 6.3 84 12550 12640 1.21
27 7325 3.2 3.2 3.2 12.4 249 11000 5.7 91 11640 11738 1.34
30 7575 3.4 3.4 3.~ 12.6 236 11000 5.7 176 10520 14704 1.30
31 8080 3.1 3.9 3.9 12.8 235 11000 5.9 293 9230 9520 1.48
32 8585 4.1 ~.3 ~.3 13.1 231 11000 6.1 280 9600 9880 1.44
33 '090 4.4 4.6 4.6 13.3 229 11000 6.2 259 9890 11154 1.43
34 959S 4.8 S.2 S.2 13.6 225 11000 6.6 244 10220 10460 1.38
35 9935 5.' 5.4 5.3 13.8 222 11000 6.6 44 9670 9721 1.37
.36 1014. 5.2 5.5 5.5 13.5 166 11000 '.4 41 10420 10461 1.73
38 14400 5.6 5.1 5.7 14.1 170 11000 9.1 4~' 9480 9520 1.76
39 10790 6.4 6.S 6.5 14.7 172 11000 '.1 43 9720 9770 1.75·
40 11268 1.2 1.1 7.1 15.5 155 11000 9.7 47 9948 998. 1.9&
41 1180. 8.2 8.5 8.4 16.7 173 11000 8.9 43 9500 9630 1.72
42 12305 9.2 9.3 9.3 17.6 176 11000 8.7 42 10610 19650 1.77
43 12645 9.8 9.7 9.7 18.8 151 11000 10.1 43 11050 11100 1.06
46 14118 10.0 10.3 10.2 21.3 227 11000 7.1 33 10850 10888 1.60
47 15348 12.8 13.0 13.' 23.1 203 11000 8.9 31 14978 15008 1.74
48 16908 16.5 16.8 16.1 27.8 164 11000 12.3 29 17420 17450 1.76
47 182S8 21.6 20.9 28.7 32.1 IS4 11000 9.8 23 20230 20260 1.77
so 19238 24.2 23.8 23.6 34.9 123 11000 14.2 27 20780 20810 2.82
512057829.829.529.4 41.6 97 11000 13.4 24 IBOSI 18070 1.93
52 21508 32.8 34.6 33.8 44.1 128 11000 11.1 18 18200 1821; 1.45
53 22968 35.7 35.9 35.8 47.5 131 11000 18.3 20 34900 34920 1.15
S~ 24758 41.2 41.8 42.1 54.3 112 11000 14.6 15 51090 51110 1.54
=-:'. -- ============--========::===
ID=SECTIOH I.D. 0 =WATER DISCHARGE AT PEAK FLOg
X=UVER DISTANCE IJ =HEAH IJROCITY AT PEAK FLOIl
YO=IHITIAL THALYEG EL (T=O HR) OD =BED-LOAD DIS. AT PEAK FLOY
YF=FIHAL THAL~G EL (T=102 HR) OS =SUS-lOAD DIS. AT PEAK FLOW
Y=THALYEG EL AT PEAK FlOY OT =TOTAL-LOAD DIS. AT PEAK FLOW
H=V.S. Et AT PEAK FLOW DSD=HEDIAH DIAMETER OF BED
V=TDP UIDTH AT PEAK FlOY MATERIAL AT PEAK FlOY

Table 3 Principal results computed by HEC-6 for the San Lorenzo River

II
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=====---=======-==: - ==========

Table 4

SAN LORE.IQO RIVER: FLtNIAl-l1
ID X YO YF Y H Hl W 0 V QB OS OT DSD

FT :FT FT FT FT FT FT CfS FPS TID TID TID HH
===========--======--=====- -- --=--
3 , -·4-.5 -7.5 -9.5 1.3 1.9 239 12871 9.1 - - lSB7DO 1.89
~ SS8 -4.2 -6.2 -7.8 2.1 ~.1 239 1287. 9.3 - - 16838. 0.91
8 1183 -4.1 -4.7 -6.2 3.' 4.a 232 12970 9.6 - - 170590 0.98
9 1701 -1.3 -1.6 -1.6 4.1 5.6 274 12870 8.9 - - 165181 1.12

18 2201 -1.1 -I.a -I.B 4.8 6.1 274 1287. 9.' - - 160760 1.21
11 2600 -1.6 -1.2 -0.2 5.5 6.3 274 12870 B.B - - 153931 1.09
12 2800 -'.4 -'.5 -2.' 5.7 6.1 201 12870 9.1 - - 147460 '.B9
1~ 295. -'.3 -'.6 -0.6 5.5 6.4 206 1287. 11.1 - - 215140 1.6B
15 3S75 1.2 -'.1 -0.1 8.1.8.2237 12B70 7.4 - - Hlb20 1.55
19 4345 0.6 1.3 0.3 9.4' 9.6 241 12870 6.6 - - 95721 1.0B
20 4955 1.~ I.a '.5 1'.1 10.3 245 12370 6.2 - - Bb250 1.81
21 5360 1.B 1.2 1.0 10.4 10.B 243 12870 6.3 - - 91380 8.96
22 561.0 2.0 2.8 2.5 11.9 11.5 337 12870 5.0 - - a0490 0.27
2S 6095 2.5 2.9 2.9 11.2 11.7265 10980 5.5· - - 104050 0.31
26 6745 3.0 2.8 2.7 11.7 12.0 227 10980 6.1 - - 116360 0.36
27 7325 3.2 3.6 3.Z 12.3 12.6 247 10980 5.S - - 118498 0.31
3D 7575 3.4 4.0 3.5 12.5 12.8 236 10980 S.8 - - 116500 0.30
31 8080 3.7 5.3 5.l 12.B 13.1 228 10980 7.1 - - 126680 0.31
32 OSa5 tl 5.9 5.S 13.2 13.3 226 10900' 7.4 - - 145960 0.34
33 9090 4.4 6.5 6.5 13.6 13.5 224 10980 7.7 - - . 164040 0.39
34 9595 4.a 7.1 7.3 14.2 13.8 221 109aO B.l - - 181D50 0.47
JS 9935 5.0 7.5 7.8 14.6 13.9 218 10980 8.4 - - 192i20 0.56
3~ 10140 5.2 6.7 6.6 14.7 13.7 169 10980 9.2 - - 190620 0.65
38 1G400 5.6 6.0 5.7 15.7 1~.0 IBI 109807.2 - - 211080 0.91
39 10788 6.~ 6.6 6.1 16.5 1~.6 203 10980 6.9 - - 202~OO 1.06
~o 11260 7.2 7.8 6.~ 17.4 15.4 166 10980 7.1 - - 196100 1.11
41 11800 8:2 8.3 a.o 18.4 16.B 184 10980 6.8 - - '174570 0.94
42 12305 9.2 9.3 8.6 19.3 17.6 187 10980 6.6 - -- 165460 O.as
43 12645 9.B 9.4 9.219.117.9 1-6110980 7.6 - - 193410 1.65
46 14118 10.1 13.9 14.1 23.2 21.1 263 10980 6.8 - - 152940 0.31
47 1530B 12.8 IS.1 11.826'.1 24.0 238 10980 1.4 - - 199120 0.45
48 16908 16.5 20.6 20.1 30.8 28.8 ,21 10980 7.7 - - 256410 0.59
49 lSZS8 21.6 25.926.0 35.4 33.0 228 10980 8.1 - - 291970 0.7~
SO 19238 24.2 2S.6 ,3.6 39.0 31.0 160 10980 8.4 - - 338320 1.39
51 20578 29.a 29.0 26.6 43.6 42.2 109 10900 8.7 - - 363590 2.78
S2 21508 32.833.7 33.6 46.4 44.5 142 10980 8.4 - - 333840 1.01
53 22968 35.7 39.9 40.250.5 47.5 139 10980 9.1 - - 348360 1.35
S4 24758 41.2 41.2 41.2 57.3 53.9 144 10980 9.1 - - 367861 3.15
===================--======================E=========================
ID=SECTIOH ID 0 =YATER DISCHARGE AT PEAK FLOW
X=RIVER DISTANCE cn =BED-LOAD DIS. AT PEAK FLOIi
YO=INITIAL THALIIEG a os =SUS-LOAD DIS. AT PEAK FLOIl
YF=FIHAL THALIIEG EL QT =TOTAL-LOAD DIS. AT PEAK fLOW
Y=TIlAlIlEG EL AT PEAK FLail· DSO=liEDIAH SIZE OF BED HATERIAL.
H=\I.S. El AT PEAK FLail AT PEAX FLOIi
111=11.5. EL AT PEAK FLOII <HEC-2)
\I =TOP \/IDTH AT PEAK FlOII
NOTE: OB &OS WERE NOT COMPUTED \/ITH FLUVIAL-II

Principal results computed by FLUVIAL-ll for the San Lorenzo
River



1581 '.50
1171 8.51
1170 ..SO
224 0.5'
849 1.51
863 1.5'

1831'.51
1610 0.51
aJ3 I. 51
417 0.51
190 1.50
11 o. sa
24 1.50
93 0.51
29 9.50
25 o.sa
30 0. SO
26 I.5a
24 1.5D
20 0.51
14 '.SO
79 8.51
99 I. SO
91 0.51

144 '.50
96 0.50

179 1.50
140 0.51
113 0.58
51 O. SO
93 0.50

135 1.50
193 1.50
54 0.50
26 O.SO
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=========--===--- - - ==--==SAN LORENZO RIva: SEDIXEHT-4HID X YI YF Y H HI II· Q IJ or DSO
fT' fT FT IT IT IT IT ers FPS TID I'Jt====-- ------===- - ----3 • -4.8 -5.3 -5.3 1.9 2.2 2&4 12111 9.34 .SSS -4.3 -4.5 -4.3 3.J 3.B 20G 1271-4 8.98 1183 -3.8 -4.2 -4.1 4.2 4.6 233 12716 8.49 17•• -2.S -2.S -2.S 4.8 5.1 282 12787 &.1I' 2201 -1.3 -l.b -1.5 5.2 5.S 281 12708 7.311 261O-I.B -1.2 -1.1 5.b 5.9 27112709 7.414 2751 -'.3 -1.5 -1.1 b.l 6.5 206 12711 9.115 3375 1.2 -0.4 -'.2 7.3 7.8 220 12711 8.219 4HS 1.6 '.4 '.5 8.9 9.3 238 12712 7.120 4755 1.2 1.1 1.2 9.9 10.1 241 12713 6.821 5160 1.7 1.5 1.6 11.4 11.7 242 12713 6.622 541. 1.9 1.9 1.9 11.7 10.9 337 12714 4.625 589S 2.3 2.3 2.3 11.8 11.2 271 10895 5.126 6~S 2.8 2.8 2.8 11.6 11.8 226 10895 6.227 7125 3.1 3.1 3.1 11.9 12.1 235 10896 5.930 737S 3.3 3.3 3.3 11.9 12.1 233 10896 6.131 7S80 3.6 3.6 J.6 12.2 12.3 231 10897 6.232 8385 4.0 4.0 4.0 12.5 12.6 229 10897 6.333 8890 4.4 4.4 4.4 12.8 12.9 228 10898 6.434 9395 4.8 4.8 4.8 13.1 13.2 224 10898 6.635 9735 5.0 5.' 5.1 13.4 13.4 222 10899 6.63b 9940 5.2 5.1 5.1 13.6 13.7 169 10899 8.638 10200 5.6 S.5 5.6 14.2 14.2 176 10899 8.539 11580 6.1 6.1 6.1 14.9 14.9 173 18899 8.541 11061 7.8 6.9 7.8 15.8 15.8 157 10899 9.241 11600 8.1 8.1 8.1 16.8 16.8 168 10899 8.642 12105 9.1 8.9 9.0 17.8 17.9 144 10899 18.143 12445 9.7 9.7 9.7 19.1 19.2 158 10900 8.64b 13918 11.7 10.7 10.7 21.221.2 222 10908 7~947 15108 13.0 13.8 13.8 23.8 23.8 198 10900 8.248 16708 16.6.16.6 16.6 27.0 27.0 200 10908 8.749 18058 20.6 21.6 20.6 31.531.5 182 10908 9.9SO 19038 24.7 24.7 24.7 37.2 37.2 139 10900 11.351 21378 29.1 29.1 29.1 41.6 41.6 114 10900 11.452 21308 32.7 32.7 32.7 ~.D 44.0 130 10900 9.853 22768 36.3 36.3 36.3 47.1 47.1 131 10900 18.0S4 24SS8 48.2 4'.1 40.1 54.5 54.6 103 10900 12.9::.:.-- -=====--=========---======ID=SECTION ID II =TO? IlIDTIf AT PEAK FlOIlX~RIVER DISTANCE

YO=IHITIAl THALWEG El g =VATER DISCHARGE AT PEAKYF=FIHAL THALWE~ El FLOYY=THALWE~ EL AT PEAK FlOIl V =HEAH VELOCITY AT PEAK FlOV" =U.S. EL AT PEAK FLOW OT =TOTAl-LOAD DISCHARGE ATH1=W.S. El AT PEAK FlOII PEAK flOWCOHPUTED USING FIXED-BED DSO=HEDIAH DIAMETER OF BEDROOD-ROUTING KODEl MATERIAl AT PEAX FlOII

Table 5 Principal results computed by SEDI}mNT-4H for the San LorenzoRiver

II!-
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Figure 12 Comparison of thalweg and water-surface profiles at peak flow computed using the HEC2SR,
HEC-6, FLUVIAL-l1, and SEDIHENT-4U movable-bed models for the San Lorenzo River
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***SAN LORENZO RIVER~~*

=========================
GAGE RIVER OBSERVED

NO DISTANCE W.S. EL

f"T FT
=========================

2
3
4
5
6
7
8
9

10
11

1150
1950
3070
3650
3950
4950
6400
7250
9300

10150

5.0
4.9
7.6
0.3
0.3

11.2
11. 0
12.9
13.5
13.5

NOTE:

=========================

THESE VALUES tiJERE RECORDG:D AT 0 A. M.. 19 FEBRUARY 1980 DURIN!:
THE FLOOD-PEAI( DISCHARGE OF t'2 .. 800 CFS

DATA SOURCE: "WAT~R SURFACE ELEVATION PLOTS"---SAN LORENZr~

RIVER STUDY, STAGE II, FIELD AND SIMULATION
STUDIES} FINAL REPORT PREPARED BY JONES'-TILLSOlf
& ASSOCIATES, WATER RESOURCES ENGINEERS} H.
ESMAILI ~ ASSOCIATES. SEPTEMBEn 1980.

Table 6 Water~surface elevations observed during 19 February 1980
flood for the San Lorenzo River

II
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the deviation amounts to over 3 ft in the water-surface elevation (see tablese z through 5). Predictions of thalweg elevations also, differ quite widely

along the upper portion of the study reach, as seen in figure 12. Table 7

lists the water-surface and thalweg elevations at a peak flow of 12,800 cfs

computed by SLA using three different movable-bed models (HEC2SR, KUWASER, and

UUWSR). The results are depicted in figure 13. Among these three models,

HEC2SR is seen to predict greater water-surface elevations for the lower

reach, and smaller values for the upper reach. At a river distance of 19,238

ft, the prediction gap between HEC2SR and UUWSR is 3.6 ft (see table 7).

Table 8 summarizes the water-surface elevations predicted by HEC using

the HEC-6 movable-bed model, HEC-6 fixed-bed model, and HEC-2 fixed-bed

model. As seen in the table, there are no significant differences among these

three models. According to the HEC report, the computed water-surface

profiles rarely differed by more than 0.5 ft at any cross section, although

thalweg-elevation changes of more than a foot occurred at some cross sections

du~ing the simulations. The report also stated that local scour or deposition

does not translate directly into water-surface changes at a cross section

because sediment movement is often limited to only a portion of the channel bye speci'fying' movable-bed 1imits. Figure 14 shows the' water-surface elevations

predicted py SOSU using the FLUVIAL-II movable-bed model (comparison of Hand. ,

HI given in, table 4). FLUVIAL-ll is seen to predict much smaller water-

surface elevations in the upper reach, than the HEC-2 fixed-bed model

simulation. SEDIMENT-4Hmovable-bed model predi·cts a water-surface profile

that is almost identical to that yielded by SEDIMENT-4H fixed-bed model, as

seen in figure 15 (comparison of H and HI in table 5).

The final post-flood thalweg profile predicted by HEC2SR is shown in

figure 16, together with the initial thalweg profile (YF and YO in table 2).

The lcirgest thalweg deposition, 3.1 ft, was predicted to occur at a river

distance of 14,118 ft. As stated earlier, HEC-6 did not predict significant

changes in thalweg elevation. As can be seen in table 4 (YO and YF), FLUVIAL

11 predicted significant changes in thalweg elevation; as much as 5.3 ft of

deposition was computed at river distance of 15,308 ft and 18,258 ft. On the

other hand, SEDIMENT-4H predicted practically no change (see YO and YF in

table 5). Typical longitudinal mean flow-velocity distributions at peak flow

e
,.
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-------------------------- ------------------------------------ - -------------SAN lOREHZO RIVER: HEC2SR 1 XUUASER. & UUllSR
II) X n Y1 HI YiF Y2 HZ y2f" 13 H3 Y3F

FT FT FT FT FT FT fT fT fT fT fT
======================----=
3 I -4.5 -•.7 1.& -4.7 -•.5 1.2 -4.5 -4.5 1.2 -4.5
4 SS8 -4.2 -4.3 4.1 -4.4 -6.1 4.6 -6.8 -4.8 2.8 -4.4
8 1183 -4.' -4.1 4.8 -4.2 -4.4 4.7 -3.7 -4.4 3.7 -4.2
9 1711 -1.3 -1.3 5.4 -1.4 -1.7 5.6 -1.7 -1.3 4.5 -1.8
I' 220. -I.' -1.6 5.9 -1.6 -1.6 5.8 -1.1 -1.3 5.1 -2.1
11 268. -1.6 -1.2 6.2 -1.2 '.2 6.3 -1.2 -1.3 5.5 -2.'
12 2801 -1.4 -I.' 6.t -1.1 -I.' 6.3 -2.5 -2.5 5.7 -3.0
14 295' -1.3 -I.' 6.2 -1.1 -2.1 6.3 -2.' -2.9 5.8 -3.3
15 3575 '.2 -'.5 7.6 -'.6 -1.8 7.3 -1.3 -2.1 6.S -2.7
19 4345 '.6 -1.1 8.9 -0.2 1.2 8.5 -'.5 -1.7 7.5 -2.1
20 4955 1.4 1.8 9.6 1.9 I.' 9.5 -'.3 -'.1 8.3 -1.4
21 S361 1.8 2.2 11.4 2.3 1.0 11.2 '.4 -D.l 8.8 1.6
22 561t 2.' 2.3 11.3 2.3 2.4 11.6 2.9 2.' 9.1 2.1
25 6095 2.5 2.8 11.5 2.9 2.9 1'.8 2.7 3.8 9.7 2.5
26 6745 3.' 3.9 11.9 4.1 2.6 11.4 3.9 2.3 10.5 2.7
Z7 7325 3.2 4.0 12.8 4.2 3.B 11.9 5.0 3.6 11.3 4.'
30 7575 3.4 4.2 13.1 4.4 5.2 12.2 5.4 4.1 11.6 4.6
31 8080 3.7 4.6 13.4 4.7 6.1 12.6 6.6 4.9 12.1 5.4
32 8S85 4.1 S.9 13.6 6.2 7.1 13.1 7.6 S.S 12.6 6.1
33 9090 4.4 6.2 14.1 6.5 8.8 13.6 7.7 6.4 13.1 6.7
34 9595 4.8 6.6 14.4 6.9 8.1 14.8 8.5 7.0 13.6 7.1
35 9935 5.1 6.9 14.7 7.2 9.0 15.7 9.2 7.6 14.' 7.5
36 10148 5.2 5.4 14.7 5.5 6.5 15.9 7.4 6.4 14.3 7.1
39 10401 5.6 5.B 14.9 5.9 6:6 16.1 7.5 7.1 14.7 7.4
39 19781 6.4 6.6 15.4 6.7 8.7 16.5 8.2 7.7 15.5 8.1
40 11260 7.2 7.4 16.8 7.5 8.2 17.1 9.1 8.2 16.4 8.8
411180a 8.2 11.1 17.1.11.4 9.6 18.1 1'.1 10.0 17.5 11.0
42 12305 9.2 ILl 18.6 11.5 9.9 18.8 lLI-U.9 18.5 ILl
43 12645 9.S 11.S 19.1 12.3 II.S·19.3 11.5 11.9 19.2 11.4
46 14118 1I.D 12.6 2:U 13.1 13.1" 21.5 13.3 13.3 22.1 13.9
47 15308 12.8 12.5 24.3 12.4 14.923.3 16.2 16.7. 24.9 17.6
48 16908 16.5 16.0 26.5 15.9 17.228.6 16.6 19.129.921.9
49 18258 21.6 21.2 32.2 28.1 24.1 34.6 24.0 27.835.3 27.5
SO 19238 24.2 23.6 35.3 23.4 27.4 37.1 27.6 27.9 38.9 31.3
51 20578 29.8 30.8 41.7 31.8 31.8 42.5 33.8 32.2 42.8 33.8
S2 21508 32.8 35.2 46.1 35.5 34.0 44.0 34.4 36.1 45.8 36.1
53 22968 35.7 35.749.1 35.741.2 51.941.5 40.7 50.0 41.1
54 24758 41.2 41.2 53.6 41.2 41.2 53.6 41.2 41.2 54.5 41.2
===--===--==========--==========--======--==
ID ~ SECTION I.D.
X = RIVER DISTANCE
YO = INITIAL THAlYEG El
Yl =THAlUEG El AT PEAK FlOV: CHEC2SR)
HI =V.S. El AT PEAK FLOW: (HECZSR)
Y1F= FINAl THALWEG El: (HEC2SR)
Y2 = THAl~EG El AT PEAX FlO~: (XUUASER)
H2 =Y.S. El AT PEAK FlO~: CXUYASER)
Y2F= FINAL THALWEG El: (XUUASER)
Y3 =THALWEG EL AT PEAX FLOW: (UUWSR)
H3 =W.S. El AT PEAK FLO~: CUUUSR)
Y3F= FINAl THAlliEG El: (UUUSR)
IlOTE: PEAK-fLO~ DISCHARGE = 12 1800 CfS

Comparison of thalweg and water-surface elevations computed
by SLA ~sing HEC2SR, KUWASER, and UUWSR for the San Lorenzo
River
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================================
SAN LORENZO RIVERa HEC-6

ID X Hl H2 H3 Q

FT FT FT FT CFS
========~=======================

3 0 1.67 1.67 1.66 12800
4 5Se 4.14 4.17 4.07 12800
8 1183 4.97 4.88 4.02 12000
9 1700 5.80 5.S1 5.47 12800

10 2200 6.41 5.94 5.90 12800
11 2600 6.69 6.20 6.17 12800
12 2800 6.67 6.14 6.11 12800
14 2950 6.92 6.34 6.31 12800
lS 3575 8.36 8.71 ,8.17 12800
19 4345 9.26 9.76 9.52 12800
20 . 4955 9.80 10.41 10.23 12000
21 5360 10.37 10.87 10.72 12800
22 5610 11.11 11.52 11.41 12800
25 6095 11.31 11.68 11.62 11000
26 6745 11.74 12.04 11.98 11000
27 7325 12.39 12.62 12.58 11000
30 7575·12.60 12.82 12.77 11000
31 8080 12.82 13~02 13.05 11000
3~ 8585 13.05 13.21 13.25 11000
~3 9090 13.32 l3.45 13.48 11000
34 9595 13.57 13.69 13.72 11000
35 9935 13.79 13.86 13.89 11000
36 10140 13.51 13.60 13.63 11000
38 10400 14.05 14.00 13.96 11000
37 10780 14.72 14.62 14~60 11000
40 11260 15.49 15.38 15.37 11000
41 11800 16.72 16.79 16.80 11000
42 12305 17.62 17.54 17.54 11000
43 12645 17.95'17.04 17.86 11000
46 14118 21.26 21.29 21.31 11000
47 15308 23.08 22.94 22.94 11000
48 16908 27.02 26.84 26.85 11000
47 18258 32.14 32.00 32.01 11000
50 19238 34.94 35.50 35.36 11000
51 20578 40.64 41.13 41.25 11000
52 21508 44.13 44.44 44.47 11000
53 22968 47.46 46.94 46.93 11000
54 24758 54.26 53.73 53.64 11000
================================
ID=SECTION I.D.
X =RIVER DISTANCE
Hl=W.S. EL DY HEC-6 (MOVABLE BCD)
H2=W.S. EL BY rJEC-6 (FIXED BED)
H3=W.S. EL DY HEC-2(FIXED BED)
Q =PEAK FLOW WATER DISCHARGE

Table 8 Comparison of water-surface elevations computed by the HEC-6
movable-bed and fixed-bed models and HEC-2 for the San Lorenzo
River
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are shown in figure 17 for HEC-6 and FLUVIAL-II; mean velocities predicted bX~

HEC-6 are seen to be much higher than those of FLUVIAL-Il in the uppe~ part O~-

the study reach. Mean velocities predicted by HEC2SR and SEDIMENT-4H are

closer to those computed by HEC~6, as can be seen in tables 2,3, and 5.

The total-load discharges at peak flow and the post-flood median bed
material sizes that were predicted by HEC2SR, HEC-6, FLUVIAL-II, and SEDIMENT

4H are summarized in table 9. Longitudinal distributions of the total-load

discharge computed by these four models are plotted in figure 18. HEC2SR

predictions are seen to be very high compared with those of HEC-6, in spite of

the fact that both models predicted very similar mean velocities, as mentioned

earlier. SEDIENT-4H predicted extremely low total-load sediment-transport

rates, as is shown in table 9 (its predicted total-load discharges are too

small to plot·visibly in figure 18). Total-load discharges and mean flow

velocities computed by the three SLA models (HEC2SR, KUWASER, and UUWSR) are

tabulated in table 10 and plotted in figure 19. Although KUWASER and UUWSR...
used the same sediment-transport function, as mentioned in Chapter II, their

predictions are seen to differ substantially because their predicted mean..

flow-velocity predictions were quite different. Post-flood median bed.. '~

material sizes predicted by HEC2SR, ,HEC-6, FLUVIAL-ll are plotted in figure

20, together with the pre-flood value's (see table 9 also). Note that

SEDIMENT-4H does not account for sediment sorting processes. HEC-6 predicted

significant coarsening of the river-bed material over the entire study reach.

In order to demonstrate model prediction of thalweg and water-surface
elevations during both rising and falling stages of 'the hydrograph, numerical

values predicted by HEC2SR, HEC-6, FLUVIAL-II, and SEDIMENT-4H are summarized

in tables 11, 12, 13, and 14, respectively. Direct comparisons of these

results are not possible because time-discretization intervals of the

hydrograph differed from model to model, resulting in the modelers' computer

outputs being prepared for different water discharges. However, approximate

cOlT'par; sons can be made. For examp 1e, thalweg and water-surface el evations

predicted. by FLUVIAL-ll and SEDIMENT-4H during the rising stage can be

compared because water discharges of 7,690 cfs and 7,960 cfs used by the two

models, respectivel'y, are nearly equal. As seen in tables 13 and 14 (YR and

HR), their predictions of the thalweg elevation differed considerably.

II I
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===========================================================
SAN LORENZO ! ! ! ! <SEDIMENT...

RIVER ! <HEC-6 > ! <FLUVIAL-11 >! <HEC2SR) ! 41i >
-------------!----------!------------!----------!--------. ,
ID X D50I! QT D50FL QT DSOF! QT DSOF! OT DSor

I ! !, !
FT MM! ~TID MM! TID MM ! TID MM! TID MH

==========================================================~

3 0 0.34 46670 0.71 158700 0.57 244170 0.47 1580 0.50 .
4 55e 0.34 41230 0.70 168380 0.59 244170 0.47 1070 0.50
8 1183 0.34 38960 0.69 170590 0.65 244170 0.47 1170 0.50
9 1700 0.34 39110 0.68 165180 0.77 244170 0.47 224 0.50

10 2200 0.27 40360 0.54 160760 1.13205210 0.50 849 0.50
11 2600 0.27 41370 0.50 153930 1.25 205210 0.50 863 0.50
12 2800 0.27 39540 0.59 147460 1.31 205210 0.50 1830 0.50
14 2950 0.27 37700 0.65 215140 1.15 205210 0.50 1830 0.50
15 3575 0.27 36570 0.67 141620 1.28 205210 0.50 1610 0.50
19 4345 0.27 30180 0.72 95720 0.50 205210 0.50 833 0.50
20 495S 0.53 18060 1.14 86250 0.39 153230 0.53 417 0.50'
21 5~60 0.53 16890 1.37 91380 0.37 153230 0.53 190 0.50
22 5610 0.53 16400 1.05 80490 0.35 153230 0.53 11 0.50
25 6065 0.53 13350 1.10 104050 0.37 153230 0.53 24 0.50
26 6745 0.53 12640 1.16 116360 0.39 168880 0.37 93 0.50
27 7325 0.53 11730 1.21 118490 0.32 168880 0.37 29 0.50
30 7575 0.53 10700 1.06 116500 0.35 168880 0.37 25 0.50
31 8080 0.93 9520 0.93 126680 0.42 168880 0.37 30 0.50
32 8585.0.'93 9880 1. 06 145960 0.46 207890 0.34 26 0.50
33 9090 0.93 10150 1.24 ~64040 0.51 207090 0.34 24 O.S~-

34 9595 0.93 10460 1.·15 181050 0.56 207890 0.34 20 O.Sb
35 9935 0.93 9720 0.90 192720 0.55 207890 0.34 14,0.50
36 10140 0.93 10460 1.68 198620 0.41 270750 0.58 79 0.50

·38 10400 0.93 9520 1.75 211080 0.40 270750 0.58 ?9 0.50
39 10780 0.93 9770 1.72 202400 0.44 270750 0.58 91 0.50
40 11260 0.93 9980 1.83 186100 0.51 270750 0.58144 0.50
41 11800 0.93 9620 1.66 174570 0.46 272050 0.50 96 0.50
42 12305 0.93 10650 1.75 165460 0.53 272050 0.50 179 0.50
43 12645 0.93 11090 1.84 198410 0.59 2720S0 0.50 140 0.50
46 14118 0.93 10880 l.SS 152940 0.51 272050 0.50 ,113 0.50
47 15308 0.93 15000 1.68 199120 0.50 335130 1.62 510.S0
48 16908 0.93 17450 1.71 256410 0.61 335130 1.62 ?3 0.50
49 18258 0.93 20260 i.64 2910701.03 3351301.62 1350.S0'
50 19238 0.93 20810 1.?3 338320 0.83 335130 1.62 1?8 0.50
5120578 0.93 180701.93 3635901.19 3193100.64' 54 0.50
52 21508 0.93 18210 0.90 333040 1.53 319310 0.64 260.g
53 22968 0.1.73 34920 1.80 348360 2.37 324520 1.25 37 O. SQ
S4 24758 0.93 51110 1.68 367860 3.15 324520 1.25 350 O.Sb
====================================~=====================:

ID = SECTION I.D.
X = RIVER DISTANce
DSOI = INITIAL MEDIAN SIZE.OF DED MATERIAL (PRE-FLOOD)
D50F = FINAL MEDIAN SIZE OF BED MATERIAL <POST-FLOOD)
QT = TOTAL-LOAD DISCHARGE AT PEAI(-FLOW DISCHARGE or

12.000 CFS
Table 9 Compa~ison of total-load discharges computed by HEC2SR, HEC-6,

FLUVIAL-II, and SEDIMENT-4H for the San Lorenzo River
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=============================================
SAN! TIIREE SLA MODELS

LORENZO !------------------------------------RIVER ! <HEC2SR > ! <KUWASER > ! <UUWSR)________ J J I ~.__. . .
ID X !~

!
FT !

QT' V ! QT
!

TID FPS! TID

V ! QT
!

FPS ! TID

V

FPS=============================================
3 0
4 sse
8 1183
9 1700

10 2200
11 2600
12 . 2000
14 2950
15 3575
19 4345
~O 4955
21 5360
22 5610
25 6095
26 6745
27 7325
30 7575
31 8080
32 85.85
33 9090
34 9595
35 9935
36 10140
38 10400
37 10780
40"11260
41 11800
42 12305
43 12645
46 14118
47 15308
48 16900
47 18258
50 19238
51 20578
52 21508
53 22968
54 24758

244170
244170
244170
244170
205210
205210
205210
205210
205210
205210
153230
153230
153230
153230
168800
168080
168800
168880
207890
207890
207890
207890
270750
270750
270750
270750
272050
272050
272050
272050
335130
335130
335130
33S130
319310
319310
324520
324520

11.9 555200
8.1" 60420
.7.9 151730
7.3 70750
6.6 114940
6.8 00220
9.2 158590
9.2 134010
7.4 04720
6.6 73440
7.7 50500
7.3 41210
4.6 25120
5.2 31.670
6.0 25400
5.9 .38320
5.9 66830
6.0 90650

·6.9 173520
6.er 300240
7.0 187300
7.1 102510
7.9 159160
8.1 164450
8.5 179300
9.S·279530

10.7 252600
9.5 272380

11.4 222590
6.7 204450
7.1 370890

13.2 268030
8.6 292460

14.2 527770
14.2 566560
10.8 738640
8.5 306820

15.0 683280

13.5
6.6
8.5
6.7
7.0
7.3
8.9
8.S
7.4
7.2
6.6
6.1
5.1
S.7
5.5
6.0
6.9
7.5
7.7
9.9
8.?

.7.7
7.5
7.6
7.8
8'-8
8.4
0.6

"8.1
7.9

10.9
10.6
0.2

13.1
10.?
15.1

9.0
14.5

1287340
321070
304990
285810
255480
243420
234260
226080
104530
125610

87100
69250
51840
54460
59430
60410
68370
76190
94430

110410
134960
143090
151710
159140
166600
170190
174060
183110
188660
186720
226690
269100
259530
441080
429780
420910
459860
497220

13.2
9.2
9.1
8.7
7.5
7.4
7.7
7.5
7.0
6.4"
7.1
6.7
6.0
6.4
6.7
6.8
(). 9
7.2
7.b
7.9
8.2
8.4
9.3
9.4
9.4
9.6
9.6
9.7
9.9
9.4
9.7

10.2
10.7
1.1.8
12.7
12.4
12.3
13.1=============================================

ID = seCTION I.D.
x = RIVER DISTANCE
QT = TOTAL"-LOAD DISCHARGE At PEAI( FLOW
V = MEAN FLOW VELOCITY AT PEAK FLOW
NOTE: PEAI<"·FLOW DISCIIARGE = 12 .. 000 crs

T.:lble 10 Comparison of total-load discharges and mean flow velocities
computed by SLA using HEC2SR, KUWASER, and UUWSR for the SanLorenzo River
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============================

SAN LORENZO RIVER: HEC2SR
ID X YR HR YFA BFA

FT FT FT FT FT
============================

3 ~ 0 -4.4 2.3 '-4.6 3.4
4 sse -4.1 2.8 -4.3 3.7
8 1183 -3.9 3.3 --4.1 4.1
9 1700 -1.2 3.7 -1.3 4.4

10 2200 -1.4 4.2 -1.6 4.8
11 2600 -1. 0 4.4 _.1. 2 5.0
12 2800 -0.9 4.4 ··1. 1 4.9
14 2950 -0.8 4.5 -1.1 5.1
15 3575 -0.3 5.6 -0.6 6.1
19 434S 0.1 6.8 - 0.1 7.2
20 4955 1.7 7.4 1.9 7.9
21 5360 2.1 8.1 2.3 8.7
22 5610 2.2 8.7 2.3 9.4
25 60.95 2.8 9.0 2.9 9.7
26 6745 3.7 9.4 '4.0 10.2
27 7325 3.9 10.2 4.1 11.1
30 7575 4.0 10.4 4.3 11. 4
31 8080 4.4 10.8 4.6 11. 7
32 858S 5.S 11.0 6.0 11. 9
33 9090 5.S 11. 4 6.3 12.5
34 9595 6.3 11. 8 6.8 12.9
35 ·9935 6.5 12.0 7.0 13.2
36 10140 5.4 12.1 S.4 13.3
38 10400 '5.8 12.3 5.8 ~3.5

39 10780 6.6 12.8- 6.6 13.9
40 11260 7.4 13.5 7.4 14.5
41 11800 .9.3 14.6 10.2 15.4
42 12305 10.8 16.2 11.2 17.4
43 12645 11. 5 16.8 12.0 17.9
46 14118 12.4 20.3 1,2.0 21.6
47 15300 12.5 21.6 12.5 22.8
40 16908 HI.1 24.2 16.0 25.0
49 18258 20.2 29.7 20.1 30.6
50 19238 23.7 32.6 23.5 33.5
51 20570 30.8 39.4 30.8 40.3
52 21500 35.'2 43.0 35,3 44.1
53 22968 35.7 46.1 35.7 47.2
54 24758 41.2 50.5 41.2 51. 7
============================
ID =SECTION I.D.
X =RIVER DISTANCE
YR =THALWCG EL AT Q=7 12S0 CFS (RISING STAGE)
II:? =W.S. EL AT Q=7 1 250 CFS (RISING STAGC>
YrA=THALWCG EL AT Q=01570 CFS (FALLING STAGE)
'·IFA=W.S. EL AT Q=0 .. 570 CFS (FALLING STAGE>

Table 11 Thalyeg and yater-surface elevations duri~g rising and falling
stages computed by HEC2SR for the San Lorenzo River
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============================

SAN LORENZO RIVER: HEC··6
ID X YR HR YFA BFA /_."

FT FT FT FT FT
========~===================

3 0 -4.2 1.6 -4.6 3.5
4 55G -3.7 2.7 -3.7 3.7
0 1103 -3.4 3.5 -3.4 4.1
9 1700 -0.7 4.2 -0.6 . 4.6

10 2200 -0.7 4.8 ··0.7 5.1
11 2600 -·0. S S.O -0.7 5.3
12 ;2800 -0.6 5.1 -0.0 5.3
14 2950 -1. 0 S.4 -1.l 5.S
15 3575 -0.5 6.6 -0.8 6.5
19 4345 -0.2 7.4 -0.7 7.2
20 4955 1.4 0.0 1.3 7.7
21 5360 1.7 8.5 1..7 8.3
22 5610 2.0 9.1 2.0 0.9
25 609S 2.6 9.3 2.5 9.1
26 6745 J.O 9.7 3.0 9.7
27 7325 3.2 10.4 3.2 10.4
30 7575 3.5 10.5 3.4 10.6
31 8080 3.9 10.8 3.9 10.8
32 8SS5 4.3 11.0 4.3 11. 0
33 9090 4.5 11.3 4.6 11.3
34 9595 ,5.2 11. 5 5.2 11. 6
35 9935 5.3 11.8 5.4 11. 9
36 10140 5.6 11.6 5.5 11. 7
38 10400 5.7 12.2 5.7 12.2
39 10780 6.5 12.8 6.5 12.9
40 11260 7.1 13.6 7.1 13.8
41 11800 0.4 14.7 3.4 14.9
42 12305 9.2 15.6 9.3 15.8
43 12645 9.7 16.0 9.7 16.3.
46 14118 10.2 19.1 10.3 19.4
47 15300 12.9 21. 2 13.0 21. 4
48 16908 1b.7 25.3 16.7 25.6
49 18253 20.7 30.2 20.8"30.5
50 19238 23.7 32.9 23.6 33.0
51 20570 2?5 30.6 29.5 38.8
52 21508 33.4 41.4 34.2 41. 7
53 22960 35.5 44.9 36.0 45.9
S4 24758 40.8 50.7 42.4 52.7
============================
ID =SECTION 1. D.
X =RIVER DISTANCE:
YR =THALWCG EL AT Q=8~200 CFS (RISING STAGE)
HR =W.S. EL AT (;)=0 .. 200 CFS (RISING STAGE)
YfA=THALWEG EL AT (;)=8 .. 100 CFS (FALLING STAGE)
lIFA=W.S. EL AT Q=B~100 CFS (FALLING STAGE)

Table 12 Thalweg and water-surface elevations during rising and falling
stages computed by HEC-6 for the San Lorenzo River

'-----'.'\
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============================
SAN LORENZO RI.VER: FLUVIAL-11
ID X YR HR YFA UFA

FT FT FT FT FT
============================

3' 0 -6.3 2.7 -0.3 3.0
4 550 -5.3 2.9 -6.8 3.2
8 1183 -3.9 3.2 -5.3 3.5
9 1700 -1.5 3.8 -1. S 3.9

10 2200 -0.7 4.1 -0.8 4.4
11 2600 0.1 4.4 -0.3 4.8
12 2000 -0.4 4.5 '-1. 3 4.9
14 2950 -0.6 4.8 -0.6 4.9
1$ 3575 -0.1 6.1 -0.1 6.7
19 4345 0.3 7.2 0.3 8.0
20 4955 0.5 7.8 0.5 8.6
21 5360 La 8.1 i.0 9.0
22 5610 2.1 8.5 2.7 9.4
2-5 6095 2.6 8.8 2.9 9.7
26 6745 2.7 9.2 2.7 10.3
27 7325 3.2 9.7 3.4 10.9
30 7575 3.4 9.9 3.7 11.1
31 8080 4.6 10.1 S.3 11.4
32 8585 5.2 10.5 5.9 12.0
33 9090 S.8 10.9 6.6 12.5
34 9595 6.5 11.4 7.3 13.1
35 9935 7.0 11.7 7.7 13.5
36 10140 if. 3 11. 9 6.7 13.7
38 10400 5.7 12.6 ·S.7 14.6
39 10780 6.4 13.2 6.2 15.2
40 11260 6.9 13.9 6.3 15.9

. 41 11000 0.2 14.9 13.0 16.8
42 12305 9.3 15.7 8.8 17.6·
43 12645 9.4 16.3 9.2 18.1
46 14118 13.4 19.6 14.3 21.6
47 15308 17.2 22.6 18.1 2S.0
48 16908 19.9 27.5 20.3 30.0
49 18258 24.5 31.8 26.234.2
50 19238 22.9 34.9 24.S 37.7
51 20578 20.7 39.1 26.6 41.7
52 21508 33.2 41.8 33.6 44.1
53 22968 39.2 46.0 40.2 40.6
54 24758 41.2 52.9 41.2 55.6
=?==========================
ID =SECTION LD.
X =RIVER DISTANCE
YR =THALt4CG EL ,AT Q=7., 690 CFS (RISING STAGe::)
HR =tJ.S. EL AT Q=7.,690 CFS (RISING STAGT.::)
YrA=THALtJEG EL AT Q=9,.440 CFS (FALLING STAGC)
IIFA=tJ.S. EL AT 0=9.,440 CFS (FALLING STAGE)

Table 13 Thalweg and water-surface elevations during rising and falling
stages computed by FLUVIAL-II for the San Lorenzo River
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============================
SAN LORENZO RIVER:SEDIMENT-4H
ID X YR HR YFA HFA

FT FT FT FT FT
============================

3 ~ 0 -5.0 1.4 ··5.3 3.5
4 550 -4.4 2.1 -4.4 3.7
0 1183. -4.0 2.7 -4.2 3.9
9 1700 -2.5 3.2 -2.5 4'"• &;,

10 2200 -1.5 3.6 -1.6 4.4
11 2600 -1.0 4.0 -1.1 4.6
14 2750 -0.9 4.5 -1.3 4.9
1S· 3375 0.0 5.7 -0.3 5.8
19 4145 0.5 7.1. 0.4 7.1
20 475S 1.2 8.0 1.1 8.0
21 5160 1.7 8.5 1.6 0.5
22 5410 1.9 8.8 1.9 ,8.8
25 5895 2.3 9.0 2.3 9.1
26 6545 2.8 9.6 2.8 9.7
27 7125 3.1 9.9 3.1 10.1
30 7375 3.3 10.0 3.3 10.2
31 7880 3.6 10.3 3.6 10.5
32 8385 4.0 10.6 4.0 10.8
33 8890 4.4 10.9 4.4 11.1
34 9395 4.0 .11.2 4.8 11.4
35 9735 5.'0 . 11. 4 5.0 11. 6
3b 9940 5.2 11. 7 S.l 11.9
38 10200 5.6 12.2 5.5 12.4
39 10580 b.1 12.9 b.O 13.1
40 11060 7.0 13.7 6.9 14.0
41 11600 8.1 14.7 8.1 14.9
42 12105 9.0 15.8 .9.0 16.0
43 12445 9.7 17.0 9.7 17.3
46 13918 10-.7'19.1 10.7 19.4
47 15108 13.0 21. 7 13.0 22.0
43 16703 16.6 25.0 16.6 25.2
49 18058 20.6 29.5 20.b 29.8
50 19038 24.7 35.0 24'.6 35.3
S1 20378 29.1 39.0 29.1 39.3
52 21308 32.7 41. 4 32.7 41. 7
53 22768 3£'~3 44.6 36.3 45.0
54 24550 40.1 51.3 40.1 51. 8
============================
ID =SECTION I. D.
X =RIVER DISTANCE
YR =THAUJEG EL AT Q=7.960 CFS (RISING STAG~)

1m =W.S. EL AT Q=7 .. 960 CPS (RISING STAGE)
YFA=THALWCG EL AT Q=8 .. 260 CFS (FALLING STAGE
HFA=W.S. EJ.., AT Q=0 .• 260 CFS (FALLING STAGE)

Table 14 Thalweg and water-surface elevations during rising and fal11~

stages. computed by SEDIMENT-4H for the San Lorenzo River ._

II I
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although the predicted water-surface elevations

agreement.

are in relatively good

2. San Dieguito River. The principal hydraul ic and sediment-transport
c ,

characteristics at a peak flow of 22,000 cfs cOl11luted by HEC2SR, FLUVIAL-ll,

and SEDIMENT-4H care shown in 'tables 15, 16, and 17, respectively. Water

surface elevations computed using the fixed-bed . models (FLUVIAL-11 and

SEDIMENT-4H) are also listed in tables 16 and 17 (see HI). Thalweg and water

surface elvations during the peak flow predicted. by these three movable-bed
"models are presented in figure 21, in which the ·three models are seen to

predict widely differing elevations. HEC2SR predicted the backwater profile

upstream of the Via de s.an~a Fe 'bri dge 1ocat~at a river di stance of 3,780

ft; however, both FLUVIAL-ll and SEDIMENT@ predicted smooth water-surface

profiles in the vicinity of the bridge. Figure 22 shows two different water

surface profiles obtained by SDSU using the HEC-2 fixed-bed and FLUVIAL-ll

movable-bed m0gels. At a river distance of 3,925 ft, immediately upstream of

the bridge, the HEC-2 fixed-bed ~odel is seen to predict a water-surface

elevation 5.8 ft higher than that of FLUVIAL-ll. According to the SDSU

report, the river channel in the vicinity of the bridge was predicted by

FLUVIAL-II to be s~oured and widened extensively during the peak. flow,

resulting in much lower water-surface elevations than thqse predicted by the

fixed-bed model. The results obtained by SLA using the UUWSR fixed-bed and

movabl e-bed model s are comp are"d with the SLA I ~ HEC-2 simulation in figure

23. The UUWSR fJxed-bed model predicted much lower water-surface elevation

upstream of the Via de Santa Fe bridge than HEC-2. The SLA report states that

as much as 20 ft of scour was predicted by the UUWSR movable-bed model at the

bridge section during the peak flow, lowering the water-surface elevation

considerably, as seen in figure 23.

Thalweg elevations predicted by HEC2SR are shown in figure 24 together

with field data acquired by the County 'of San Diego, California, in Ju~e 1981

(see table 18). The field data indicate that sand-mining pits were completely

filled during the 1980 flood. HEC2SR predicted scour along the lower part of
. .

the study reach, downstream from the bridge, and stable river-bed patterns for

the upper reach. On the other hand, UUWSR predicted a generally aggrading
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==--=--===========
SAH DIEGUITO Rno: J£C2SR

II X YO YF Y H V 0 V OB OS or DSI
FT FT FT FT FT FT CFS FPS TI» TID TI» lilt

=====-"":==============--=--=====
~3 • 14.5 11.1 12.1 26.1 6al 22001 1'.6 20870 18393. 204aso 1.58
.~ 810 23.6 22.6 22.9 31.' 7362200' 6.S 20a79 183930 2i~OOO 0.58
~s 161' 16.8 13.7 14.5 31.4 1009 22000 4.6 20070 183931 254000 '.5a
46 2310 23.6 18.8 20.0 32.2 '563 22000 10.3 20070 183938 2'4890 1.58
47 2790 19.7 15.5 16.7 33.6 326 22000 9.720070 18393' 204000 O.5a
48 3190 13.7 11.9 12.6 35.9 76522000 2.8 5b60 40230 53940 9.86
49 3448 18.2 15.1 16.3 35.9 46722080 5.4 5b68 4S2sa 53940 1.86
SO 3bOO 18.8 12.4 14.7 35.7 170 22000 11.6 SbbO 482BO 53940 8.86
58.1 3788 25.' 15.1 17.538.4 31722000 5.5 26BO 21190 23870 8.91
51.1 3805 25.0 14.5 17.2 3B.4 307 2200a ·S.B 2680 21190 23870 0.91
52 393' 11.9 16.5 11.8 39.8 474 22000 3.0 25D 357. 3820 '.38
53 4350 13.3 14.8 13.539.2 114322009 1.2 250 3570 3820 S.38
54 4951 17.5 le.4 18.6 39.2 940 22000 2.2 4200 38700 42900 0.50
55 5468 22.7 24.9 25.0 3~.1 616 22000 5.3 4200 33700 42900 O.S'
56 6060 25.7 27.2 27.0 39.7 438220PG 5.2 4200 38700 42990 0.50
57 6590 27.2 27.6 27.5 40.0 294 22000 7.7 15SbO 164950 1~a510 8.57
58 7260 27.1 27.4 27.3 41.3 551 22090 4.' 15560 164953 18~S10 0.57
59 7779 27.8 28.5 28.3 41.2 230 22000 18.5 155bO 164950 180510 9.57
60 829' JJ.~ 33.4 33.4 44.5 516 22000 11.3 1~4ao 179730 194210 1.59
61 8870 37.3 37.3 37.3 51.8 493 22008 6.4 14480 179730 194210 8.59
62 937' 4'.5 48.5 40.5 SZ.Z 493 22008 5.D 14488 179731 194210 1.59
63 9820 ~8.9 40.9 40.9 52.9 587 22008 ·5.1 14480 179730 194211 1.59
============================--======--======--==~~=======--======--======
ID=SECTIOH I.D. 0 =WATER DISCHARGE AT PEAK FLOW
X =RIVER DISTANCE V =M£AH VELOCITY AT PEAK FLOW
YO=IHITIAL THALWEG Et 08 =BED-LOAD DISCHARGE AT PEAK FLOW
YF=FIHAl THALWEG Et OS =SUS-LOAD DISCHARGE AT PEAK FLOW
Y=THAlWEG El AT PEAK FLOW or =rOTAL-LOAD DISCHARGE AT PEAK FLOW
H=W.S. Et AT PEAK FLOW D50=MEDIAH DIAMETER OF BED
~ =TOP VIDTH AT PEAK FLOW MATERIAL AT PEAK flOY

Principal results computed by HEC2SR for the San Dieguito
River

II I
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---- --==
SAN DIEGtJITO RIVER: FUNIAl-U

YD- X YI YF Y H HI U g V OB OS OT DSI

fT FT fT FT fT fT FT CfS fPS TID TID TID tllt- -------- - - -- ---- --- - -------- --
43 • 18.' 18.' 18.t 31.1 31.2 963 2210. ~.. - 366360 '.25
~~ 800 23.6 20.6 18.~ 31.7 31.6 787 22000 4.3 - 373270 t.25
~5 161. 16.8 23.5 26.3 32.5 32.4 1166 22001 3.8 - 396320 '.24
~6 2310 23.6 25.6 22.5 33.1 32.9 8S7 22000 4.4 - 518599 9.25
~7 2791 19.7 26.2 20.5 33.5 36.4 491 2200. 5.5 - 637080 8.28
48 3190 13.7 26.4 24.7 33.9 36.8 482 22000 5.5 - 645830 0.25
49 3440 IB.2 26.4 23.2 34.0 36.8 359 22001 6.2 - 719270 1.27
SO 3MB 18.0 26.5 21.1 34.1 36.8 266 22000 6.9 - 811580 0.27
51 3780 25.0 27.1 23.1 34.5 37.2 345 22001 5.8 - 9;2600 1.27
S2 3925 10.9 26.9 24.9 34.7 40.5 ~39 22000 6.1 - 896690 8.27
53 4345 13.3 Z7.3 ZY.8 35.4 40.8 BZY ZZDD; 5.1 - Y6DYSO I.Z8
S4 4945 17.5 Z9.3 30.3 36.5 40.9 758 22000 5.5 - - 1189820 0.33
55 54SS 22.7 30.4 27.7 37.4 41.0 64~ 2200' 6.1 - - 1377560 0.37
S6 £055 25.7 31.6 31.1 38.4 41.2 452 22000 7.' - - 1491140 8.43
57 bSS5 27.2 32.4 30.9 39.4 41.4 346 22001 7.8 - - 15;2880 0.47
58 7255 27.0 33.4 34.4 41.0 42.3 451 22009 1.6 - - 1828820 0.53
59 7765 27.8 35.5 34.8 42.5 42.4 501 22808 7.S - - 1860140 0.58
60 8285 33.4 37.7 37.1 ~~.1 4~.5 536 22000 1.4 - - 1861060 0.64
61 836537.339.2 40.4 46.' 49.6 5172200. 7.9 - - 2251690 0.74
629365 40.S 41.2 40.9 47.7 51.0 44222000 8.3 - - 2088720 0.79
63 981S 41.9 40.9 40.9 49.~ 51.7 ~~~ 2210. 8.5 - - 23~~990 G.85
~:~===================================================================
ID=S£CTIOH I. D. g = WATO DISCHARGE AT PEAK FLOW
X=RIVER DISTANCE V = MEAN VELOCITY AT PEAK FLOW
YO=IHITIAl THALWEG El gB =BED-LOAD DISCHARGE AT PEAK FLOW
YF=FINAL THALWEG El OS = SUS-LOAD DISCHARGE AT PEAK FLOY
Y=THALlJEr; EL AT PEAK FLOW OT =TOTAL-LOAD DISCHARGE AT PEAK FLOW
H=Y.S. EL AT PEAK FLOW D50= MEDIAN DIAMETER OF BED
Hl=W.S. EL AT PEAK FLOW CHEC-Z) tlATERIAl AT PEAK flOW
V=TOP WIDTH AT PEAK FLOW
NOTE: QB • OS WElE NOT COMPUTED WITH FLUVIAl-li

Table 16 Principal results computed by FLUVIAL-II for the San Dieguito
River
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--- --- -====--=================
SAN DIEGUITO RIva: SEDlMEKT-04H

I]) X YI YF Y H HI II g V OT D51

FT FT FT FT FT FT FT CfS filS TI]) M
=============--=====--======- --
43 6" 21.9 21.7 21.8 29.9 29.9 ~6 22188 5.1 2610 '.46
44 1401 24.1 24.1 24.1 3'.6 30.6 ala 22180 5.S 276' 1.46
45 2211 25.1 24.a 25.' 31.4 31.4 1165 221.D 5.1 3101 1.46
46 2911 25.1 23.8 24.6 32.7 32.8 488 22180 8.7 4151 0.46
47 3391 23.8 23.8 23.1 33.134.1 693 22180 4.7 3670 '.46
48 3791 21.6 21.2 21.9 33.8 34.1 690 22100 3.2 3130 1.46
49 4041 22.9 22.4 22.8 33.9 34.2 4152210D 7.1 3430 1.46
SO 4200 24.4 22.9 24.1 34.2 34.5 231 22108 9.0 3940 8.46
51 4381 24.4 20.2 22.4 34.6 35.3 233 22100 9.6 4290 '.46
S2 4530 20.6 21.0 20.9 34.8 35.9 523 22180 3.B 3140 0.46
53 4950 18.2 19.0 IB.1 34.B 35.9 944 22099 I.B 1543 1.46
54 5558 21.2 22.7 21.2 34.8 36.0 1066 22099 3.0 2550 0.46
SS 6060 24.9 20.3 24.6 35.3 36.3 313 22180 8.6 3920 1.46
56 6600 26.9 28.9 21.0 35.9 36.7 544 22099 5.6 3790 0.46
57 7191 27.2 21.2 27.1 36.8 37.3 325221BO 9.3 3700 1.46
58 1860 27.a 30.5 20.1 31.1 38.1 470 22100 6.1 3980 0.46
59 8371 28.9 31.1 23.3 39.8 39.3 193 22180 12.2 4260 1.70
60 sa90 3-4.1 33.1 34.1 45.9 46.1 495 22100 10.6 4680 8.10
61 9478 39.6 41.6 41.1 52.2 52.8 625 22180 4.9 5138 1.70
62 9920 41.1 41.9 41.6 52.5 52.2 544 22100 5.2 1460 0.1'
63 10421 41.1 41.3 41.2 52.7 52.4 542 22110 5.1 918D 1.10
==========--=--==========--=====--=============================
ID=SECTIOH ID " =TOP WIDTH AT PEAK FLOW
X~RlVER DISTANCE .
YO=IHITIAl THALWEG EL g =WATER DISCHARGE AT PEAK
YF=FIHAL THALWEG EL FLOW
Y =THALWEG EL AT PEAK FLOW' V = MEAN VELOCITY AT PEAX FLOll

. OT =TOTAl-lOAD DISCHARGE AT
H=W.S. EL AT PEAX FLOW PEAX FLOII
H1=W.S. El AT PEAK FLOW . D50= KEDIAN SIZE OF BED

COMPUTED USING FIXED-BED ·KATERIAl AT PEAX FLOW
FlOOD-ROUTIHG MODEL .

HOTE: RESULTS SHOWN ARE FOR ENTIRE C~OSS-SECTIOH OF MAIN
AND OVERBANX OIANNELS •

Table 17 Principal results computed by SEDIMENT-4H for the San Dieguito
River
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Figure 21 Comparison of thalweg and water-surface profiles at peak flow computed using the HEC2SR.
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***SAN DIEGUITO RIVER***

===================================
X-SECTION

ID
RIVER

DISTANCE

FT

OBSERVED
THALWEG
ELEVATION

FT
===================================

44
4S .
47
48
49
50
50.1

-52
S3
S7
58
59

000
1610
2790
3190
3440
3600
J700
3930
4350
6590
7260
7770

19.9
21.4
23.3
23.8
24.1
23.0
23.9
24.4
26.0
30.4
32.4
32.4

===================================

NOTC: CRoss-seCTION DATA SHOWN~WERE OBTAINCDIN JUNE
1981 BY DEPARTMENT OF PUBLIC WORKS~ COUNTY OF SAN
DIEGO~ CALIFORNIA.

THE HIGHEST WATER-SURFACE ELEVATION OBSERVED AT
SECTION S2 ex = 3~?30 FT) OF THE SAN DIEGUITO
RIVER WAS APPROXIMATELY 36 FT ABOVE MSL.

Table 18 Thal~eg elevations measured in June 1981 for the San Dieguito
River
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channel over the entire study reach, as seen in figure 25. FLUVIAL-ll

predictions, s~own in figure 26, indicate ,general deposition throughout tp-,,-

!"each. It should be pointed out that FLUVIAL-ll allows for bank erosion, $'0

variable river width is incorporated into the model, while UUWSR considers

changes in cross-section profile for.a fixed river width. Figure 27 shows the'

thalweg elevations predicted by SEOIMENT-4H. These profiles were plotted

using output-summary tables submitted by RMA. As seen in the figure, the pre

flood, initial thalweg profile does not conform to the input data supplied to

RMA (compare figure 27 with figure 24 or 26, for example, for the initial

thalweg profile). It must be pointed out that because of RMA's failure to

respond to requests for clarification, the results from SEDIMENT-4H presented

in this report are based entirely on RMA's output summaries submitted to the

Committee, anq no modification or adjustment of their tabulated values could

be made in spite of the fact that inconsistencies between the summarized

values and computer output listings were detected and brought to their

attention.

Longitudinal distributions of the mean flow velocity predicted by the

HEC2SR', FLUVIAL-ll, andSEOIMENT-4H movable-bed models are shown in figue

28. FLUVIAL-ll Predi cted gradual changes in the mean f1 ow velocity betwe,

3.8 ft/s and 8.5 ft/s; however, HEC2SR's predictions are seen to vary abruptly

from cross section to cross section, with a variation range of 1.2 ft/s to

11.6 ft/s (see tables 15 and 16). The range of variation predicted by

SEOIMENT-4H is seen to be between -1.8 ft/s and 12.2 ft/s (see table 17).

Longitudinal variations of the water-surface width during the flood peak are

p resented in fi gure 29, in whi ch the three models are seen to yi e1d quite

different results.

Table 19 lists total-load discharges during the peak flow and post-flood

median bed-material sizes predicted by HEC2SR, FLUVIAL-ll, and SEDIMENT-4H.

The total-load predictions differ widely among these three models, as seen in

fi gure 30. RMA's results were not i ncl uded in the fi gure ·because of their'

small values. FLUVIAL-ll predicted extremely high total-load discharges with

an almost linearly increase along the study reach. At a river distance of

9,815 ft, the total-load discharges' predicted by HEC2SR, FLUVIAL-ll, and

SEOIMENt-4H were approximately 194,000 tons/day, 2,345,000 tons/day, and 7,000

I II I
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=========================================================
SAN DIEGUITO !

RIVER <FLUVIAL-!!)! CHEC2SR) CSEDIMENT-4H)
-------------- ------------!----------- ------------------
ID X DSOI

FT MM

QT DSOF 1 QT DSOF
!

TID MM ! TID MM

x
FT

QT D50F

TID 11M
=========================================================
43
44
45
46
47
48
49
50
51
52
53
S4
5S
56
57
50
S9
60
6!
62
63

o
800 0.46

1610
2310
2790
3190
3440
3600
3780
3925
4345
4<145
5455
6055
6585
7255
7765 0.70
8285:.
8065
9365
9815

366360 0.23 204000
373270 0.25 204000
396320 0.25 204000
518590 0.25 204000
637080 0.25 204000
645830 0.26 53940
719270 0.27 53940
811580 0.28 53940
902600 0.28 23870
896690 0.28 3820
960950 0.30 3820

1189820 0.33 42900
1377560 0.36 42900
1491140 0.40 42900
1502880 0.46 180510
1828820· 0.54 180510
1860140 0.58. f80SiO
1861060.0.58194210
2251690 0.67 194210
2080720 0.81 194210
2344990 0.85 194210

0.87
0.87
0.87
0.87
0.87
0.92
0.92
0.92
1. 04
0.30
0.30
0.53
0.53
0.53
0.55
0.55
0.55
0.59
0.59
0.59
0.59

600
1400
2210
2910
3390
3790
4040
4200
4380
4530
4950
5550
6060
6600
7190
7860
8370
8890
9470
9920

10420

2670
2760
3100
4150
3670
3130
3430
3940
4290
3140
1543
2550
3920
3790
3700
3980
4260
4680
5130
7460
9780

0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.70
0.70
0.70
0.70
0.70

=================================~=====================::
ID.
X
DSOI
D50r
QT

= SECTION 1. D.
= RIVER DISTANCE
= INITIAL MEDIAN SIZE OF DED MATERIAL (PRE-FLOOD)
= FINAL MEDIAN SIZE OF BED MATERIAL (POST-FLOOD)
=, TOTAL-LOAD DISCHARGE AT PEAI<-FLOW DISCHARGE

OF 22._ 000 CFS

Table 19 Total-load discharges at peak flow and final median bed-material
siz~s computed by HEC2SR, FLUVIAL-II, and SEDI}mNT-4H for the
San Dieguito River

.. - III I
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tons/day, respectively; these values for a peak discharge of 22,000 cfs

correspond to sediment concentrations of approximately 3.270 mg/l. 39.4(~

mg/1, and 120 mg/~, respectively. Longitudinal distributions of the median

bed-material size.. at peak flow are shown in figure 31. Thalweg and water-'

surface elevations predicted by these three movable-bed models for the rising

and falling limbs of the hydrograph are tabulated in tables 20. 21. and 22.

During the falling stage, at a discharge of approximately 12,000 cfs. HEC2SR'

predicted generally much higher water-surface elevations,. as seen in tables 20
and '21.

3. Salt River. Four movable-bed models, HEC2SR, HEC-6, FLUVIAL-Il, and
SEDIMENT-4H, were used to simulate a 100-yr flood with a peak discharge of

176.000 cfs; the principal hydraulic and sediment-transport parameters

computed are summarized in tables 23, 24, 25. and 26, respectively. Note that

additional water-surface elevations predicted by SDSU and RMA using the HEC-2

and SEDIMENT-4H fixed-bed models are also listed in tables 25 and 26,
respectively. The peak-flow·thalweg and. water-surface elevations predicted by

thes~. four model s are presented in fi gtwe 32. HEC2SR is seen to predic~__

s'omewhat lower water-surface elevations in the middle reach than the othet--. .
three inodels. At a river distance of 10,120 ft,' the difference of the water_

surface e.levations, between HEC2SR and FLUVIAL-11 amounts to 2.2 ft. Water

surface profiles predicted by HEC-6, FLUVIAL-ll. and SEDIMENT-4H are .seen to

be similar. to, each other, while their.thalweg-elevation predictions are quite

di fferent. As seen in tab1es 23 and 25, HEC2SR Pred i cted a general trend of

scour over the entir~ reach, while FLUVIAL-11 predicted deposition. Thalweg

e1evat ions predi cted by HEC-6 and SED IMENT-4H seem to fall between those of

HEC2SR and FLUVIAL-II. At a river distance of 12,150 ft, FLUVIAL-II predicted

a thalweg elevation 9 ft higher than that of HEC2SR; however, the water_

surface elevation predicted by FLUVIAL-II was higher by only 1.8 ft.

Similarly, at a river distance of 15,500 ft, the thalweg elevation obtained

from FLUVIAL-ll was 11 ft higher than that computed by HEC2SR, but the water

surface elevations predicted by those models were almost identical (see tables

23 and 25). It should be pointed out that overall changes in thalweg

elevations predicted by HEC2SR conformed quite well to those observed in the

CSU movable-bed physical model (Anderson-Nichols. 1980) at a prototype~

discharge of 210.000 cfs.

I II I
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=================================
SAN DIEGUITO RIVER: HEC2SR

ID X YR HR YFA HFA

FT FT FT 'FT FT
=================================
43
44
45
46
47
48
4?
50
50.1
51.1
52
53
54
55
56
57
SO
59
60·
61
62
63

o
800

1610
2310
2790
3190
3440
3600
3780
3005
3930
4350
4950
5460
6060
6590
7260
7770
8290
8070
9370
9820

13.6
23.4
15.8
22.1
18.3
13.9
18.7
19.6
21.0
21.8
11.1
13.4

. 17.8
23.2
25.9
27.3
27.1
27.9
33.4
37.3
40.5
40.9

23.2
27.1
20.1
29.0
30. :5
30.7
30.7
30.7
31.3
31.3·
31.9
31.9
31.9
31.9
32.7
33.1
33.9.

.34.0
41.9
46.6
:47.4
47.7

11.2
22.6
13.9
19.0
15.7
11. 9
15.1
12.5
15.2
14.6
14.9
14.4
18.9
25.7
27.5
2.7.6
27.4
28.4
33.4
37.3
40.5
40.9

24.3
28.1
29.4
30.2

. 31.4
32.3
32.3
32.3
33.4
33.4
33.7
33.9
33.9
34.2
37.1
37.4
30.2
38.2
43.2
48.7
49.8
50.3

=================================
ID =SECTION I.D.
X =RIVER DISTANCE
YR =THALWCG EL AT Q=5~OOO eFS (RISING STAGE)
IIR =W.S. EL AT Q=5"~OOO CFS (RISING STAGE)
YFA=THALWEG EL AT Q=i2~OOO eFS (FALLING STAGE)
HFA=W.S. EL AT Q=12~OOO CFS (FALLING STAGE)

Table 20 Thalweg and water-surface elevations during rising and falling
stages computed by HEC2SR for the San Dieguito River

111-
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===============================
SAN DIEGUITO RIVER: FLUVIAL-ll
ID X • YR HR YFA HFA

FT FT FT FT FT
===============================
43 0 18.0 25.7 10.0 27.8
44 800 19.2 26.8 20.5 28.9
45 1610 20.1 27.8 26.1 30.2
46 2310 20.1 28.5 24.6 31.2
47 2790 19.7 29.0 25.8 31.7
40 3190 19.0 29.2 25.5 32.2
49 3440 18.5 29.2 25.6 32.4
SO 3600 18.5 29 ..3 25.6 32.6
51 3780 18.6 29.5 26.2 32.9
52 3925 10.9 29.7 2b.6 33.0
53 4345 23.0 29.8 20 ..9 33.8
54 4945 24.6 29.8 29.6 34.9
55 S455 23.S 30.4 .30.8 35.8
56 6055 27.9 31.7 31.3 36.S'
57 6585 20.9 32.9 32.5 37.9
58 7255 29.9 34.9 34.7 39.5
S9 7765 33.1 36.5' 36.4 40.8
60 8285 35.6 38.5 37.8 42.2
61 8865 '37.4 40.8 38.8 43.7
62 9365 39.S 43.1 41.3 45.5
63 9815 40.9 45.3 40.9 47.4
===============================
ID=SECTION I.D.
X =RIVER DISTANCE
YR =THALWEG EL AT Q=4~69S CFS (RISING STAGE)
HR =W.S. EL AT Q=4 1 69SCFS (RISING STAGE)
YFA=THALWEG EL AT Q=12 .. 1.80 crs (FALLING STAGE)
IIFA=W.S. EL AT Q=12 .• 180 CFS (FALLING STAGE)

Thalweg and water-surface elevations during rising and falling
stages computed by FLUVIAL-l1 for the San Dieguito River
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======================:;======
SAN DIEGUlrO RIVER:SEDIHENT-4H
ID X ·YR HR YFA HFA

FT PT FT FT FT
==============================
43 600 20.0 26.1 19.9 28.2
44 1400 22.7 27.0 22.7 29.0
45 2210 23.6 28.0 23.5 29.9
46 2910 23.3 28.9 22.0 30.9
47 3390 20.1 29.6 20.2 31.6
48 3790 17.7 29.6 17.9 31.7
49 4040 18.B 29.7 18.3 31.8
SO 4200 20.9 29.7 19.1 31.9
51. 4380 20.9 30.1 16.4 32.0
52 4530 16.4 30.4 15.9 32.1
53 4950 14.2 30.4 14.6 32.2
S4 55S0 19.5 30.4 19.3 32.2
55 6060 24.9 30.7 24.2 32.6
56 6600 26.9 31.1 27.1 33.3
57 7190 27.2 32.0 26.9 34.4
58 ~7860 27.8 32.7.28.5 35.4
59 8370 29.1 33.3 27.6 36.1
60 8890 34.1 42.1 33.7 43.9
61 9470 39.9 50.4 40.3 51.4
62 9920.41.7 ?0.4 41.6 S1.5
63 10420 41.4 50.4 40.8 Sl.6
==============================

,ID =SECTION ID
X =RIV~R DISTANCE
YR =THALWEG EL AT Q=4.360 CFS (RISING STAGE)rm =W.S. EL AT l'=4~360 CPS (RISING STAGE)
YFA=THALWCG EL AT Q=12~940 CFS (rALLING STAGE)HFA=W.S. EL AT Q=12~940 CFS (FALLING STAGE)

Table 22 Thalweg and water-surface elevations during rising and fallingstages computed by SEDIME~T-4H for the San Dieguito River

III --
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=======--====================-- :=--=-=
SAlT RIV£i: HEC2~

X YI YF Y H 'II a II oa os QT PSO

FT FT FT FT fT FT. CfS FrS TID TID TID tilt
==================--======-- --- - --- - ----- -

I 1'79.2 1179.2 1'79.2 18S9.3 934 16632. 17.8 - - 2306811 49.1
151 1179.3 1179.3 1079.3 1191 •• 912 166320 15.2 - - 2316111 ~9.t
~S' 1'79.6 1079.6 1179.6 1192.2 82S 160321 16.2 - - 2306811 ~9.0
S08 l1S8.1 IISI.2 1178.1 119~.1 7~9 166329 14.1 - - 2306116 50'
911 lDSI.' 10SI.2 117S.1 119~.6 751 160320 13.5 - - 23DbDl1 56:

1521 1080.7 1880.9 1878.6 1896.3 746 166320 12.8 - - 230611. 56.1
1920 1081.1 1080.6 108Z.7 1197.7 1122 166320 11.1 - - 2321448 52.0
2521 18S1.1 10S1.2 1083.8 1098.5 1064 166320 lZ.6 - - 2321~40 52.1
31Z0 1884.5 1084.2 ua6.S 1100.0 1176 166320 1Z.4 - - Z321~40 52.0
35Z1 1085.5 1084.4 1685.~ 1100.9 1054 166320 12.~ - - 2284790 79.8
4241 1087.3 1086.3 1087.3 1102.3 102S 166320 13.2 - - 2284790 79.D
~a40 1089.8 1087.S 1088.1 1114.1 1075 166320 12.3 - - 2284790 79.0
5440 1091.4 1089.S 1091.4 1105.3 994 166320 13.7 - - 2284790 79.0
6048 1092.8 1089.S 1189.1 1186.7 833 166320 13.8 - - 2264580 116.1
6918 1194.2 1091.7 1191.3 1108.0 825 166320 14.2 - - 2264580 100.0
7310 1095.3 109'.1 1090.3 1110.D 791 166320 13.0 - - 2202860 126.0
7510 1195.8 1092.2 1091.3 1109.6 645 166320 15.0 - - 2202860 126.0
7660 1696.2 10~.7 1090.8 1110.1 657 166320 15.4 - - 2202860 126.8
7860 1896.1 1093.6 1091.7 1111.4 759 166320 13.4 - - 2202860 126.0
826. 1097.7 109~.1 1195.0 1112.0 831 166320 14.3 - - 2151~20 15~.0
8920 1'99.4 1095.8 1096.7 1113.6 829 166320 14.4 - - 2151~20 154.0
9520 1101.1 1097.4 1098.3 1115.1 827 166320 14.5 - - 2151~20 15~.8

10120 1102.6 1099.1 1099.9 1116.7 826 166320 14.4 - - 2151~20 154.0
10321 1103.1 1098.1 1099.6 1117.4 801 166320 1~.' - - 2050060 129 •
10i2S 1104.6 1099.6 1101.1 1118.5 Sb4 166320 13.5 - 2050060 120:0
11128 1106.0 1100.7 1102.5 1120.1 1060 166320 11.6 - - 2050068 120.0
11320 lU6.8 1101.6 1103.2 1120.3 iD51 166320 12.1 ~ - 2050068 120.0
11520 1107.5' 1102.2 1183.8 1129.3 984 166320 13.~ - - 2050060 120.0
11730 110B.3 1103.5 1104.9 1122.3 1415 1663209.5 - - 2050060 120.0
12158 1109.7 1104.6 1101.6 1122.8 1624 166320 9.7 - - 1963050 188.0
12571 1111.2 1106.1 1109.8 1123.4 1574 166320 10.8 - - 1963050 108.0
12998 1112.7 1107.6 1118.5 1124.6 1551 166320 11.3 - - 1963050 108.0
13640 1117.7 1112.3 1115.5 1129.8 1513 166320 12.3 - - 1963950 108.0
14440 1117.8 1113.9 1116.2 1132.9 2342 166328 7.6 - - 1963050 108.0
15500 1119.5 1117.8 1119.1 1134.2 3529 166320 5.7 - - 19~0900 80.0
16628 1121.3 1120.5 1120.8 1135.1 2116 166320 10.' - - 1940900 86.8
1788. 1126.3 1125.~ 1125.7 1139.0 1623 166320 11.5 - - 19~0900 '86.0
19521 1131.3 1132.6 113~.0 1143.8 2926 166320 '~9 - - 1940190 6.6
2082' 1129.7 1131.2 1132.5 1145.7 2968 166320 6.5 - - 1940190 6.6
21B21 1131.2 1131.2 1131.2 1146.6 1787 166320 8.1 - - 2271650 49.1
22920 1129.8 1129.8 1129.0 1146.8 803 166320 14.5 - - 2271650 49.0
=====================================--=================================
ID=SECTIOH I.D. 0 = WATER DISCHARGE AT PEAK FLOW
X;RIVER DISTANCE V = MEAN VELOCITY AT PEAK FLOY
YO=INITIAl THALWEG EL aD =BED-lOAD DISCHARGE AT PEAK FLOW
YF=FIHAL THALWEC EL OS = SUS-LOAD DISCHARGE AT PEAK FLOW
Y=THALWEC EL AT PEAX FLOV OT = TOTAl-LOAD DISCHARGE AT PEAK FlOY
H~u.s. EL AT PEAK FLOW D50= HEDIAH DIAMETER OF BED MATERIAL
U=TOP WIDTH AT PEAK FLOV AT PEAK FLOW
NOTE: VALUES OF OS ~ OD ARE HOT LISTED BECAUSE OF THE LIMITED SPACE.

Table 23 Principal results computed by HEC2SR for the Salt River
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---====--=::===SAlT RIVER: HEC-6X YI YF Y H W a v as or DSI
FT fT FT FT FT IT CfS fPS TID TID lUI======--==-- - - ===--=--=================I 1179.2 1;79.4 1879.3 1089.8 962 176800 18.1 579310 SB1320 15.5151 1179.3 1'78.6 1178.6 1592.8 955 176601 13.7 S7~S60 S7SSS0 2~.8~SI 1179.6 1078.8 1178.9 1'93.2 874 176100 14.9 ~86510 ~87080 21.480' 1'81.1 1578.8 1178.9 1093.9 785 176008 15.9 ~53S70 ~S~711 21.1911 1.SI.' 1179.1 1179.2 1094.2 787 176001 15.3 419820 ~2Doao 28.4IS21 lQ80.1 1080.3 1081.3 1096.~ 782 176000 14.7 3~77S5 348690 23.81920 1881.1 1082.1 1'82.8 1899.1 1187 176800 18.9 32308. 323210 '.72520 lIS1.1108~.2 1883.' 1099.11276 176090 1'1.9 326768 326930 1.73128 l'~.S 1084.7 1084.5 1181.8 1377 176000 11.4 371560 372330 7.S3520 1085.5 1085.4 1085.4 1181.4 1230 176000 11.9 384790 385966 16.54248 10S7.3 1086.9 10a1.1 1102.8 126~ 176000 13.0 394720 396040 16.1

~040 U8a.8 1088.7 10SS.7 110~.5 1274 176008 12.1 ~11890 ~13210 12.654~' 1091.4 1190.1 109'.' 1105.7 1189 176000 13.0 ~263bO 427590 28.S60~1 1892.0 1090.5 1098.6 1106.2 1033 176000 19.8 350640 351~80 2'.76910 1894.2 1093.S 1093.9 1110.3 1840 176800 16.7 344520 ~5010 18.17310 1095.3 1094.2 109~.1 1111.5 1030 176000 16.2 374540 375020 19.17518 1'95.8 1094.6 1094.' 1111.9 850 176000 19.3 379670 380180 24.87060 1096.2 1095.' 1094.7 1111.9 865 176000 la.S 333010 333550 21.77S60 1896.7 1095.8 1095.7 1114.1 932 176000 15.4 329410 329860 17.38260 1097.7 1097.2 1097.7 1115.1 1046 176000 15.2322518 3228S0 6.98928 1199.4 1098.8 1099.2 1116.4 104~ 176.08 15.4 326940 327330 8.99520 11'1.' 1180.4 1110.7 1117.7 1043 176008 15.7330798 331200 9.010128 11'2.6 1101.8 1102.' 1119.1 1042 176000 15.7 334950 33542a 12.610321 1183.1 1102.8 1103.1 1119.6 1042 176000 IS.9 334650 335858 7.911720 1104.6 1183.0 1113.5 1121.2 l1ao 176008 14.1 335610 336380 17.31112' 1106.8 1108.3 1106.a 1122.7 1533 176000 10.2 33U60 334550 1.111320 1106.8 1185.9 1105.3 1122.9 161S 176000 12.6 336160 337640 21.211521 1107.5 1188.1 1196.9 1123.8 1630 176000 14.8 3438ao 344260 13.~11738 1108.3 1107.2 1187.6 1124.~ 220~ 176000 10.8 369770 370610 13.012151 1109.7 1110.4 111'.0 1125.2 2615 176000 7.3 418790 419150 0.51257. 1111.2 1111.8 1111.7 1125.7 2943 176000 7.7 563920 564380 0.512998 1112.7 1112.5 1112.5 1126.3 3267 176000 7.7 494610 495460 26.513648 1117.7 1115.4 1115.5 1130.1 3045 176400 16.~ ~33~60 434370 28.~
144~O 1117.S 1117.5 1117.6 1133.83201 176000 8.1 423170 ~24490 15.215500 1118.5 112~.7 1123.9 1135.2 6Sl6 176000 7.0 418800 419060 0.410621 1121.3 1120.7 1120.8 1136.4 3927 '176008 11.S 53685G 537800 12.117888 1126.3 1125.5 1125.7 1139.8 4006 176000 11.5 581870 582850 13.619521 1131.3 1131.8 1131.2 1144.2 5252 176000 a.8 559590 560500 7.920320 1129.7 1130.8 1131.6 4145.7 ~23a 176000 6.8 593398 593660 0.421828 1131.2 1131.0 1131.1 1146.~ 3960 176000 10.7 6aa028 689570 9.022920 1129.8 1129.2 1129.2 1147.6 2553 176000 14.7 713310 713840 4.7=======================================--=X=RIVER DISTANCE V =HEAH VElOCITY AT PEAX FLOWYO=IHITIAL THALUEG EL (T=O HR) OB =BED-LOAD DISCHARGE AT PEAK FLOWYF=FIHAl THALWEG EL (T=239 HRS) (=OT-QS)Y=THALWEG EL AT PEAK Fl~ OS =SUS-LOAD DISCHARGE AT PEAK FLOWH=V.S. Et AT PEAK FLOU QT =TOTAl-LOAD DISCHARGE Ar PEAK FLOWW=TOP VIDTH AT PEAK FLOW DSO=HEDIAH DIAMETER OF BEDg =WATER DISCHARGE AT PEAX FLOW MATERIAL AT PEAK FLOY

Table 24 Principal results computed by HEC-6 for the Salt River
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==--====:::_-=--==-== --
'SAlT R!VEi: FlWIAl-!1

X fl YF Y H Hl W g V OT PSO
~

IT FT IT FT FT IT FT CfS FPS _TID MH
:====--===========--=== - ------ --- --- =---

1 1177.2 1179.2 1'77.2 1189.7 1089.7 962 176.00 18.1 153911. 99.2
150 1'77.3 1881.9 la81.' 1191.1 1191.8 9S8 176'08 17.' 1539119 131.'
451 1877.6 1184.S 1181.9 1'92.5 1192.5 892 116'01 17.4 15Sb331 129.9
801 l&SO.1 18SC.S 1082.8 1895.9 1193.1 1324 116DOO 14.5 1482188 121.8
911 HSI.I 1186.9 1I1B.11D91A U94.B BU 116401 12.11314368 93.6

152. la8f.7 10SC.' 1181.5 1098.2 ID97.S 868 116'00 12.9 1348880 81.8
1921 n8Ll 1081.5 Has.'- 1101.2 1100.3 1253 17600; 9.9 1311130 8.5
2521 1181.1 1087.8 1886.4 111S.8 1108.6 1307 176400 18.5 1333810 21.9
3129 IJ~.S 1'87.1 18SS.' 1101.7 1101.2 1368 176000 11.9 1372080 31.7
3528 18SS.5 1&8S.3 11SC.l 1112.1 1181.4 1163 116100 11.9 1391940 48.4
4241 1181.3 1087.8 1189.3 1113.5 1102.8 1264 176800 12.1 1404320 59.0
4B4. 1888.8 1089.2 1093.1 1104.8 1184.5 128S 116000 12.2 1408920 18.6
5448 1'91.4 1889.S 1191.3 1106.1 1105.6 1153 116000 13.2 1414570 85.8
6040 1892.1 1091.2 1191.7 1111.3 1106.8 998 176000 14.3 1427380 96.9
6910 1094.2 1992.6 1092.9 1109.9 1110.4 991 176000 14.3 1415060 102.1
7310 1195.3 1094.3 1892.6 1110.9 1111.3 941 116800 14.5 1413850 101.2
7510 1895.9 1094.1 1096.9 1111.~ 1118.S aS1 176000 14.7 1415560 98.3
7b6a la96.2 1095.6 1895.8 1111.9 1112.9 B66 176000 14.5 1395000 96.2
7860 1096.1 1996.S 1198.S 1112.S 1114.7 979 176000 13.8 1387240 93.0
8261 1897.7 1891.8 IIIS.1 111~.a 1115.6 1046 176800 13.4 1376920 89.8
8920 1199.4 1199.11102.9 111S.7 1116.6 18-17 176Boa 13.4 13705U 91.2
9520 1101.' 1108.7 Use.8 1117.1 1111.71112 17608013.7 1361690 96.6

1012. 1102.6 1102.4 1105.6 111S.9 1119.' 1044 176901 13.1 1331020 97.3
10321 1113.1 1183.3 1101.8 1119.2 1119.5 110S 176000 13.4 1335000 103.1
10720 11 04. (, H05.4 f.104. 5 1120.9 1120.9 1179 176000 11.6 130383D 88.1
11121 110ld 1107.11109.0 1122.2 1122.4 1532 176100 iD.3 1311230 15.6
11320 1106.8 1108.5 1106.2 1122.6 1122.7 1584 176000 10.3 1320480 79.4
11521 1107.5 1108.9 1118.6 1123.2 1122.9 1641 176090 9.1 1292520 65.0
11730 110B.3 1110.3 1112.S 1123.9 1124.1 2282176000 8.4 1297780 22.7
12151 1109.7 1111.61116.6 1124.6 1124.7 2611 116000 a.5 1342760 38.8
12570 1111.2 1113.8 1118.6 1125.4 1125.1 2951 176000 8.8 1348450 76.2
12990 1112.7 1115.9 1114.5 1126.5 1125.6 3256 176000 8.8 1345150 96.2
13640 1117.7 1118.9 1114.2 1128.4 1138.4 2921 116000 10.4 1432220 116.2
14440 11.17.8 U23.3 1124.2 1131.6 1133.4 2931 176010 9.2 1357850 88.2
155GO 1119.5 1129.1 1129.' 1134.7 1134.7 5919 176000 5.6 1275150 2.2
16620 1121.3 1130.0 1126.2 1136.3 1135.53663 176800 1.8 1439330 73.S
178S0 1126.3 1139.8 1126.1 1139.4 1139.4 320B 176000 9.1 1478690 100.0
19520 1131.3 1135.2 1135.7 1144.0 1143.3"5468 176000 6.2 1446450 5.9
20820 1129.7 1139.1 1138.5 1146.0 1144.8 4443 176008 6.1 1448730 1.5
21828 1131.2 1135.8 1134.3 1147.3 1145.5 4044 116900 1.' 1578960 6.4
22928 1129.1 1129.0 1129.1 1149.3 1146.6 zaBl 176000 9.1 1689340 bO.9
=======--===============================================================
X=RIVER DISTANCE Y =TOP WIDTH AT PEAr FlOV
YO=IHITIAl THALWEG a g = \lATER DISCHARGE AT PEAK FLOII
YF=FIHAl THAlWEG El V = MEAN VELOCITY AT PEAK FLOII
Y=THALIIEC El AT PEAK flOW or = TOTAL-LOAD DISCHARGE AT PEAX FLOII
H=11.5. EL AT PEAK FLOIl D50= I1EDIAN DIAMETER OF BED I1ATERIAL
Hl=W.S. EL AT PEAK FLOW CHEC-2) AT PEAK FLOW
NOTE: OB &OS WERE HOT COI1PUTED WITH FLUVIAL-Ii

Table 25 Principal results computed by FLUVIAL-ll for the Salt River
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====--==========--=-:--== ==-===-- -
SALT RIVER: S£DlHEKT--4"

ID X ~ YI YF Y H· H1 U g V or 051

FT FT FT FT FT FT FT" CfS FPS TID I'Jt
--- -- ---- - - - ---=- - --- -=:==-
5 "1301 118'.5 1'79.~ 1179.91899.7 1099.8 a07 17212~ 11.3 818000 11.1
6 1950 1'82.4 1183.6 1'83.1 1110.9 1111.' 19S8 172122 8.3 1104080 11.1
7 2S01 1183.5 108~.S 11~.2 1101.~ 1101.5 1632 172118 8.7 929000 18.'
8 3851 118~.& 1084.8 1084.8 1182.' 1102.' 1459 17211~ 9.2 963001 II.'
9 360. 1187.' 1086.4 108&.7 1102.7 1112.7 1263 172112 11.2 1005000 11.1

II 421G 1898.2 1089.4 1889.1 1103.1 1103.0 1388 172116 18.4 18180al 11.1
11 ~8SI 1191.8 1091.0 1091.~ 1104.8 110~.9 1325 172101 11.4 997080 18.'
12 5450 1093.21191.9 1092.5 1105.9 1146.2 1219 17209~ 11.3 949100 11.1
13 6201 1095.2 1093.3 1194.1 1107.9 1108.& 1066 1720e8 12.5 a81000 10.0
14 6900 1897.5 1095.5 1a96.~ 111'.31111.3 1043 172081 12.6 826900 11.1
15 7500 1199.1 1096.4 1997.5 1112.1 1113.3 897 172177 13.2 796000 10.0
16 ,aSG 1999.7 ID97.~ 1898.7 1113.2 1114.~ 1009 172075 12.3 757000 11.1
17 B301 110'.8 1999.2 1108.1 1114.4 1115.5 1072 172971 11.8 697000 18.0
18 8~a8 1182.3 1100.& 1101.~ 1115.B 1116.9 1069 172065 11.9 637000 11.8
19 9580 1104.1 1102.2 1103.1 1117.4 1118.~ 1068 172060 11.9 579000 10.8
20 10150 1106.0 1104.2 1105.0 1119.0 112D.0 1088 172054 11.6 534000 I'.'
21 10708 1107.8 1106.1 1106.9 1120.3 1121.3 1213 172051 11.3 497000 10.0
22 1105. 1189.3 1107.9 1198.6 1121.2 1122.1 1533 172047 10.6 468000 11.0
23 11~0' 111'.6 1109.1 1109.8 1122.1 1122.8 1635 172043 11.6 ~50000 10.0
Z~ 117SD 1111.9 1110.9 1111.~ 1122.7 1123.5 2201 172039 9.8 ~2S000 11.0
25 1210. 1113.3 1112.5 1113.0 1123.6 1124.2 2635 172034 9.3 403000 10.0
26 12550 111~.9 111~.0 111~.5 112~.5 1124.9 2963 172028 9.~ 393001 11.1
27 13008 1116.5 1115.~ 1116.0 1125.7 1125.9 3268 172022 9.6 386000 10.0
28 1345D 1118.7 1116.8 1117.7 1127.1 1121.5 3264 172018 10.3 377000 IS.'
29 1~051 1129.3 1118.' 1119.1 1130.21131.3 2818 172016 11.3 339000 10.0
30 H600"U21.2 112B.3 1120.8 1133.1 113~.5 3081172011 8.5 259000 11.0
31 1550. 1123.1 1122.6 1122.9 1134.5 113S.~ 5991 172002 7.9 199500 10.0
32 16600 1126.21125.9 1126.' 1136.6 1137.0 398B 171996 7.4 1759001l.D
33 1780. 1138.3 1129.~ 1129.8 1139.9 114'.3 3081 171996 8.2 129300 10.0
3~ 19100 1133.9 1134.0 113~.8 11~2.3 11~2.9 4438 171997 5.~ 58230 1'.8
3S 19800 1135.5 1135.6 1135.5 1143.2 1143.6 ~276 171997 5.3 36000 10.8
36 21800 1131.8 1132.0 1131.9 "11~4.7 1144.9 4302 171997 5.9 41800 1'.8
3721808 1131.3 1131.3 1131.3 1146.8 1146.9 3717 171999 7.5 ~6BOO 10.0
38 22900 1130.7 1129.9 1136.3 1149.B 1159.1 1~04 172000 11.5 62700 II.'
======--==--====-- --- ========--================
ID = SECTIOH ID II =TOP WIDTH AT PEAK FUN
X = RIVER DISTANCE 0 =IIATER DISCHARGE AT PEAle flOW
YO =INITIAl THAL~EC El (MAIM AND OVERgANK AREAS)
YF =FINAl THAlWEG El V : MEAN VELOCITY AT PEAK FLOW
Y = THALWEG El AT PEAK FLOW or =TOTAL-lOAD DIS. AT PEAK FlOY
H =V.S. El AT PEAK FLO~ D50= MEDIAN SIZE OF BED MATERIAL
Hi = 11.5. EL AT PEAK FlOII AT PEAK FlOIl

COMPUTED USING FIXED-BED HODEL
NOTE: RESULTS SHOWN ARE FOR ENTIRE SECTION OF HAIN AND OVERBANK AREAS

Table 26 Principal results computed by SEDIMENT-4H for the Salt River
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Figure 32 Comparison of thalweg and water-surface profiles at peak flow computed using the HEC2SR,
HEC-6, FLUVIAL-II, and SEDIMENT-4H movable-bed models for the Salt River
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Table 27 lists water-surface elevati.ons at peak flow predicted by HEC
. ' ,~

using the HEC-6 movable-bed model, and the HEC-6 and HEC-2 fixed-bed models: .

The differences among these predictions of the three models are seen to be
minute. It is of interest that in spite of cumulative bed deposition of 5.4

ft at a river distance of 15,500 ft, the water-surface elevation predicted by

the HEC-6 movable-bed model was only 0.5 ft higher than that predicted by HEe

2, as seen in tables 24 and 27. Figure 33' shows two water-surface profiles at

peak flow predicted by SDSU using HEC-2 and FLUVIAL-II; no significant

differences are seen between them, alt.hough major thalweg degradation was

predicted by FLUVIAL-II, as seen in table 25 (compare YO with Y).

Longitudinal distributions of mean flow velocities computed by the HEC-6. . "

FLUVIAL-II, and SEDIMENT-4H movable-bed models are shown in figure 34. Since

mean vel oei ties of HEC2SR were very nearly equal to those of HEC-6, they are

not plotted in the figure in order to simplify the graphic presentation. HEC

6 is seen to predict very high mean velocities in comparison with the other

two models. The predicted total-load discharges at peak flow are compared in

figure 35 (see table 28 also). Substantial differences among the pr.edictions

are seen. HEC-6 did not include transport of cobbles (sizes larger thar: 64'~

mm) or fines (finer than 0.125 mm) because of a program limitation for the

former and a lack of measured data for the latter. Note that RMA tested two

movable-bed cases for constant median bed-material' diameters of 10 mm and 60

mm. Total-load discharges given in table 28 correspond to a median size of 60

nm according to their raw computer output, although in table 28 the median

diameter is listed as 10 nm, the value reported by RMA. Post-flood median

. sizes predicted by HEC2SR, HEC-6. and FLUVIAL-ll are presented in table 28.

Median sizes at peak flow predicted by these three models are shown in figure

36. HEC2SR and FLUVIAL-ll predicted armoring effects; however, finer sizes

were predicted by HEC-6 because HEC-6 did not consider cobbles.

Finally. thalweg and water-surface elevations for rising and falling
stages computed by HEC2SR, HEC-6, FLUVIAL-II and SEDIMENT-4H are presented in

tables 29, 30, 31, and 32, respectively. As can be seen in tables 29 and 3D.

water-surface elevations predicted by HEC2SR and HEC-6 for rising and falling

stages at discharges of 95,040 cfs and 102,080 cfs t respectively. agree fairly

well.

The computer model and computation time reported by each modeler are

summarized in table 33.

II I



101
==================================

SALT RIVERI HEC··6
X H1 H2 113 Q

- FT FT FT FT CFS
=================================~

-0 1089.8 1089.,7 1089.7 176000
150 1092.8 1092.0 1091. 8 176000
450 1093.2 1092.7 1092.5 176000
800 1093.8 1093.1 1093.1 116000
910 1094.2 1095.0 109-4.8 176000

1520 1096.4 1091.3 1097.8 116000
1920 1099.0 1099.9 1100.3 176000
2520 1099.7 1100.2 1100.6 176000
3120 1101. 0 1101. 0 1101.2 176000
3520 110i.4 1101.4 1101.4 176000
4240 1102.8 1102.8 1102.8 176000
4840 1104.5 1104.7 1104.5 176000
5440 1105.7 1105.8 1105.6 176000
6040 1106.2 1106.S 1106.8 176000
6910· 1110.2 1111.0 1110.4 176000
7310 ,1111.S 1111.9 1111.3 176000
7510 1110.9 1111.1 1110.S 176000
76£lO 1111.9 1112.9 1112.9 176000
7860 1114.1 1115.0 111'4.7 176000
8260. 111S.1 1116.0- 1115.6 176000
8920 1116.4 {it7.0 1116.6 176000
9520 -1117.7 1118.1 1117.7 176000e, 10120 1119.1 1119.5 1119.0 176000

10320 1119.6 1119.9 11~9.5 176000
10720 1121. 2 1121.3 1120.8 176000
11120 1122.7 1123.2 1122.4 176000
11320 1122.9 1123.2 1122.6 176000
11520 1123.0 1123.3 1122.8 176000
11730 1124.4 1124.7 1124.1 176000
12150' 1125.2 1125.4 1124.7 176000
12570 1125.6 1125.8 1125.1 176000
12990 1126.3 1126.4 1125.6 176000
13640 1130.1 1130.2 1130.4 176000
14440 1133.8 1134.0 1133.4 176000
15500 1135.2 1135.1 1134.7 176000
16620 1136.4 1136.0 1135.5 176000
17030 1139.3 1140.1 1139.4 176000
19520 1144.2 1144'.2 1143.3 176000
20820 1145.7 1145.7 1144.8 176000
21820 1146.4 1146.3 1145.4 176000
22920 1147.6 1147.6 1146.6 176000
==================================
X =RIVER DISTANCE
H1=W.S. EL. DY HEC-6 (MOVABLE nED)
H2=W.S~ EL. BY HEC-b (FIXED Br:;:D)
H3=W.S. EL. r~Y HEC-2 (fIXED BED)
C =PEAK FLOW ~JATER DISC:JARGE

Table 27 Uater-surface elevations computed by the HEC-6 movable-bed
and fixed-bed model$ and HEC-2 for the Salt River
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Figure 33 Comparison of water-surface profiles at peak flow computed by SDSU using HEC-2 and
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Figure 34 Longitudinal distributions of mean flow velocity at peak flow computed using the BEe-6,
FLUVIAL-II, and SEDlMENT-4H movable-bed models for the Salt River
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======--=--==---===========--=====--======
S~T !
RIV£i ! (HEC-b) ! (FLUVIAl-il)! (HEC2SR)! (SEDIMEHT-4H)
--1----1 I I-

X Dsor, or DSSF' or DSOF' QT DSOF' X OT DSDF
FT HIt i TID I'.lt i TID' mi TID I'Jt i FT TID M

============================--=====
o 64.1 581321 35.48 1539110 i44.S? 2306110 49 1339 818U8 11.1

lSI 6~.' 57saao 31.5~ 153911' 163.1~ 2306811 49 195§ 10840'0 11.0
451 6~.1 ~87680 15.59 155b338 163.~3 2306118 49 2501 929010 I'.'
800 64.' 454710 19.5? 1482180 161.38 2306011 47 30S8 963000 18.0
91. 64.1 420081 1.45 1374360 159.55 2306118 47 3001 1105000 11.1

1520 64.' 348690 14.32 1348880 2.17 2306'18 47 420. 1018000 11.0
1921 64.1 323210 21.61 1311731 2.59 2321440 87 485; 997000 11.8
2520 64.0 326930 2.29 1333910 4.40 2321448 87 . 54S1 949000 10.0
3128 M.I 372330 7.25 1372180 13.18 2321440 87 6200 881800 11.1
3520 64.0 38S960 11.61 1391940 19.04 2284790 20 6900 826000 18.8
4241 64.0 396040 16.25 1404321 26.6a 228479. 28 7500 796000 11.0
4840 64.1 413211 19.86 1408020 45.02 2284790 20 7850 757000 10.0
5448 64.' 427590 19.78 1414578 48.09 2284790 21 8300 697000 10.8
6940 ~.I 3514BO 22.01 1427380 73.8B 2264580 94 8900 637000 10.0
6910 64.1 345011 25.84 1415060 95.85 2264580 94 9500 579000 1'.8
7310 6~.D 375021 18.59 1413850 92.44 2202860 84 lOIS. 534000 10.0
7511 64.8 380188 3.77 1415560 187.22 2202860 84 10700 497000 18.0
7660 6~.1 333550 11.85 1395800 101.46 2202860 84 11050 468000 10.0
7B6; 64.0 32986G 24.47 1387240 100.00 2Z0ZabO 84 11400 450000 10.0
8260 64.1 322850 26.37 1376920 69.84 2151420 54 11758 425000 10.0
8921 64.1 327330 26.19 1378510 77.11 215H20 54 12100 4030JO 10.0
9520 64.8 331200 26.69 1361690 82.74 2151420 54 12554 393000 10.0

11121 64.' 335420 28.91 1331020 114.41 2151420 54 13001 386000 10.0
10328 ~.O 335051 31.47 1335000 103.92 2050060 26 13450 377000 10.0
10721 64.0 330380 3S.37 1303830 94.37 2050060 26 1405S 339000 11.0 .
11120 64.1 334550 27.71 1311239 90.92 2050060 26 14600 259000 10.0
11321 6-4.0 3376-40 24.77 1320480 94.71 20S0060 26 15500 199500 10.0
11528 64.0 344260 1.22 1292520 105.41 2050060 26 16609 175900 10.0
1173. 64.8 370610 3.33 1297780 98.72 2050060 26 17800 129300 11.1
12151 6~.' 419150 8.63 1342760 116.40 1963850 46 19101 58230 10.0
12571 64.1 564380 24.23 1348450 185.89 1963050 46 19800 36000 10.8
12990 64.8 49546. 21.61 1345750 118.31 1963050 46 20800 41BOO 10.0
136-41 64.' 434370 30.08 1432220 183.63 1963050 46 21800 46800 11.0
14440 64.8 424490 29.47 1357850 101.23 1963050 46 22900 62700 10.0
i550a 64.0 419068 9.11 1275150 112.37 194090017 -
16620 64.0 537800 25.96 1439330 70.51 1940900 17 
1788864.058285024.051478690 88.45-194090817 -
19520 64.1 560510 27.46 1446450 144.83 19~0190 33 -
20820 64.' 593660 2.76 1448730 16.81 1940190 33 -
21820 6~.1 689570 25.93 1578960 31.87 2271650 49 -
22921 64.0 713840 24.12 1689340 60.89 2271650 49 -
~==============================================--=======================
ID =SECTION I.D.
X =RIVER DISTANCE
PSII =IHITIAl KEDIAH SIZE OF BED MATERIAL (PRE-fLOOD)
D5DF = FIUAlHEDIAH SIZE OF BED MATERIAL (POST-fLOOD)
OT =TOTAL-LOAD DISCHARGE AT PEAK-fLOY DISCHARGE OF 116,000 CFS

Table 28 Total-load discharges at peak flow and final median bed-mat~rial

sizes computed by HEC2SR~ HEC-6~ FLUVIAL-ll~ and SEDlMENT-4H
for the Salt River
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=================================

SALT RIVER: HEC2SR
X YR HR YFA HFA

FT FT FT FT FT
=================================

0 1079.2 1086.2 1079.2 1086.5
150 1079.3 1088.2 1079.3 1088.5
450 1079.6 1089'.0 1079.6 1089.4
800 1079.1 1090.2 1070.4 1090.8
910 1079.1 1090.6 1078.4 1091.2

1520 1079.0 1092.2 1079.1 1092.4
1920 1081.'7 10'73.5 1081. 8 1093.4
2520 1002.8 1094.1 t082.8 1094.3
3120 1005.5 1095.5 1005.6 1096.2
3520 1085.3 1096.5 1084.9 1097.4
4240 1007.1 1098.5 1086.8 1090.9
4840 1088.6 1100.6 1088.2 1100.9
5440 1090.2 1101.8 1089.9 110;:?1
6040 1090.8 1103.2 1088.9 1103.7
6910 1093.0 1105.0 1091.1 110S.2
7310 1"093.1 1106.9 1090.3 1106.3
7510 1093.4 1106.8 1090.4 1106.3
7660 1093.9 1107.5 1090.8 1106.5
73(;)0 1094.5 1108.7 1091. 7 1107.2
8260 1096.0 1109.4 1094.5 1107.7
8920 1093.5 1111.1 1096.2 1109.8
9520 1100.1 1112.7 1097.8 1111.3

10120 1101.7 1114.3 1099.5 1113.0

e 10320 1'100.6 1115.3 1098.3 1113.9
10720 1102.2 1115.8 1099.8 1114.4
11120 1103.4 1116.S 1101.2 1115.1
11320 1104.1 1116.7 1101.9 1115.7
11520 1104.8 1117.2 1102.5 1116.6
11730 1105.7 1119.2 1103.0 1110.3
12150 1107.7 1119:6 1106.9 1119.7
12570 1109.2 1121. 2 1108.4 1121.2
12990 1110.7 1122.9 1109.9 1123.0
13640 1115.6 1120.1 1114.9 1120.2
14440 1116.3 1130.8 1115.8 1130.9
15500 1118.0 1131. 0 1117.9 1131.9
16620 1120.0 1133.3 1120.7 1133.S
17080 1125.7 1136.7 1125.6 1136.9
19520 1132.3 1140.9 1134.1 1142.1
20020 1130.7 1142.5 1132.6 1144.3
2UJ20 U.31.2 1143.2 1131. 2 1145.0
22920 1129.0 1144.4 1129.0 1145.4
=================================
X ~RIVER DISTANCE
YR~THAlWEG EL AT Q~9S.040 CFS (RISING STAGE)
lin =W.S. ELAT (;)=95 .. 040 CFS (RISING STAG!!)
YFA=THAlWCG EL AT Q=102 1 080 crs (FALLING STAGE)
HFA=W.S. f.L AT Q=102 .. 030 CFS (FALLING STAG::::>

Table 29 Thalweg and water-surface elevations during rising and falling
stages computed by HEC2SR for the Salt River
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=================================

SALT RIVER: HEC-·6
X YR HR YFA HFA

FT FT FT FT F·T
=================================

0 10"'79.3 1086.3 1079.3 1086.6
150 1079.1 1088.5 1078.6 1089.2
450 1079.4 1089.2 1078.7 1089.7
800 1079.8 1090.1 1078.7 1090.4

. 910 1079.8 1090.7 1079.0 1090.6
1520 1080.6 1092.5 1080.3 1092.1
1920 1082.9 1093.9 1083.0 1093.8
2520 1082.3 1095.0 1083.8 1095.0
3120 1084.4 1095 :9 1084.7 1097.0
3520 1085.4 1096.8 1·085.4 .1097.7
4240 1087.1 1098.8 1086.9 1099.3
4840 1088.8 1100.9 1008.7 1101.1
5440 1090.3 1102.2 1090.0 1102.5
6040'1091.0 1103.1 1090.4 1103.2
6910 1093.9 1106.3 1094.0 1106.3
7310 1094.5 1107.4 1094.1 1107.8
7510 1094.6 1107.4 1093.8 1107.9
7660 1095.3 1107.9 ·1094.5 1108.2
7060 109~. 3 1109.3 1095.5 1109.4
8260 1097.9 1110.4 1097.7 1110.3
8920 10'99.3 1112.0 1099.1 1112.2
9520 1100.7 1113.4 1100.7 1113.6

10120 1102.2 1114.9 1101.9 1115.2 -

10320 1103.2 1115.4 1103.1 1115.6
10720 1104.1 1116.7 1103.1 1117.0
11120 1106.2 1118.4 1107.5 1110.0
11320 1105.5 1118.4 1105.3 1118.9
11520 1106.5 1118.4 1106.6 1118.9
11730 1107.6 1119.9 1106.9 1120.3
12150 1109.7 1121.2.1110.3 1121.4
12570 1111.2 1122.1 1112.0 1122.5
12990 1112.6 1123.4 1112.5 1123.9
13640 1116.0 1128.5 1115.4 1120.6
14440 1117.7 1131. 2 1117.5 1131. 4
15500 1120.3 1132.2 1127.1 1132.8
16620 1120.7 1133.7 1120.8 1134.0
17800 1125.9 1137.2 1125.6 1137.3
19520 1131.1 1141.4 j.131.1 1141.7
20020 1129.7 1142.9 1130.9 1143.3
21820 1131.1 1143.1 1131.0 1143.7
22920 1129.0 1145.3 1129.2 1145.6
=================================
X=RIVER DISTANCE

'YR =THALWEG EL AT 0=95.040 crs (RISING STAGE)
1m =W.S. EL AT Q=95~040 CFS(RISING STAGe:)
YFA=THALWEG EL AT Q=102.080 crs (FALLING STAGE)
HFA=W.S. EL AT Q=102~OO~ CFS (FALLING STAGE)

T~ble 30 Th~lweg and w~ter-surface elevations during rising and f~lling

stages computed by HEC-6 for the Salt River
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=================================

SALT RIVER. FLUVIAL-ii
X YR HR YFA BFA

FT FT FT FT FT
=================================

0 10.79.2 1086.2 10'79.2 1086.7
150 1079.6 1088.4 1000.2 1080.2
'450 1080.7 1089.0 1081.2 1089.6
800 1002.4 1090.3 1083.1 1092.3
910 1079.3 1093.5 1082.3 1093.7

1520 1000.3 1094.2 1083.8 1095.6
1920 1083.9 1095.2 1086.3 1097.2
2520 1005.1 1095.6 1086.9 1097.8
3120 108S.0 1096.6 1087.7 1098.6'
3520 1086.8 1097.3 1086.1 1099.0
4240 1090.0 1099,.1 1087.4 1~00.4

4840 1092.9 1100.7 1088.4 1101.6
5440 1091. :3 1102.1 108'1.3 1102.8
6040 1092.1 1103.6 1091. 2 1104.1
6910 1096.8 1106.3 1092.3 1106.2
7310 1096.3 1107.4 1093.0 1107.3
7510 1094.8 1107.7 1097.1 1108.3
7660 1096.4 1108.4 1096.4 1108.6
7860 1096.0 1109.3 1096.2 1109.1
8260 1100.3 1110.4 1096.6 1110.2
8'120 1100.0 1111.9 1098.3 1111.9
9520 1100.8 1113.3 1101.1 1113.4e 10120 1102.2 1114.8 1104.9 1115.0

10320 1102.,8 1115.3 1102.6 1115.4
10720 1104.3 1116.5 1104.3 1116.8
1,1120 '1107.9 1117.8 1107.1 1117.9
11320 1106.2 1110.3 1107.8 1110.4
11520 1106.5 1118.8 1110.9 1119.0
11730 1110.4 1119.7 1111.4 1119.8
12150 111S.S 1120.8 1112.7 1121. 3
12570 1117.6 1122.0 1114.1 1122.8
12990 1114.2 1123.5 1116.4 1124.5
13640 1114.2 1127.0 1114.2 1126.8
14440 1120.2 1130.7 1124.0 1129.5
IS500 1122.0 1132.3 1129.2 1132.8
16620 1125.9 1134.0 1129.2 1135.1
17080 1126.0 1137.2 1126.6 1137.5
19520 1132.9 1141. 5 1135.8 i141.6
20820 1134.7 1143.1 1139.2 1144.2
21820 1132.1 1144.1 1134.8 1145.6
22920 1129.0 1145.8 1129.0 1147.4
=================================
X =RIVER DISTANCE
YR =THALWCG EL AT Q=94.400 crs (RISING STAGE)
UR =U.S. EL AT 0=94 .. 400 Cr-S (RISING STAGE)
YFA=THALWCG EL AT 0=106 1 400 crs (FALLING STAGE)
/IFA=W.S. EL AT 0=106 1 400 CFS ([ALLING STAGE)

Table 31 Thal~eg and ~at~r-surface elevations during rising and falling
stages computed by ELUVIAL-II for the Salt River
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====================================
SALT RIVER: SEDIMENT-4H

1D X . YR HR YFA HFA

FT FT FT FT FT

Table 32

====================================
5 1300 1080.5 1095.3 1079.3 1095.8
6 1950 1081.0 1095.9 1080.0 1096.4
7 2500 1082.2 1096.5 1081.4 1097.2
8 3050 1084.0 1091.1 1083.1 1097.9
9 3600 1085.4 10~7.9 1084.1 1098.7

10 4200 1081.1 1099.2 1085.4 1099.1
11 4850 1088.7 1100.5.1087.1 1100.8
12 5450 1090.0 1101.9 1087.9 1102.0
13 6200 1092.0 1104.2 1089.1 1103.7
14 6900 1094.3 1106.9 1091.2 1105.8
1S 7500 1095.8 1108.7 1092.5 1107.3
16. 7850 1096.5 1109.1 1093.8 1108.3
17 8300 1097.7 1110.8 1095.2 1109.5
18 8900 1099.1 1112.1 1096.5 1111.0
19 9500 1100.9 1113.7 1098.1 1112.7
20 10150 1102.7 1115.3 1100.3 1114.2
21 10700 1104.4 1116.6 1102.3 1115.5'
22 11050 1105.8 1117.7 1103.7 1116.7
23 11400 1107.1 1118.6 1104.9 1117.8
24 11750 1108.2 1119.5 1106.3 1118.9
25 12100 1109.61120.6 1107.7 1120.4
26 12550 1111.0 1121:0 1109.0 1122.1
27 13000 1112.6 1123.2 1110.1 1123.8
28 13450 1115.4 1125.1 1111.8 1125.6
29 14050 1117.5 1128.4 1114.3 1120.6
30 14600 1118.0 1131.0 1116.1 1131.2
31 15500 1119.6 1132.2 1118.4 1132.5
32 16600 1122.8 1134.2 1122.0 1134.5
33 17800 1126.9 1137.7 1125.3 1137.4
34 19100 1130.6 1140.2 1130.S 1139.7
3S 19800 1132.0 1140.9 1132.1 1140.8
36 20800 1131.8 1142.0 1132.0 1142.3
3.7 21800 1131. 3 1143. 7 1131. 3 1144. 3
38 22900 1130.6 1146.0 1129.6-1146.3
====================================
ID = SECTION ID
X = RIVER DISTANCE
YR = THALWEG EL AT 0=92.110 crs (RISING STAGE:)
fiR = U.S. EL AT (,)=92 .. 110 CFS (RISING STAGE)
YFA= THALWeG EL AT 0=104.530 CFS (FALLING STAGE)
IIFA= W.S. EL AT Q=104 1 530 CFS (FALLING STAGE)

ThalYeg and yater-surface elevations during rising and falling
stages computed by SEDIMENT-4H for the Salt River

II I ~·I
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======================================================
(SAN LORENZO RIVER>

------~-----------------------------------------------

. HODEL MODE
CPU TIME

COMP UTER MODEL. (SEC)'
======================================================
HEC2SR
KUWASER
UUWSR
HEC-6
HEC-b
HEC-6
HEC-6
HEC-2
HEC-2
FLUVIAL-ii
SEDIMENT-4H

MOVABLE-BED
MOVABLE-BED
MOVABLE-BED
MOVABLE-BED
MOVABLE-BED
FIXED-BED*
FIXED-BED*
FIXED-BED*
FIXED-BED*
MOVABLE-BED
MOVABLE-BED'

CDC CYBER i72
CDC CYBER i7~

CDC CYErER 172
CDC 7600
HARRIS 500
CDC 7600
HARRIS 500
CD"C 7600
:~ARR IS SO 0
VAX 11/780
PRIME 550

800.0
i17.1
210.0
13.5

199.1
0.3
9.7
0.5

14.3
606.0

7>200.0
------------------------------------------------------

<SAN DIEGUITO RIVER>
------------------------------------------------------
HEC2SR
UUW'SR .
FlUVIAL-if
SEDIMENT-4H

MOVABLE-BED
MOVABLE-BED
MOVABLE-BED
MOVABLE-BED

CDC- CYBER
.CDC CyrcCR
. VAX 11/780

PRIME 5S0

172
172

526.5
209.1

1>291.0
7>200.0

(SALT RIVER>

HEC2SR
HEC-6
HEC-6
HEC-2
FLUVIAL-if
SEDIMENT-4H

MOVABLE-BED
MOVABLE-BED
FIXED-BED*
FIXED-BED*
MOVABLE-BED
MOVABLE-BED

CDC CYBER f72
CDC 7600
CDC 760-0
CDC 7600
VAX 11/780
PRIME SSO

530.0
17.6

0.4
0.6

831.0
7._200.0

======================================================
*: FOR A PEAK DISCHARGE ONLY

Table 33 List of computer models used in the present study and their
computing times



V. LIMITATIONS OF ALLUVIAL-RIVER-FLOW ~nDELS

The computer-based alluvial-river flow models utilized in this study

account. for the effects of changes in. river-bed elevation on flood stages.

Degradation or ~ggradation occurs in a subreach when the sediment-transport

capacity of the flow at the upstream boundary of a reach. differs from that at

the downstream boundary. Degradation results when the sediment output across

the downstream boundary of the reach exceeds the .sediment 'j nput into the
upstream end of the reach, while aggradation occurs when the sediment input

exceeds the output. These sediment-transport imbalances occur along the river

reach when there is a change in flow characteristics or the sediment input to

the reach is changed without accorrpanyi ng changes in the sediment-transport

capacity. Alluvial-river-flow models compute changes in river-bed elevation

(degradation or aggradation) by means of the sediment-continuity equation, and

determine' the new flow field on the basis of the' altered bed elevation and

slope using the flow-continuity and the flow-moment~m. or flow-energy

equations. Interaction' or' feedback between changing. ri.v~r bed and flow.

characteri st i cs is handl ed by' the numeri cal .schemes descri bed in Chapter II.

_ommon to all alluvial-river-f10w models are requirements for input data on

channel geometry, sediment, and hydrol 09i c charac~eri sti cs. The input-data

requirements for the individual models tested in the present study are

summarized in Chapter II" Even if adequate data are provided for a study

ri ver, .there still rema i ns a need to cali brate and veri fy the model by means

of· field data. In most natural rivers, only extremely limited geometric,

sediment t and hydrologic field data are available for high flood stages t and t

consequently, adequate calibration or verification of the models usually

cannot be obtained.

The limitations of the individual models tested are described in Chapter
II, and attention here will be focused on several important considerations

that may explain some of the discrepancies among the computed results

presented in Chapter IV. First, it should be pointed out that the initial

channel-geometry condition is in general not completely known. Strictly

speaking, the initial condition must be specified at the time a lOO-year-flood

"simulation is initiated. In most practical cases, rather 'old river cross-
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section-~fi1es are provided as inpu~ data; however, the river geometry may

in'reality be undergoing changes in a somewhat random manner as a consequence

of floods during the period between the time of cross-section surveys and the

100-year flood. This means that a movable-bed model should have the

capability of predicting the random initial condition by statistical means

using flood-frequency records. Randomness of ,the initial conditions has not

been incorporated into any of the available models.

Second, the bed-armoring process during channel degradation is not well

understood, and has not been adequately formulated. Armoring and the result

coarsening of the be$f-material size have a direct effect on the sediment

discharge capacity and the channel roughness or bed friction factor, and,

thereby, impact on the velocity, depth, and energy slope of the flow.

Moreover, bed armoring greatly impedes degradation. Finally, the field data

available on the horizontal and vertical distributions of bed-material size'

generally are inadequate to make use of even the imperfect armoring

formulations available. Many of the seemlng anomalies and discrepancies in. . .
the results computed by the various models. presented in, Chapter IV may have

resulted from the differences among' the armoring and bed-material sorting

formulations utilized. In order to stress this point, the median-bed' sizes

predicted by different models at narrow and wide cross sections during peak

flow are summarized in table 34 for SDR and SR. At narrow, constricted cross

secti ons, channel degradati on and attendant armori ng' (or coarseni ng of the

bed-material size) are generally' expected during peak flow. However, as seen

in table 34, only HEC2SR predicted the coarsening at the narrower sections for

both SDR and SR. However, the final SDR post-flood median' bed-material size

predicted by HEC2SR at a river distance of 3,600 ft is coarser than that

computed during peak flow. FLUVIAL-ll predicted the coarser post-flood bed

material sizes at the narrower sections for both SDR and SR. 'Because each

sediment-transport function has its own independent var~ables, the

characteristics of the sediment-transport formula in an alluvial-river-flow

model have a strong effect on the flow characteri stics and the sediment

discharge prediction. As has been pointed out in Chapter IV, greatly

different sediment discharges were predicted by the models tested in this

study.

II r
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===========================================~===

SAN DIEGUITO RIVER

===============================================

MODEL

HEC2SR

FLUVIAL-ll

X
FT

3,600
4 1 350

3,600
4 , 350

W
FT

170
11 143

266
829

V
FT/S

'11.6
1.2

6.9
5.1

DSO
MM

0.86
0.38

0.27
0.28

DSOF
.MM

0.92
0.30

0.28
0.30

SEDIMENT-4H* 4,200
4 1 950

237
944

9.0
1.8

0.46
0.46

0.46
0.46

===============================================
===============================================

SALT RIVER

HE:C2SR 7 , 510 645 15.6 126.0 84.0
13,640 1,513 12.3 108.0 46.0

______________4 ________________________________

HEC-6** 7 1 510 850 19.3 24.8 3.8
13 1 640 3,045 i6.4 28.4 30.1

FLUVIAL-i1 7,510 857 14.7 98.3 107.2
13 1 640 2,921 10.4 116.2 103.6

-----------------------------------------------
SEDIHENT-4H* 7,500 897 13.2 10.0 10.0

13,450 3,264 10.3 10.0 10.0
===============================================

x =
W =
DSO =
D50F =

* =

** =

RIVER DISTANCE
COMPUTED TOP WIDTH AT PEAK FLOW-
COMPUTED MEDIAN DIAMETER OF BED MATERIAL AT PEAK FLOW
COMPUTED POST-FLOOD MEDIAN DIAMETER OF BED MATERIAL
SEDIMENT-4H DOES NOT CONSID~R SEDIMENT SORTING
HEC-6 DID NOT CONSIDER TRANSPORT OF COBBLES (COARSER
THAN 64 MM) OR WASH LOAD (FINER THAN 0.125 MM) FOR SR

Table 34 ,Typical median bed-material sizes computed during peak flow
and post-flood bed-material sizes for the San Dieguito and
Salt Rivers
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Third, it should be pointed out that the boundary conditions applied to
al1uvial-river-flow models play important roles in their simulations. For~

e~ample, if the upstream sediment input is a boundary condition and is greater

than the computed sediment-transport capacity of the flow at the fi rst cross
section, the first subreach will aggrade until the bed slope increases until
the imposed sediment discharge ;s transported by the res~lting increased flow
velocity. The local aggradation propagates downstream until the entire reach
is sufficiently steep to produce a velocity that'is corrpetent to pas's the
imposed sediment discharge through the system. The boundary condition used to
account for erodible banks is also extremely important in cases where banks
are susceptible to erosion during floods. Unless some computational means are
employed to account for changing movable-bed width, predicted flood levels in

rivers with very erodible banks become less reliable. FLUVIAL-II is the only
model among the models tested in this study that incorporates width
variations.

Finally, the effects of uncertainty surrounding variations in the channel
roughness or frictton factor on flooded stages are not well understood.
Because of the strong dependence of the friction factor on the sediment
discharges; the effects of suspended- and bed-load sediment on the friction __
factor should be accounted for.

II i



VI. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The report summaries that were prepar~d and submitted in letter form to

the Committee by the individual modelers are first quoted, in order to present

their views regarding their modeling experience in the present study.

1. SLA. "In general, the conventional rigid-boundary flood analysis based on
HEC-2 is adequate for a river system experiencing adequate armoring
control, equilibrium or near equilibrium conditions. However, this
method of analysis underestimates or overestimates the flood level in a
reach that has experienced significant aggradation o~ degradation before
the flood peak. The results of application of HEC2SR, KUWASER, and UUWSR
to the study reaches are very similar. Minor differences are a product
of the various assumptions associated with the individual models. While
each model is especially applicable to specific situations, we recommend

.adoption of HEC2SR.· . The primary advantage of this model is its
compatibility with HEC-2. This feature would expedite application of
HEC2SR to flood insurance studies."

2•. HEC. "With regard to the subject of the study, it should be noted that,
as the hydraulic computations in both HEC-2 and HEC-6 are steady state,
neither one can be accurately termed a "flood routing model". In
general, the computed water surface profiles for the peak flood

.. discharges differed little between the fixed-bed and movable-bed

.ow simulations. This may be due to certain peculiarities of the data
sets. The Salt River data set, as provided, included no information on
inflowing sediment load, an essential ingredient of movable bed river
modeling. The inflowing load had to be assumed to be in equilibrium with
the bed material throughout the range ofdi scharges·- on the flood
hydrograph. Therefore, little scour or deposition would be expected, as
is seen in the simulation results. The San Lorenzo River flood event was
of very short duration. It appears that this factor, plus local
hydraulic control at the tidal downstream boundary condition,minimizes
any overall bed elevation changes. Furthermore, we have not previously
applied HEC-6 to short-term~ single fl~od event si~ulations. We
certainly would not conclude that fixed and movable boundary simulations
will always produce similar water surface profiles as these results
indicate. Because no data were provided for model calibration, these
results should not be considered to be an engineering analysis of water
surface profil es. Use of these resul ts shoul d be 1imtted to intermodel
comparisons".

3. SOSU. "If a river channel is in the state of approximate equilibrium,
river-channel changes during floods are usually not sufficiently
significant to result in major differences in the flood level. Such are
the cases for the San Lorenzo River and -the Salt River. However, if the
natural equilibrium of a river is significantly distorted, river-channel
changes during floods are such that major differences in the flood level
can be expected. Such is the case for the San Oieguito River, for which
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th!lwater-s~rface pro.file as well as special variations i~ v.elocfty
obtained uSlng the flxed-bed model are shown to be unreallstlC· the,~'
computed flood level is not substantiated by measured data. On the 'other--""
hand, the FLUVIAL-ll results are supported by measured data. Since a
small difference in flood. level may involve a large difference in the
inundated area, the accuracy" of flood-level prediction is of major
importance in flood-plain management. River-channel changes may include
channel-bed aggradation and degradaton, width variation, and lateral
migration in channel bends. These changes are interrelated as they may'
occur concurrently. Changes in channel-bed elevation are inseparable
from changes in channel width because a channel tends to become narrower
during degradation while it tends to widen during aggradation·
Therefore, a hydrodynamic model for erodible channels must include thes;
variables."

4. RMA. liThe accuracy of model simulations depend on the accuracy with which
initial conditions, sediment properties, etc., are specified. In all of
the cases we modeled, the data available were sparse and certainly
insufficiellt for using model results for design. We have been able to
demonstrate here, however, the si gni fi cance of accounti ng for bottca
changes in flood routing. 1I

The principal conclusions and recommendations arrived at by the Committee
in this study may be summarized as follows:

/._-

1. Nor.e of the movable-bed models evaluated was found to yield wholly

satisfactory results. However, all of the models seem to make reasonably

accurate predictions of flood water-surface profiles provided appropriate

friction factors are utilized in the computations. This conclusio~ is

attested to by the fact that the HEC2SR, HEC-6, FLUVIAL-ll, and SEDIMEliT-4H

movable-bed models all predicted closely the water-surface profiles for the

lower reach of SLR (X = 0 - 10,150 ft), for which Manning's n values obtained

from the February 1980 flood records were provided in the input. At over one

ha1f of the stations in thi s reach, the di fference between the hi ghest and

lowest stages predicted by the. four models were not more than two feet.

However, water-surface profiles predicted by the same models for the tIpper

reach of this study section deviated widely, apparently because the available

field data were inadequate to determine n values. It is concluded, therefore.

that a major deficiency of all movable-bed models is their inability to

accurately predict channel roughness or friction factor from the input

variables provided. Because the friction factor has "a major effect on river'

stages, this deficiency is a major one.

II
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2. The effects of uncertainty surrounding variations in the channel

roughne~s on flood stages are far greater than the effects of bed erodibility

and the attendant degradat i on/aggradati on. Accordingly, unti 1 models are
- "

developed which include better fri~tion-factor or channel-roughness

predictors, and then except in situations in which extensive input and
, , .

cal ibration data on channel geometri, bed-material composition, water and

sediment hydrographs, etc. are available, the added cost of utilizing movable~

bed rather than fixed-bed models is not justified in most cases.

3. An exceptio~ to the recommendation set forth in item 2, above, arises

in the case of severely disturbed rivers (e.g., by channel straightening or

aggregate mining). or channels in very ~table conditions. If adequate input

and calibration data are available, erodible-bed models should be utilized in

these ca~es, because the. large-scale geometry changes occurring during a flood

tan have significant flood-stage effects. It is repeated, for emphasis, that

localized channel-bed degradation/aggradation has such minor effects on flood

stage elevations that' this' feature of channel change is masked by

uncertainties about the channel roughness and f~iction .factor, initial

conditions, and sediment input to the study reach.

4. In order to instill more confidence in fixed-bed models, and to

provi.de guidance concerning the extent and accuracy of the input data requi red

to achieve a specified level of precision, there is. a need to undertake a

detailed sensitivity analysis of the results to such input variables as

channel roughness, channel slope, cross-sectionogeometry, and input hydrograph

characteristics (including unsteadine·ss). In the HEC study of Line Creek,

Mississippi (HEC, 1970), HEC-2 was found to be very sensitive to these

variables. In particular, the findings of this study showed that the

increases in water-surface 1evel s attendant to 1arger val ues of Manni ng I s n

tend to increase as channel slope decreases; the influence of inaccuracies in

channel cross-section geometry tends to increase as channel slope increases;

and the influence of discharge errors decreases with increasing channel slope.

5. Because degradation and aggradation ,are the result of streainwise

gradients in the sediment-transport capacity of streams, a very reliable

sediment-transport relation is a prerequisite to reliabl~ estimates of

channel-geometry changes. It is in the cal cul ati on of sediment-di scharge
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capacities that the various models examined differed most widely. The SlA

~pp roach of exp ressi"g sediment-transport capacity as a power-l aw function ofr"

loc~l mean velocity and flow depth seems to be reasonable, provided that

adequate data are avail ab1e for· the stream bei ng modeled to evaluate the

coefficient and exponents appearing in the transport relation. As presently

utilized, however," this approach does not make an adequate accounting of the

critically important effects of bed armoring.

6. A conspicuous stumbling block in making predictions of channel

degradation is the poor understand; ng and formul ati on of the bed-armori ng

process, and the effect of armoring on channel roughness and the sediment

discharge capacity of the flow. Until the formuiation of these phenomena are

improved, all movable-bed models are likely to be somewhat unreliable in

predicting thalwe~-elevationchanges. Improved formulation of these phenomena

must, in turn, await further research.

7. Future alluvial-channel modeling efforts should be directed toward

improved incorporation of channel-width changes and channel-patt"e"r~

migration. There is also a need to'improve the formulation of large-scale,

abrupt, tributary-sediment inputs to rivers. The approach utilized by SDSU in

incorporating these features appears to be in the right direction.

8. It is unlikely that a movable-bed model will be forthcoming that is

app 1i cab1e to all typ es of ri vers. Instead, each model wi 11 be" more

dep"endab1e for rivers of the type for- which it was developed. Accordingly,

there is a need to undertake an effort to classify natural rivers in terms of

their hydraulic and geomorphological characteristics to provide for selection

and application of appropriate models that use appropriate, constituent

formulations for sediment discharge, channel roughness, bank erodibility, etc.
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JOHN f. KENNEDY is Director of the Iowa Institute of Hydraulic Research and
Carver Distinguished Professor in the Energy Engineering Division of The
University of Iowa. He studied Civil Engineering at Notre ,Dame
University where he received the BSCE in 1955. He entered graduate
school at California Institute of Technology, where he received his M.S.
in 1956 and, after a period of service as a Second Lieutenant in the U.S.
Army Corps of Engineers, his Ph.D. in 1960, both in Civil Engineering.

_He was a Research Fe 11 ow at Cal tech from 1960 to 1961, when he became
Assi stant Professor at Massachusetts Institute of Technology, where he
was promoted to the rank of Associate Professor in 1964~ In 1966 he

accepted. the position of Di rector of the\ Iowa Institute of Hydraul ic
Research and Professor of Fluid Mechanics at The University of Iowa.
From 1974 to 1976 he also served as Chairman of UIls Division of Energy
Engineering, and in July 1981 was nal1!ed Carver Distinguished Professor.
He has received many awards;" among' these was his ~lection to membership
in the National Academy of Engineering in 1973; receipt of ASCE's Stevens
(in 1961), Huber (in 1964), and Hilgard (in 1974 and 1978) prizes;
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the Presidency of the International Association for Hydraulic Research in
1980. He was re-elected to that office in 1982 and currently is serving
his second two-year term. His principal technical interests include
river hydraulics, ice engineering,coo1ing-tower technology, and density
stratified flows.

DAVID R. DAWDY is a 'hydrologic consultant in San Francisco, California. He
received his B.A. in History in 1948 from Trinity University in San
Antonio, Texas, and his M.S. in Statistics in 1962 from Stanford
University. He served 25 years in the United States Geological Survey,
where he did research in statistical flood frequency analysis, stochastic
simulation o'f streamflows, rainfall-runoff modeling, and resistance to
flow and sediment transport in alluvial streams. For the last 6 years he
has been in private consulting, involved with the National Flood
Insurance Program, design storm analysis for major dams in South America,
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and scour at river crossings. He is Chairman, U.S. National Committee

for International. Association of Hydrological Sciences; member, U.S.

Natio~al Committee for International Union of Geodesy and Geophysics; and

Adjunct Professor, of Civil Engineerifl9, University of Mississippi.

CARL F. NORDIN is a research hydrologist with the U.S. Geological Survey in
Denver, Colorado. He rece~ved his B.S. and M.S. in Civil Engineering

from the University of New Mexico and his Ph.D. from Colorado State

University. He is a specialist on sediment transport in rivers,' and on

stochastic processes in hydraulics and hydrology. He has served on

committees of the American Society of Civil Engineers, American

Geophysical Union, International Association for Hydraulic Research, and

the National Research Council.

JOHN C. SCHAAKE, Jr., is presently responsible for the river and flood

forecast operations of the National Weather Service. His position 1s

Chief, Hydrologic Services Divis,ion and he also serves as N~S Deputy

Associate Director for Hydrology! He first joined the NWS, in 1974 as

Deputy Director, Hy"drologic Research Laboratory. ,'Fro~ 1968 to 1974, he

was a member of the MIT Civil Engineering Faculty. Prior to that he held
joint appointments at the University of Florida in Environmental

Enginee'ring and in Industrial ,and System Engineering. He received 8.'E.S.

and Ph.D. degrees from the John Hopkins. Univ'ersity, and hel d a Post

Doctoral Fellowship at Harvard Univ~rsity. Throughout his career, he has

been involved in areas of consulting engineering practice associated with

his research in urban hydrology, water resources planning and in both

stochastic' and determining modeling of hydrologic systems.
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Collins, Colorado. He received his B.A. in Geology from Upsala College
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sediment suspension, flow resistance, temperature effects, and alluvial
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Ie INTRODUCTION

The purpose of this brochure is briefly to describe the computational

hydraulics capabilities of the Iowa Institute of Hydraulic Research (IIHR).

These capabilities consist of two basic elements:

* Computational hydraulics personnel (see Section II)

* Available software (see Sections III. IV. and V)

The software described consists of proven. well documented.

industrialized program systems for the solution of a broad range of

engineering hydraulics problems using mathematical modeling techniques. When

a particular problem is not susceptible to study using these existing

programs. the needed extensions or innovations can be developed by the

computational hydraulics staff. drawing on the experience and technical

expertise available at the Institute.

Many of the programs described in Sections III and IV are availahle

through agreement with SOGREAH Ingenieurs Conseils. Grenohle. France. SOGREAH

has been heavily involved in computational hydraulics development since the

early beginnings of this discipline in the 1950's. As a consulting

engineering firm with projects throughout the world. SOGREAH has developed a

broad range of computational hydraulics programs which have had to be

responsive to the needs of clients while being economical. reliable. and

usable by engineers other than the originators. The Institute is indeed

fortunate to be able to draw upon the computational hydraulics tradition.

experience. and technical expertise of SOGREAH.

I



II. COMPUTATIONAL HYDRAULICS STAFF

The individuals listed below and whose abridged curriculum vitae appear

in the following pages are the IIHR professional staff members whose

activities include computational hydraulics. These engineers have the

responsibility of operating the program systems described in this brochure, as

well as of developing new software for clients' particular problems as

required.

llaae Address Telephone Telex Bitnet ID

F. M. Holly Room 301A, Hydraulics Lab 319-353-5896 756569 AEGCRAPA@UIAMVS
The University of Iowa
Iowa City, Iowa 52242

.J. F. Kennedy Room 403A Hydraulics Lab 319-353-4679 756569 AEGCRAPA@UIAMVS
The University of Iowa
Iowa City, Iowa 52242

T. Nakato Room 308B1 Hydraulics Lab 319-353-5016 756569 AEGCRAPA@UIAMVS
The University of Iowa,_ Iowa City, Iowa 52242

S. C• .Jain Room 200D Hydraulics Lab 319-353-3358 756569 AEGCRAPA@UIAMVS
The University of Iowa
Iowa City, Iowa 52242

A. .J. Odgaard Room 200A Hydraulics Lab 319-353-4194 756569 AEGCRAPA@UIAMVS
The University of Iowa
Iowa City, Iowa 52242

.J. L. Schnoor Room 2134 Engineering Bldg 319-353-7262 756569 AEGCRAPA@UIAMVS
The University of Iowa
Iowa City, Iowa 52242

K. F. Karim Room 307B Hydraulics Lab 319-353-5838 756569 AEGCRAPA@UIAMVS
The University of Iowa
Iowa City, Iowa 52242

K. P. Georgakakos Room 307A Hydraulics Lab 319-353-4034 756569 AEGCRAPA@UIAMVS
The University of Iowa
Iowa City, Iowa 52242
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Abridged Curriculum Vitae

for

Forrest M. Holly, Jr.

October 1985

Present Position:
Associate Professor, Department of Civil and Environmental Engineering,

and Research Engineer, Institute of Hydraulic Research, The University of

Iowa

Areas of Research Interest:

Computational Hydraulics; Turbulent Dispersion in Natural Waters; Sediment

Transport

Higher Education:

B.S. (Civil Engineering), 1968, Stanford University

M.S. (Civil Engineering), 1969, University of Washington

Ph.D. (Civil Engineering), 1975, Colorado State University

Employment Record:

04/69-08/69 Engineer Trainee, U.S. Corps of Engineers, Seattle, WA

08/69-01/70 Jr. Civil Engineer, County of San Diego, CA

04/70-03/72 Research Engineer, U.S. Corps of Engineers, Vicksburg, MS

08/73-12/73 Engineer, Northwest Hydraulics Consultants, Ltd., Edmonton,

Alberta

07/7 5-12/7 5

02/76-06/81

08/81-06/82

06/82-pres.

Engineer, Dames and Moore, Washington, D.C.

Engineer, SOGREAH, Grenoble, France

Visiting Research Scientist, University of Reading, England

Associate Professor and Research Engineer, The University of

Iowa, Iowa City, IA

Professional Affiliations and Registration:
! .
L. American Society of Civil Engineers (Member)

,e International Association for Hydraulic Research (Member)

3



Society of Sigma Xi (Member)

American Geophysical Union (Member)

Registered Professional Engineer: Iowa, Colorado, Alberta

Recognitions:

Arthur T. Ippen Award, IAHR, 1983

University of Iowa Faculty Scholar, 1985-88

4



Abridged Curriculum Vitae

for

John F. Kennedy

October 1985

Present Position:

Carver Distinguished Professor of Fluid Mechanics and Director, Institute

of Hydraulic Research, The University of Iowa

Research Specialization:

Hydraulic structures, pump intakes, sediment transport, coastal processes,

arctic engineering, cooling tower technology, management of waste heat

from steam generation of electrical power, turbulent mixing

f,-,""',A,(~.

Higher Education:

B.S. (Civil Eng'g, magna cum laude), 1955, Univ. of Notre Dame

M.S. (Civil Eng'g), 1956, California Institute of Technology

Ph.D. (Civil Eng'g), 1960, California Institute of Technology

Assistant Professor, Massachusetts Institute of Technology,

Cambridge, MA

Associate Professor, Massachusetts Institute of Technology,

Cambridge, MA

Chairman, Energy Engineering Division, The University of Iowa,

Iowa City, IA

06/56-03/57

09/57-06/60

07/74-06/76

07/64-06/66

09/61-06/64

Employment Record:

09/56-06/56 Teaching Assistant, California Institute of Technology,

Pasadena, CA

Stress Analyst, Sandia Corporation, Albuquerque, NM

Active Duty, 2nd Lt., U.S. Army Corps of Engineers, Ft.

Belvoir, VA

09/60-08/61 Postdoctoral Fellow, California Institute of Technology,

Pasadena, CA

5



07/66-07/81 Professor of Fluid Mechanics and Director, Institute of

Hydraulic Research, The University of Iowa, Iowa City, IA

07/81-Pres. Carver Distinguished Professor and Director, Institute of

Hydraulic Research, The University of Iowa, Iowa City, IA

Professional Affiliations and Registration:

National Academy of Engineering (Member)

International Association for Hydraulic Research (Member and President)

American Society of Civil Engineers (Member)

American Society of Mechanical Engineers (Member)

Society of Sigma Xi (Member)

American Society of Engineering Education (Member)

Registered Professional Engineer: California

Recognitions:

Elected to National Academy of Engineering, 1973; J.C. Stevens Award for

Outstanding Discussion (ASCE), 1964; Huber Prize for Outstanding Research

(ASCE) , 1964; Hilgard Hydraulic Prize (ASCE), 1974~ 1978; Notre Dame

University Engineering Honor Award, 1978; Elected President of International

Association for Hydraulic Research, (1980-82 term; re-elected for 1982-84

term); Hunter Rouse Hydraulic Engineering Lecture Award (ASCE), 1981; Named

Carver Distinguished Professor, The University of Iowa, 1981; Iowa

Governor's Medal for Science Application, 1983; Elected Honorary Member of

Hungarian Hydrological Society (first American so honored), 1983; Elected

Honorary Fellow, Institute of Water Conservancy and Hydroelectric Power

Research (Beijing, China)(first foreign scholar so honored), 1985; Named

Honorary Professor, East China Technical University of Water Resources

(Nanjing, China), 1985.

6
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Abridged Curriculum Vitae

for

Tatsuaki Nakato

October 1985

Present Position:

Adjunct Assistant Professor, Division of Energy Engineering, and Research

Scientist, Institute of Hydraulic Research, The University of Iowa

Areas of Research Interest:

Sedimentation engineering, experimental hydraulics, hydraulic structures

Higher Education:

B.S. (Civil Engineering), 1966,Nagoya University, Japan

M.S. (Civil Engineering), 1968, Nagoya University, Japan

Ph.D. (Mechanics and Hydraulics), 1974, The University of Iowa

Employment Record:

1974-76 Assistant Research Scientist, The University of Iowa, Iowa

City, IA

1976-78 Adjunct Assistant Professor & Associate Research Scientist,

The University of Iowa, Iowa City, IA

1978-pres. Adjunct Assistant Professor & Research Scientist, The

University of Iowa, Iowa City, IA

Professional Affiliations and Registration:

Japan Society of Civil Engineers (Member)

American Society of Civil Engineers (Member)

Society of Sigma Xi (Member)

International Association for Hydraulic Research (Member)
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09/73-11/73

11/73-03/74

'e

Abridged Curriculum Vitae

for

Subhash C. Jain

October 19R5

Present Position:
Professor, Civil and Environmental Engineering, and Research Engineer,

Institute of Hydraulic Research, The University of Iowa

Research Specialization:

Hydraulic structures, thermal hydraulic model studies, river mechanics, air

entrainment

Higher Education:

B.Sc. (Phy., Chern., Math.), 1957, Agra University (India

B.S. (Civil Engineering), 1960, University of Roorkee (India)

M.E. (Civil Engineering) , 1966, University of Roorkee (India)

Ph.D•.(Mechanics and Hydraulics), 1971, The University of Iowa

Employment Record:

09/61-09/67 Lecturer, M.N.R. Engineering College, A1laharsad, India

10/70-09/73 Postdoctoral Research Engineer, The University of Iowa, Iowa

City, IA

Reader, University of Roorkee, Roorkee, India

Professor, Birla Institute of Technology and Science, Birla,

India

09/71-08/77 Assistant Professor & Research Engineer, The University of

Iowa, Iowa City, IA

08/77-08/82 Associate Professor & Research Engineer, The University of

Iowa, Iowa City, IA

08/82-pres. Professor & Research Engineer, The University of Iowa, Iowa

City, IA

8



Professional Affiliations and Registration:

Society of Sigma Xi (Member)

International Association for Hydraulic Research (Member)

American Society of Civil Engineers (Member)

American Geophysical Union (Member)

Recognitions:

Gold medal for obtainin~ highest marks in Math in B.E., 1960

C.S. Yih award for the best Ph.D. thesis of the year, 1971

9
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Abridged Curriculum Vitae

for

A. Jacob Odgaard

October 1985

Present Position:

Associate Professor, Civil and Environmental Engineering, and Research

Engineer, Institute of Hydraulic Research, The University of Iowa

Areas of Research Interest:

River Mechanics, Hydraulic Structures, Environmental Fluid Mechanics,

Experimental Methods, Coastal Engineering

Higher Education:

M.S. (Civil and Structural Engineering), 1966, The Technical University of

Denmark

Ph.D. (Civil and Structural Engineering), 1970, The Technical University of

Denmark

Employment Record:

1966-72 Research Engineer, Technical University of Denmark

1972-73 U.N. Assi.gnment in Brazil

1973-74 Post-Doctoral Scholar, University of Cambridge, England

1974-77 Senior Research Engineer, Danish Hydraulic Institute

1977-80 Adjunct Assistant Professor & Research Scientist, The

University of Iowa, Iowa City, IA

1980-84 Assistant Professor & Research Engineer, The University of

Iowa, Iowa City, IA

1984-pres. Associate Professor & Research Engineer, The University.of

Iowa, Iowa City, IA

Professional Affiliations and Registration:

American Society of Civil Engineers (Memher)

International Association for Hydraulic Research (Member)

10



National Society of Professional Engineers (Member)

Iowa Engineerin~ Society (Member)

Sigma Xi (Member)

Registered as Professional Engineer in Iowa

Recognitions:

British Council Scholarship, 1973

11
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Abridged Curriculum Vitae

for

Jerald L. Schnoor

October 1985

Present Position:

Professor and Chairman, Department of Civil and Environmental Engineering,

and Research Engineer, Institute of Hydraulic Research, The nniversity of

Iowa

Areas of Research Interest:

Water Quality Modelling, Toxic Chemicals, Acid Rain, Groundwater Quality and

Hazardous Wastes

Higher Education:

B.S. (Chemical Engineering), 1972, Iowa State University

M.S. (Environmental Health Engineering), 1974, University of Texas

Ph.D. (Civil Engineering), 197~, University of Texas

Employment

1975-76

1977-80

1980-83

1982

1982-83

Record:

NSF Postdoctoral Fellow, Manhattan College, New York, NY

Assistant Professor and Research Engineer, The University of

Iowa, Iowa City, IA

Associate Professor and Research Engineer, The University of

Iowa, Iowa City, IA

Visiting Professor, Swiss Federal Institute of Technology

(EAWAG), Zurich, Switzerland

Visiting Professor, Swiss Federal Institute of Technology,

EAWAG, ETH

1983-pres. Professor and Research Engineer

Professional Affiliations and Registration:

Water Pollution Control Federation (Member)

American Institute of Chemical Engineers (Member)



American Water Works Association (Member)

American Society of Civil Engineers (Member)

Society of Environmental Toxicology and Chemisty (Member)

Association of Environmental Eng~neering Professors (Member)

Tau Beta Pi, Omega Chi Epsilon, Chi Epsilon (Member)

Recognitions:

Water L. Huber Research Prize, American Society of Civil Engineers, 1985

President, Iowa Groundwater Association, 19R4-B5

Associate Editor, Water Resources Research, 1985-

Editorial Board, Environmental Toxicology and Chemistry, 19R2

Editorial Board, Ecological Modeling, 1983-85

Editorial Board, Environmental Professional, 1984

NRC/NAS Panel on Lake Acidification Processes, 1984

University of Iowa Faculty Scholar, 1980-83

u.s. Delegate to USSR, 1981

Merit Award, American Chemical Society, Environmental Division, 1981

Best Paper Award, ASTM Aquatic Toxicology, 1980

13
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Abridged Curriculum Vitae

for

M. Fazle Karim

October 19R5

Present Position:
Assistant Research Scientist, Institute of Hydraulic Research, The

University of Iowa

Areas of Research Interest:

Mechanics of alluvial river processes including sediment transport,

friction factor, and bed configuration; computer-based mathematical

modelling of nonequilibrium river processes; water and sediment routing in

open-channel flows; sedimentation in natural and impounded lakes.

Higher Education:

B.E. (Civil Engineering), 1967, University of Calcutta, India

M.S. (Environmental Engineering), 1972, Harvard University/M.I.T.

Ph.D. (Mechanics and Hydraulics), 1981, The University of Iowa

Employment Record:

00/67-00/68 Louis Burger, Inc., Consulting Engineers, Ltd., Dacca,

Bangladesh

r-'
00/68-00/70

00/70-00/72

00/72-00/75

00/7 5-00/85

Water and Power Development Authority, Dacca, Bangladesh

Studied at Harvard University and M.1. T.; worked part-time

at the Center for Population Studies, Harvard University

Bangladesh Water Development Board

Iowa Institute of Hydraulic Research, The University of

Iowa

14



Professional Affiliat~ons and Registration:
Associate Member, American Rociety of Civil Engineers
Member, International Association for Hydraulic Research

15



-e Abridged Curriculum Vitae

for

Konstantine P. Georgakakos

October 1985

Present Position:

Assistant Professor, Department of Civil and Environmental Engineering,

and Research Engineer, Institute of Hydraulic Research, The University of

Iowa

Areas of Research Interest:

Modeling of physical systems under uncertainty; Coupling of stochastic,

physically based models of precipitation, soil moisture-groundwater,

channel routing; Flash-flood forecasting; Modeling of mesoscale

precipitation processes under uncertainty; Parameter estimation for large

scale hydrologic models; Filtering theory for large scale nonlinear

physical systems; Decomposition-theory applications to Water Resources

Systems Planning and Operation; Spatial variability of physical properties

from sparse data; Conditional inference; Numerical methods applied to

water resources systems

Higher Education:

Sc.D. (Civil Engineering), 1982, Massachusetts Institute of Technology

M.S. (Civil Engineering), 1980, Massachusetts Institute of Technology

Diploma (Civil Engineering), 1977, National Technical University of

Athens, Greece

Employment Record:

09/80-01/81

06/77-06/82

06/82-08/85.

Teaching Assistant, Massachusetts Institute of Technology,

Cambridge, MA

Research Assistant, Massachusetts Institute of Technology,

Cambridge, MA

Research Associate, National Oceanic and Atmospheric

Administration, Silver Spring, MD

16



08/85-01/86 Research Hydrologist, Hydrologic Research Laboratory

National Weather Service, NOAA, Silver Spring, MD

Professional Affiliations and Registration:

American Geophysical Union (Member)

Institute of Electrical and Electronics Engineers (Member)

Sigma Xi (Member)

American Association for Advancement of Science (Member)

Greek Technical Chamber (Member)

17
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III. BRIEF DESCRIPTIONS OF COMPUTER PROGRAMS

The following descriptions of computational-hydraulics software are

intended to give a general idea of their scope of application, technical

basis, and typical results. Additional information in the form of brochures

and descriptive reports is available on request, as noted for each program.

The additional programs listed in Section IV are either more research

oriented (CHAR I, CHAR III, CHAR IV, MEK002) or less industrialized (ITRM,

DWM, ICOOL, JECHAU, PANACHE, THERMO) than those described in this section.

The programs listed in Section V are best employed by their originators

at SOGREAH. The Institute can, howe\ter, provide additional information and

liaison with SOGREAH regarding these programs; most of them are immediately

available at SOGREAH or could be transferred to the Institute f S computing

center for a specific study •

18
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POLLUTANT DISPERSION IN TWO-DIMENSIONAL FLOW

Program Name: ARGOS

Origin: Developed by F. Holly at the University of Reading, England, and A.

Preissmann, SOGREAH, in 1981-82. Available by agreement with SOGREAH.

General Description: ARGOS computes the dispersion of one or several

conservative, neutrally buoyant, vertically mixed tracers (pollutants) in two

dimensional. unsteady flow. This dispersion is due to the combined effects of

differential advection by currents and turbulent diffusion. Use of ARGOS

requires detailed information on water depths and current speed and direction

as a function of time; these are usually obtained from a hydrodynamic

.mathematical model such as CYTHERE-ES1. The tracer distribution in the model

at the beginning of the simulation (usually zero concentration everywhere,

otherwise a known· or assumed starting condition), and a time-variation of

tracer concentration at inflow boundaries (clean water or known pollutant

inflow) or from outfalls, complete the data needed for a computation. Results

consist of tracer concentrations· as a function of time at the points where

depths and currents are defined. A special procedure computes the initial

stages of growth of tracer clouds of small spatial extent. ARGOS is used for

* determining the zones of influence of, and concentration fields

resulting from, pollutant sources such as outfalls, shoreline

activity, littoral streams, etc;

* studying the effects of bathymetric modification and structures on

existing capacity to disperse pollutants;

* determining the level of treatment needed to meet water. quality

standards at a particular site.

Particular Features: In each time increment, ARGOS uses a split operator

approach in which differential advection is computed by a characteristics

method using highly accurate interpolation, and turbulent diffusion is

computed using an implicit finite difference scheme. This procedure ensures

that very little artificial diffusion is introduced in the advection. The

19



turbulent mixing is modeled as a gradient diffusion process, with

diffusivities evaluated. using Elder's formulation; however local values of

depth, shear velocity, and dimensionless cross-stream and streamwise

diffusivity are employed. The initial growth of small clouds is computed by

assuming a jointly Gaussian distribution which is deformed by differential

advection and diffusion along the trajectory defined by the current field.

These clouds can be superimposed to reproduce a continuous source.

Restrictions: Buoyancy effects and vertical non-homogeneity are excluded in

the two-dimensional formulation. The restriction to conservative tracers can

easily be removed by incorporating biological and/or chemical decay.

Published References:

. Holly, F .M. Jr and· Usseglio-Polatera, J .M., "Dispersion Simulation in

Two-Dimensional Tidal Flow", Journal of Hydraulic Engineering, ASCE,

Vol. 110, No.7, July, 1984, pp. 905-926.

Example of Application: Figure 1 shows the tidal currents computed by

CYTHERE-ESI in the Bay of Saint-Brieuc, France. A large contaminant spill was

placed in the bay at high water slack tide as shown; during the following

tidal cycle it was swept out nearly to the seaward boundary, then back again

very close to its starting position. Figure 2 shows a cross-section of the

concentration profile after one tidal cycle, along with a "small cloud"

computation of the same spill for comparison. Figure 3 shows the evolution of

another authentically small cloud in the lower part of the Bay, during the

same tidal cycle.

20
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QUASI-STEADY WATER'Mm.SEDIMENT ROUTING IN MULTIPLY

CONNECTED CHANNEL NETWORKS

Program Name:

Origin:

BRALLUVIAL

Developed by F. Holly, J. C. Yang, and M. Spasojevic at the

Iowa Institute of Hydraulic Research, The University of Iowa,

1984-85.

f"-.' ,,
.~ .

General Description: BRALLUVIAL computes long-term bed evolution in multiply

connected (looped, braided) networks of one-dimensional channels having non

uniform bed sediment. Bed armoring and sorting effects are specifically taken

into account through simulation of the constituent processes. Application of

BRALLUVIAL to a braided river requires the implicit assumption that the plan

form geometry of the channels does not change for the duration of the

simulation. Boundary conditions comprise water-inflow hydrographs at any

interior or exterior computational node, sediment-inflow hydrographs at

exterior nodes, and a stage hydrograph at the downstream limit of the model.

Output includes the water-flow distribution among the various channels, all

hydraulic parameters at each point of the model, current and accumulated bed

level changes at any point, and bed-sediment distributions, including armoring

factors, at any point. Tributaries are treated as a natural part of the

multiply. connected topology. AI though the code is designed for complex

multiply connected networks, it can equally well be applied to branched or

single-channel systems.

Particular Features: BRALLUVIAL incorporates the armoring and sorting

algorithms of the single-channel IALLUVIAL code described elsewhere in this

brochure. BRALLUVIAL also uses a quasi-steady water flow assumption, whereby

the energy equation and node-continuity equation are used to find a mutually

compatible set of discharge distributions and water levels throughout the

model, in any time step. Total-load sediment transport is normally computed

with the same TLTM predictor used in IALLUVIAL, but with empirical

coefficients adjusted, if necessary, using site-specific calibration data.

Other total-load formulae (e.g. Engelund-Hansen, etc.) are programmed and can

be used by option; in all cases, transport-dependent friction factors are
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Mellema, W. , "Alluvial

Proceedings Interagency

iteratively coupled with the transport formula adopted. The code avoids

inversion of large matrices by using both channel and matrix double-sweep

procedures, guided by a simple node-link identification system in the input

data.

The techniques of BRALLUVIAL are currently being generalized for fully

unsteady flow (see the CHARIMA program described elsewhere in this brochure).

Restrictions: Wave-propaga~ion and reversing-flow effects are ignored in this

quasi-steady formulation. In a braided river, no attempt is made to simulate

lateral channel migration or new-channel formation.

Published References:

Holly, F.M. Jr. and Yang, J.C., "Numerical Simulation of Bed Evolution

in Braided Channel Systems", Proceedings Hydraulic Division Specialty

Conference, ASCE, O~lando, Aug. 1985.

Holly, Forrest M. Jr., "Computer-Based Simulation of Transport of Non

Uniform Sediments in Braided Channel Systems", EUROMECH 192, Transport

of Suspended Solids in Open Channels, Munich, 11-15 June 1985.

Holly, F.M. Jr., Schneider, K., and

Computations in Complex River Networks",

Sediment Conference, Las Vegas, 1 April 1986.

Holly, F.M., Jr., "Computation of Non-Uniform Sediment Transport and

Bed Evolution in Looped River Systems", Proceedings Second

International Workshop on Alluvial River Problems, Roorkee, India,

October, 1985.

Example of Application: Figure 4 shows the computational network of a complex

gravel-bed braided river reach in Alaska. This model was used to predict the

long-term effects of upstream flow regulation on channel stability and gravel

deposits in the upper portion of the reach. Current activity on this study
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e includes use of BRALLUVIAL' s weir-type links to simulate cross-channel water

exchange at high flows, when gravel bars separating braided channels become

fully submerged.
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UNSTEADY FLOW IN LOOPED STORM SEWER NETWORKS

Program Name: CAREDAS

PI .

Origin: Developed by G. Chevereau, A. Preissmann, and J.A. Cunge at

SOGREAH, 1973-74. Improved byB. Mazaudou and A. Preissmann at

SOGREAH, 1979-80. Available by agreement with SOGREAH.

General Description: CAREDAS computes one-dimensional steady or unsteady flow

in branched or looped networks of pipes, closed conduits, and canals.

Hydraulic works and control structures such as weirs, inverted siphons.

manholes, retention basins, and pumping stations are included as standard

features. Given input hydrographs of surface runoff from urban catchments

(which can be computed by CAREDAS itself if desired), and a topographic,

hydraulic, and topological description of the network, CAREDAS computes the

time variation of water levels (or piezometric. heads), velocities, and

CAREDAS system uses these results to compute pollutant propagation in the

network, if desired. Typical uses include:

discharges at designated computational points. A separate program in the

* analysis of flow distribution in complex networks, for the

optimization of pipe sizes;
,

* sizing of retention basins;1.-. __

* design of real-time operating systems for control of flow

regulation structures;

* verification of overall network design;

Particular Features: The de St. Venant equations for one-dimensional, free

surface unsteady flow are solved using an implicit finite difference scheme

with a special double-sweep algorithm for looped flow paths. Pressurized flow

is computed using the same method, the piezometric head corresponding to the

free surface level in a thin slot, or chimney, running longitudinally ahove

each closed conduit. The transition between channel and pressurized flow is

smoothed, when necessary, by iterative corrections in the numerical algorithm

during one time increment. Backwater effects, flow reversal, and the effects
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of in-pipe storage capacity are all naturally included in the de St. Venant

formulation. Although CAREDAS includes an optional general routine for

generating surfae runoff hyd rographs, any method or program valid for local

conditions can be used in its place.

Restrictions: In assuming incompressible flow and in~lastic conduits, CAREDAS

is not designed for waterhammer computation (see CERTITUDE description).

Published References:

Brandstetter, A., "Assessment of Mathematical Models for Storm and

Combined Sewer Management", Environmental Protection Agency,

Cincinnati, Ohio, 45268, 1975.

Chevereau, G. and F.M. Holly, Jr., "Conception of a Comprehensive

Urban Drainage Simulation Program and its Application to a Prototype

Case," International Symposium on Urban Storm Water Management,

University of Kentucky, Lexington, 1975, pp. 55-61.

Holly, F.• , B. Chevereau, and B. Mazaudou, "Numerical Simulation of

Unsteady Flow in Storm Sewer Systems Using a Complete and Simplified

Flow Equations", International Conference on Numerical Modelling of

River, Channel, and Overland Flow for Water Resources and

Environmental Applications, Bratislava, Czechoslovakia, May, 1981.

Ctlnge, .J .A. , F .M. Holly, Jr. , and A. Verwey, Practical Aspects of

Computational River Hydraulics, Chapter 9, Pitman Publishing Ltd.,

198f).

Additional Information Available: Descriptive brochure.

Example of Application: Fig. 5 shows the main components of the combined

sewer system in the Seine St. Denis Department, adjacent to Paris, France.

CAREDAS was used to identify deficiencies in the existing system in v:f ew of

future urbanization, and to select new collector sizes and layou~ for
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! e alleviation of local flooding. Figure 6 shows the hydrographs at selected

outfalls into the Seine, for a lO-year storm. The model has been installed at

the drainage authority's operations center, and is used regularly in the

planning and design of network additions. A special version of CAREDAS which

incorporates automatic control structures and their real-time centralized

command/surveillance post is being used in the planning and design of a fully

automatic network operating system.
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Program Name:

UNSTEADY FLOW IN BRANCHED STORM SEWERS

CAREMUSK

Origin: Developed at SOGREAH in 1979-1980 by B. Mazaudou and F. Holly.

Available by agreement with SOGREAH.

General Description: CAREMUSK is designed for use in branched, non

pressurized, relatively steep slope storm sewer networks where the full

dynamic approach of CAREDAS (see description) is not, required. Based on a

simplified form of the flow equations, CAREMUSK is less demanding of computer

resources and can be operated by less specialized personnel. Since it uses

exactly the same description of network components as CAREDAS, transition from

one program to the other, if necessary, involves minimal time and effort.

Al ternatively, CAREMUSK can be used to achieve preliminary routing of urban

catchment hydrographs from the extremi'ties of a network (often branched, steep

slopes) to main collectors (often looped, milder slopes, occasionally

pressurized) where CAREDAS must be used.. Given the characteristics of the

pipes of the network and their topological links, and input hydrographs from

urban catchments, CAREMUSK furnishes the time-variation of discharge and

unused pipe capacity at all designated computational nodes.

Particular Features: CAREMUSK is based on the Cunge-Muskingum method, which

is a finite-difference approximation to the diffusion-analo~y form of the one

dimensional unsteady flow equations. As such the method allows for variable

wave celerity and damping based on physical principles. On the other hand it

cannot take into account downstream influences, thus precluding its use when

backwater effects, reversing flow, etc. are important.

Restrictions: As stated above, CAREMUSK must defer to CAREDAS when backwater

effects exist, flow can become locally pressurized, or closed loops exist in

the network.
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Published References:

Holly, F., G. Chevereau, and B. Mazaudou, "Numerical Simulation of

Unsteady Flow in Storm Sewer Systems Using Complete and Simplified

Flow Equations", International Conference on Numerical Modelling

of River, Channel, and Overland Flow for Water Resources and

Environmental Applications, Bratislava, Czechoslovakia, May, 1981.

Example of Application: Figure 7 shows a branched portion of a storm sewer

network in Germany. For given urban runoff inputs from a 10-minute storm, the

outflow hydrograph was computed using both CAREDAS (full dynamimc equations)

. and CAREMUSK. It can be seen from the Figure that only near the peak

discharge are the two hydrographs significantly different. Flow became

slightly pressurized in the CAREDAS calculation, whereas CAREMUSK had to spill

this water, resulting in a slightly lower peak discharge.
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UNSTEADY FLOW IN RIVER AND CANAL SYSTEMS

Program Name: CARIMA

Origin: Developed by F.M. Holly, Jr., G. Chevereau, A. Preissmann and J.A.

Cunge at SOGREAH, 1976-1978. Available by agreement with SOGREAH.

i...

General Description: CARlMA computes one-dimensional steady or unsteady flow

in fixed-bed channels, and quasi-two-dimensional unsteady flow on flooded

plains. There is no restriction on the way channel and flood-plain flow paths

are connected; branched or looped systems are accepted. Hydraulic works such

as weirs, gated flow control structures, culverts, irrigation canal control

systems, etc., are included in the standard program. CARlMA is typically used

for:

*

*

*

*

*

studies of flood propagation for protection works design and flood

area delineation;

evaluation of effects of local flow modification (structures,

cutoffs, etc) on water levels and flood propagation;

design of operating systems for run-of-river hydropower

installations;

design of irrigation canal flow control devices and operating

systems;

evaluation of effects of peaking hydropower releases on downstream

navigation;

For a given topographical and hydraulic description of a channel/flood-plain

network, CARlMA computes the time-variation of water level, discharge, and

velocity at designated computational points.

, Particular Features: Unsteady flow in channels is computed using an implicit

finite difference approximation of the de St. Venant flow equations. Unsteady

flow on the flood plain is computed using non-inertial, simplified flow

relationships between adjacent flood plain cells, whose .submergeable

boundaries correspond to natural obstacles to flow such as road embankments,
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railroads, beams, etc. These -relations between cells, when linearized,

discretized, and combined with the finite difference equations for channel

flow, form an algebraic system which is solved in each time step using a

looped double-sweep algorithm.

Restrictions: The de St. Venant hypotheses for one-dimensional flow must be

satisfied in channels. Inertial effects must be of small importance on the

flood plain.

Published References:

Cunge, J.A., F.M. Holly Jr. and A. Verwey, Practical Aspects of

Computational River Hydraulics, Chapter 3 and 4, Pitman Publishing

Ltd., 1980.

"
Cunge, J.A., Lara, A., Major, T., Nerat, G., and Holly, F.M. Jr.,

"Mathematical Modelling of Yacyreta-Apipe Scheme on Rio Parana:

Natural Floods and Power Releases", article submitted to La Houille

Blanche, June 19R2.

Gueguen, A. and F.M. Holly, Jr., "Use of Mathematical Modelling in the

Design of Automatic Regulation for Upper Rhone River Hydroelectric

Installations," International Conference on Numerical Modelling of

River, Channel and Overland Flow for Water Resources and Environmental

Applications, Bratislava, Czechoslovakia, May 1981.

Additional Infor.ation Available: Descriptive report.

Example of Application: Fig. 8 shows a 180 km reach of the Parana River on

the Argentina-Paraguay border. The proposed Yacyreta Dam is to be used

primarily for peak power production. The resulting surges propagate~

downstream could be detrimental to navigation. Accordingly CARIMA was used to

simulate the surges produced by various turbine operating strategies, in order

to eliminate those which result in excessive velocities and water surface

slopes in the 50 km reach below the dam. Fig. 9 shows a typical output plot
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of velocities at various points in the looped channel system, for a given

operating strategy.
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e VATER HAMMER IN PIPE NETWORKS

PrOgram Name: CERTITUDE

Origin: First version developed in 1957 at SOGREAH, subsequent

improvements and generalizations by A. Preissmann, J. Zaoui, and

others. Available by agreement with SOGREAH.

r:--

r--

General Description: CERTITUDE computes pressure transients due to sudden

valve closures, pump start-up, failure of a protective device, etc., in a pipe

network. A network is described by furnishing geometrical, topological, and

hydraulic descriptions of all conduits and devices, for example head tanks,

hydrants, weirs, orifices, flow regulators, pumps, valves, turbines, surge

tanks, air tanks, check valves, etc. Once -the model is constructed, the

program computes pressures and discharges at all nodes of the system following

the anamalous incident under study. Analysis of the pressure records thus

obtained enables the engineer to design his system against failure under

extreme conditions, optimize his specification of pipe and device

configurations, identify needs for additional protection, etc. Optional

harmonic analysis of pressures can be used in designing against failure due to

resonance •

. Particular Features: CERTITUDE employs a numerical solution method which

involves pressure corrections at each node and disturbance propagation by the

method of characteristics. The inertia of rotating machinery and check valves

is taken into account. Both positive and negative surges are computed.

Restrictions: The fluid is assumed to be incompressible.

Previous Studies: Since 1957 CERTITUDE has been employed hundreds of times

for studying a broad range of facilities, such as the following:

* municipal water supply systems (Montreal, Canada; Marseille,

France; Rabat-Casablanca, Morocco; etc.)
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* industrial water supply (Nekoosa-Edwards, Nepco, Wisconsin; Phenix

Fast Breeder reactor, French Atomic Energy Commission; etc.)

* Sprinkler Irrigation Networks (Cariaco, Venezuela; Thessaly,

Greece; etc.)

* Hydroelectric Projects (Mahaweli, Sri-Lanka; Emosson, France;

Ahrzerouftis, Algeria; etc.)

* Airport Fuel Distribution Systems (Orly and Roissy airports,

Paris; Moscow and Kiev, USSR; Tripoli, Libya)

Additional Information Available: Descriptive brochure.

Exa!ples of Application: Figure 10 shows two network layouts for actual

studies performed using CERTITUDE. Figure 11 shows a pressure time-history

computed for the Caracas (Venezuela) water supply system.
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WATER AND SEDIMENT ROUTING IN RIVERS

Program Name: CHAR II

Origin: Developed at SOGREAH in 1975-76 by J.A. Cunge and A. Preissmann.

Available by agreement with SOGREAH.

General Description: CHAR II belongs to a family of four programs for the

computation of one-dimensional unsteady water and sediment flow in rivers. In

treating the water flow unsteadiness as a. sequence of steady flows at

different discharges, CHAR II is designed for the simulation of long term bed

evolution (such as over a period of several years) in response to changes in

water and sediment input and channel modification. Roth the mainstem channel

and tributaries can be included in the simulation model; check dams,

reservoirs, and diversions are routinely accepted by the program. Given

topographic and hydraulic descriptions of the river and its tributaries; water

and sediment hydrographs for the upstream limits of all channels, local

inflows, and diversions; downstream water level as a function of time; initial

bed configuration; and median sediment size, CHAR II computes the water level,

velocity, total sediment load, and bed elevation as a function of time at all

computational nodes.

Particular Features: Energy loss due to bed resistance is assumed to be

described by a simple Manning-Strickler equation. Sediment transport capacity

is obtained from flow depth and velocity using the Meyer-Peter, Engelund

Hansen, DuBoys, Einstein-Brown, or user-furnished method. The water flow

(backwater) equation is solved using Newton-Raphson iterations to supply water

surface elevations and velocities for each steady discharge. Then the

sediment continuity equation is solved by an implicit finite difference

procedure for the duration of the steady discharge.

Restrictions: CHAR II does not take into account bed sediment sorting or

armouring, changing resistance due to bed form evolution, or supercritical

flow.
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Published References:

Cunge, J.A. and Perdreau, N., "Mobile Bed Fluvial Mathematical Models",

La Houille Blanche, No.7, 1973.

Cu~ge, J.A., Holly, F.M. Jr., and A. Verwey, Practical Aspects of

Computational River Hydraulics, Chapt 7, Pitman Publishing Ltd., 1981.

Nakato, T. and Vadna1, J., "Field Study and Tests of Several One

dimensional Sediment-Transport Computer Models for Pool 20, Mississippi

River", IIHR Report No. 237, University of Iowa, July 1981.

Additional Information Available: Descriptive report.

Example of Application: Figure 12 shows the confluence of a river and its

tributary, and a dam built 56 km downstream of the confluence at point D. In

order to forestall the loss of useful reservoir capacity due to sediment

deposition, three possible projects were considered:

1) a new dam at C to trap sediments before they enter the reservoir;

~) new dams at A and °B to form sedimentation reservoirs;

3) low level flushing operations at the main dam D to remove trapped

sediments.

CHAR II was used to simulate the three alternatives. Cross sections and

annual water and sediment input hydrographs are shown on Fig. 12. First the

previous five years were simulated for existing conditions, to establish a

starting bed profile. Then three years of future bed elevation were simulated

for existing conditions and for the three proposed projects. Figure 13 shows

the bed profile after three years for project (2),0 and Figure 14 shows the

profile for project (3). On the basis of comparisons such as these, the low

level flushing of project (3) was finally chosen as the most effective method

of preserving reservoir capacity.
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FULLY UNSTEADY WATER AND SEDIMENT ROUTING IN MULTIPLY

CONNECTED CHANNEL NETWORKS

Program Name:

Origin:

CHARIMA

Currently under development at Iowa Institute of

Hydraulic Research by F.M. Holly Jr. and J.C. Yang (Fall

1985).

General Description: The CHARIMA code is a generalization of BRALLITVIAL

(described elsewhere in this brochure) in which the latters' quasi-steady flow

assumption is relaxed through use of the fully unsteady de St. Venant flow

equations. This enables CHARIMA to treat flows in which shallow water-wave

propagation effects are important, as in tidal estuaries with reversing flow.

Particular Features: The unsteady water-flow computation of CHARIMA is

similar to that of CARIMA (described elsewhere in this report), in which

Preissmann's four-point implicit scheme is used to solve the de St. Venant

equations in multiply connected networks. Water and sediment operations are

coupled, if necessary, through global iterations in each time step. Steady

flow situations such as those modelled using BRALLUVIAL can be simulated

through judicious management of "time" steps as iteration parameters; in this

sense, BRALLUVIAL is a subset of CHARIMA.

Restrictions: See BRALLUVIAL

Published References: None (code currently under development, Fall 1985)
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e UNSTEADY FLOW IN TWO DIMENSIONS

Program. Name: CYTHERE-ES1

Origin: Developed by J.P. Benque, A. Hauguel, and J. Feuillet of LNH

Chatou, France; and by J. Cunge and A. Preissmann of SOGREAH,

1978-1981. Available by agreement with SOGREAH.

General Description: CYTHERE-ES1 computes time-dependent water surface

elevations and depth-averaged velocities in well-mixed estuaries, coastal bays

and inlets, ports, lakes, and reservoirs. A bathymetric description of the

area to be modeled, along with specified water surface or discharge evolution

with time along open boundaries, are used with the two-dimensional shallow

water wave equations to obtain depths and current speeds and direction at any

point in the model as a function of time. Coriolis acceleration, surface wind

shear, non-uniform/non-isotropic bed roughness, and tidal flat flooding and

exposure are routinely incorporated in the numerical solution of the wave

~ equations. CYTHERE-ES1 is used for:

* generation of current fields for water quality studies;

* simulation of effect of structures and major bathymetric change on

circulation and current fields;

* study of protective' measures against erosion and sediment

deposition;

* study of power plant cooling pond recirculation (when

stratification is unimportant)

Particular Features: CYTHERE is based on the complete shallow water wave

equations with additional terms for gradient-diffusion of horizontal

momentum. The equations are solved in each time step using three distinct

approximate methods:

a) Method of characteristics for momentum advection;

b) Implicit finite differences for momentum diffusion and Coriolis

force;
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c) Iterative implicit finite differences for water continuity, wind

shear, and wave propagation.

This split-operator approach has made it possible to use numerical methods

best suited for the different components of the problem. In particular, it

computes momentum advection with .very little numerical !iamping, and

successfully computes wave propagation at large Courant numbers. Thus jet

type effects are faithfully reproduced, and waveforms undergo little or no

distortion on non-uniform computational grids. A non-uniform, cartesian

computational grid is usually employed, although an orthogonal curvilinear

system is used when necessary to better fit the shape of the modeled area.

Restrictions: Vertical accelerations are neglected, precluding the

computation of short-waves (refraction, diffraction, harbor resonance).

Vertical homogeneity is assumed (precludes use in strongly stratified

estuaries).

Published References:

Benque, J.P., Cunge, J.A., F.euillet, J., Hauguel, A., and Holly, F.M.,

"New Method for Tidal Current Computation", Journal of the Waterway,

Port, Coastal and Ocean Division, ASCE, Vol. 108, No. WW3, Aug., 1982,

pp. 396-417.

Cunge, .l.A., Holly, F.M. Jr., and Schwartz, S., ''Mathematical

Modelling Study of Pollution Transport in the Bay of Saint-Brieuc,

France", Symposium Engineering in Marine Environment, Brugge, Belgium,

19R2.

Additional Info1"llation Available: Descriptive brochure.

Example of Application: Figure 15 shows the English channel, in which tidal

'currents and elevations were computed several years ago using a predecessor to

CYTHERE-ES1; the 10-m grid shown was used at that time. The present example
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• concerns the Bay of Saint-Brieuc on France's north Brittany coast as shown on

the Figure. The object of the study was to compute tidal currents in the Bay,

then use them to determine the zones of influence of several municipal sewage

outfalls in the vicinity of sensitive oyster beds. CYTHERE-ESI was used to

construct first a regional model with a uniform 2.5 km grid, then a detailed

model with a uniform 0.5 km grid, using the previous model for the entire

channel to obtain flow conditions at the seaward boundary. Figure 16 shows

the computed tidal currents 3 hours before slack high water spring tide; the

extensive tidal flats on the south shore are being flooded, and the rock

outcrops near Portrieux have just been submerged by the rising waters. The

tidal range in this area is about 10 m•

•

e·
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WATER AND SEDIMENT ROUTING IN RIVERS

Program. Name: IALLUVIAL

Origin: Developed by Karim, M.F., Silva, J.M., and Kennedy, J.F. at the

Iowa Institute of Hydraulic Research (IIHR), University of

Iowa, 1980-82.

General Description: IALLUVIAL (or IAL) computes one-dimensional water and

sediment flows in alluvial channels. IAL is specially designed to simulate

long-term evolution of bed-elevation changes in rivers in response to changes

in water and sediment inputs and channel cross-sections and alignments. For

given initial channel and sediment characteristics, water discharge and

sediment-discharge hydrographs at the upstream boundary, and a stage

hydrograph at the downstream boundary, IAL computes flow depth and velocity,

sediment discharge, water surface and bed elevations, and changes in bed

material size distribution at all computational points for each time

interval. Armoring of the bed surface and its effect on sediment discharge,

friction factor and degradation is an integral part of the computation.

Tributary inflows of water and sediment, as well as the depth-variation of

parent bed material size distribution, are taken into account.

Particular Features: IAL Utilizes the Total Load Transport Model (TLTM), an

integrated sediment-discharge and friction-factor predictor recently developed

at the Iowa Institute of Hydraulic Research. TLTM considers the

interdependence between sediment discharge and friction factor, which allows

the determination of friction factor internally in the program; this

eliminates the need for external specification of flow resistance. The

variation of friction factor with changes in water and sediment discharge,

stage, and sediment characteristics is thus automatically computed in tAL.

Another special feature of the program is a determination of the appropriate

time step based on a physical examination of the degradation/aggradation

process.
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Restrictions: IAL does not compute water wave propagation, as it assumes

steady water flow in the entire computational reach during a time increment.

The annual hydrograph is taken to be a succession of steady flows at varying

discharges.

Published References:

Karim, M.F. and Kennedy, J.F., "IALLUVIAL: A Computer-Based Flow- and

Sediment-Routing Model for Alluvial Streams and its Application to the

Missouri River", Iowa Institute of Hydraulic Research, Report No. 250,

August 1982.

Silva, J .M., "A Numerical Model of Bed Degradation Along the Missouri

River Between Yankton (South Dakota) and Omaha (Nebraska)", Master of

Science Thesis, Civil and Environmental Engineering, Graduate College,

University of Iowa, July 1982.

Karim, M.F. and Kennedy, J. F., "Computer-Based Predictors for Sediment

Discharge and Friction Factor of Alluvial Streams", Iowa Institute of

Hydraulic Research, Report No. 242, December 1981.

Holly, F.M. Jr., Yang, J.C., and Karim, M.F., "Computer-Based Pro~nosis

of Missouri-River Bed Degradation; Refinement of Computational

Procedures", Iowa Institute of Hydraulic Research, Report No. 281,

August 1984.

Additional Information Available: Descriptive report

Example of Application: IAL was applied to the Missouri River to simulate the

chang~s in bed and water surface elevations and the process of bed armoring in

the 200-mile reach between the Gavins Point Dam and Omaha,- Nebraska following

construction of the dam in 1955. Computed changes in bed and water surface

elevations after 20 years of simulation were found to be in good agreement

with the measured values, as shown in Figure 17.

55



e e e
1

4.0. I I Iii iii Iii iii Iii

Evolution of bed/ water surface elevations

o Original bed / water surface elevation

+ Change in bed elevation

6 Change in water surface elevation

o Observed change in water surface elevation

2.0

w
{9
Z
<t -10.0I
u

z
o
.....<t 0.0<) I I I~ I I I I I

W

-' I I I I II 'If II I lIiliI I

w -2D
u
<t
lL.
a:::
:::>
(J)

a:::
w
.....
<t
?: -6.0
.......
o
w
m
z -8.0

.-......
!:=.

V1
0\

200.0175.075.0 100.0 125.0 150.0

DISTANCE FROM DAM (MILES)

50.025.0
-12.0 I I I I I I I I I I I I I I I I l----l

0.0

Figure 17. Computed changes in bed and water surface elevations after 20 years, Sioux City to Omaha.



e POLLUTANT DISPERSION IN RIVERS

Program Name: POLDER

Origin: Developed by F.M. Holly Jr. and J.A. Cunge at Colorado State

University, 1973-75. Subsequently improved and generalized by

Holly at SOGREAH, 1976-77. Available by agreement with

SOGREAH.

General Description: POLDER computes the time-dependent mixing of a neutrally

buoyant, conservative tracer (pollutant) in steady but nonuniform river

flow. The tracer is assumed to be mixed uniformly over the depth, but may be

fully or partially mixed across the channel width depending on the type of

tracer source under study. Possible sources include:

* continuous or time-varying injection at any point in the cross

section at the upstream model limit (sewage outfalls,

diffusers, industrial effluents)

* sudden !?pills within all or part of the cross-section (barge

accidents, spillage at bank)

The program predicts the time-variation of tracer concentration at any point

downstream from the injection site.

Particular Features: Quasi-two-dimensional mixing (in plan) is computed

relatively inexpensively using the cumulative discharge, or stream tube,

approach. The period of time to be simulated is divided into short

increments, or time steps, within each of which three mixing processes are

separately computed:

1) Longitudinal convection in each stream tube, Ilsing a recently

developed characteristics method which virtually eliminates

artifical damping and phase error;
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2) Longitudinal diffusion in each stream 'tube, using an implicit

finite difference method;

3) Transverse, diffusion between adjacent stream tubes, using, an

implicit finite difference method.

Restrictions: Step (3) above requires an estimate and/or calibration of the

non-dimensional transverse mixing coefficient; when secondary flows are

important (as in sharp bends), calibrated values may not he valid for use in

flow conditions for which they were not specifically adjusted.

Published References:

Holly, Forrest M. Jr., "Two Dimensional Mass Dispersion in Rivers",

Hydrology Paper No. 78, Colorado 'State University, Ft. Collins,

Colorado, Nov. 1975.

Cunge, J.A., F.M. Holly, Jr. and J. Verwey, Practical Aspects of

Computational River Hydraulics, Ch. 8, Pitman Publishing Ltd., 1980.

Holly, F.M. Jr. and G. Nerat, "Field Calibration of a Stream-Tube

Dispersion Model", Journal of Hydraulic Engineering, ASCE, Vol. 109,

No. 11, November, 1983, pp. 1455-1470.

Additional Infor.ation Available: Descriptive report.

Ex8!Ple of Application: Fig. 18 shows a 4 km reach of river at the upper

limit of which an industrial outfall injects a low-concentration toxic waste

as shown. POLDER was used to determine the effect of a proposed dam 4 km

downstream on the mixing of the contaminant in the reach. Fig. 19 shows the

dam's effect on depths, velocities, and concentrations at the dam site. The

maximum concentration remains essentially the same before and after dam

construction for these flow conditions.
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Progr8lll Name:

Origin:

FLOW IN LOOPED WATER DISTRIBUTION NETWORKS

PROCEDURE

Developed at SOGREAH in the 1960' s under the direction of A.

Preissmann. Available by agreement with SOGREAH.

General Description: PROCEDURE computes the time-variation of discharges and

pressures in a looped distribution network subject to fluctuating supply and

demand. It is designed to simulate network flows over a period of, say, 24

hours, in order to: a) verify that a proposed network design can supply

required discharges at minimum pressures; and/or b) identify specific problem

areas in a proposed design. Thus PROCEDURE should be thought of as a

simulation tool which aids the engineer in arriving at an optimum network

design. The program routinely handles such appurtenances as control valves,

check valves, reservoirs, pumps, booster stations,etc.

Particular Features: In order to allow f'or flow path closure and reopening

when a check valve exists, PROCEDURE is based on a numerical method which

abandons the traditional Hardy-Cross approach. Instead, an iterative nodal

continuity method with periodic solution of the entire linear system to speed

convergence is employed. This approach allows programmed water consumption to

be reduced when available pressure is too low, removing another restriction of

the Hardy-Cross method.

Kestrictions: PROCEDURE does not simulate unsteady flow within the network

(see CAREDAS). Unsteady behavior is taken into account only insofar as the

boundary conditions (water levels or discharges at network inflow/outflow

points) are allowed to vary during the day. By the same token, waterhammer is

not simulated (see .CERTITUDE).
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Principal References for Previous Studies:

Project and Country

Toulouse water

distribution system

France

Malacca water supply

system

Malaysia

City of Lyons water

supply for the year

2000

France

Grenoble water

distribution system

France

Project Authority

Date

Toulouse Municipality

1963

Etablissements Degremont

1964-1965

Lyons Municipal Authorities

1965

Service des Eaux de Grenoble

1969-1970

62

-T

Services supplied by Sogreah

Computer study of the distribution

flow net, in terms of various

hypotheses as to population (350,000

to 530,000 inhabitants; discharge

130,000 m3 daily)

Computer study of a distribution

network for a population of 205,000

inhabitants in 1975 giving a discharge

of 7.8 MGD

- Determination of pipe dimensions

- Determination of balance reservoir

settings and storage capacities

Computer study of the extension of the

water distribution network to deliver

10 m3/s to a population of 700,000

inhabitants. Application of the

PROCEDURE program to the 1985 loop

network comprising 255 sections

Verification of the operation of the

present installations and projects for

improvement of distribution.

Operational simulation on an IBM

350/54 computer. Application of the

PROCEDURE program to the 1970, 1975

and 1985 systems (188, 194, and 217

sections respectively). Optimization~

tests for 1975 by PROPRETE program.



-Toulon water

distribution system

France

Abidjan water

supply system

Ivory Coast

Economic study of

water distribution

system interconnection

in the greater Paris

area

France

Service des Eaux de Toulon

1971-:1972

World Health Organization

1971-1972

Agence de Bassin Seine

Normandie 1972-1976

Study of the operation of existing and

planned municipal water distribution

arrangements. Local measurements and

a mathematical model simulation on an

IBM 360-65 computer. ApPlication of

the PROCEDURE program to the networks

for 1971 and 19R5 (400 and 450

sections respectively). Optimization
t

test for 1985.

Preliminary studies for a water supply

Master Plan for the year 2000, using

the PROCEDURE program, and including a

survey of water resources, water

requirements and existing distribution

networks for a population of 2,000,000

inhabitants.

Study of water requirements in 1985

for 600 communes. Design, adjustment

and operation of a mathematical model

of existing water distribution loop

networks (IBM 360/(5). Definition and

optimization of various

interconnection alternatives for '

future requirements by the PROCEDURE

program. (2,000 sections. Population

of area 10 million).

Greater Tunis water

distribution system

Tunisia

SONEDE

1976

63

Study of a water distrihution master

plan for the year 2000 concerning 500

km of pipes, 300,000 m3 of reservoir

capacity and 2,000,000 inhahitants.

Application of the PROCEDURE program.



Marne-la Vallee,

Cergy-Pontoise and the

Northern Paris-Roissy

axis

France

Water distribution

systems for the new

towns of

Agence Financiere de Bassin

Seine-Normandie

1977

Definition of the drinking water

distribution structures to be

subsidized by the AFB in the interests

of safety. Application of the

PROCEDURE program.

Additional Information Available: Descriptive brochure

Example of Application: Figure 20 shows a portion of the water distribution

network in the Paris metropolitan region. PROCEDURE was used to study optimum

interconnections of several separate networks, to meet future needs. Figure

21 shows the typical computed variations in water levels and piezometric heads

in several reservoirs and pipes, over a 24-hour period.
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Figure 20. Portion of water distribution network in metropolitan Paris.
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Figure 21. Computed water level and pressure variations at various points
in the Parisien water distribution network.

66

I



Program Name:

Purpose:

Origin:

SEDIMENTATION IN RESERVOIRS

SEDRES

Prediction of accumulation and distribution of sediment

. disposition in reservoirs

Developed by Karim, M.F., Croley, T.E., and Kennedy, J.F., at

the Iowa Institute of Hydraulic Research (IIHR), University

of Iowa, 1978-79

General Description: SEDRES is a mathematical model for the prediction of

accumulation and distribution of deposited sediment in reservoirs over long

time periods. SEDRES estimates the volume of sediment trapped in the

reservoir during each time interval, and distributes it by elevation on the

basis of either the standard type-curves developed by Borland (1960), or the

distribution patterns obtained from post-operation sediment surveys. The

inputs to the model are water and sediment inflows, initial elevation-area

capacity relationships for the reservoir, and sediment characteristics.

Adjusted reservoir capacities and areas, and incremental and cumulative

sediment volumes deposited in each elevation interval, are computed by SEDRES

for each time period.

Particular Features: The compaction of deposited sediments with time is

considered in the model. The compaction of each type of sediment (sand, silt,

and clay) is computed separately as a function of its age and submergence

condition for each time interval.

Restrictions: SEDRES is suitable for predicting long-term changes in

elevation-area-capacity relations of reservoirs. The effects of density

currents, tributary inflows to the reservoir, and sediment entrainment from

the bed are ignored.
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Published References:

Croley, T.E. and Karim, F., "Sedimentation in the Coralville

Reservoir", Iowa Institute of Hydraulic Research, Limited Distribution

Report No. 63, January 1979.

Karim, F. and Croley, T.E., "Sedimentation in the Red Rock Reservoir",

Iowa Institute of Hydraulic Research, Limited Distribution Report No.

64, June 1979.

Karim, F. and Kennedy, J.F., "Sedimentation in the Saylorville Lake",

Iowa Institute of Hydraulic Research, Limited Distribution Report No.

68, July 1979.

Additional Information Available: Descriptive report

Example of Application: SEDRES was applied to three Iowa reservoirs

Coralville on the Iowa River; and Red Rock and Saylorville on the Des Moines

River - to predict accumulation and distribution of sediment deposition for

100 years of simulation. Reductions in conservation and flood control

storages of the Red Rock Reservoir with time, as predicted by SEDRES, are

shown in Figure 22. The effects of seven different operation plans on the

rate of depletion of reservoir capacity are shown in this figure.
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General Description: CONDOR, part of the CARIMA system, computes the one

dimensional mixing and decay of one or more contaminants in a hranched or

looped system of rivers and canals. Normally CONDOR accepts as input the

unsteady discharges, velocities, and water levels previously computed by

CARlMA. The user then defines the various contaminants of interest, their

decay rates and/or interactions with each other, their initial distribution in

the network, and their variation in time at all inflow boundaries. CONDOR

then computes the fate of each contaminant subject to advection, diffusion,e and decay/interaction, furnishing the time-variation of contaminant

concentration at every computational point of the model. CONDOR is designed

for use in engineering analyses of:

Program. Name:

Origin:

*

*
*
*

UNSTEADY CONTAMINANT DISPERSION

IN RIVER AND CANAL NETWORKS

CONDOR

Developed by P. Sauvaget, P. Bellody, and A. Preissmann

at SOGREAH, 1981-83. Available by agreement with

SOGREAH.

salt-water intrusion in estuaries and delta systems of

channels.

fate of pollutants in river and canal systems.

effects of river modifications on contaminant dispersion.

treatment plant/outfall configurations required to meet water

quality standards.

Particular Features: CONDOR uses a fractional-step method in which advection,

diffusion, and decay/reaction are computed separately in each time step.

Advection is computed by the Holly-Preissmann (1977) characteristics method,

chosen for its simplicity of implementation conpled with exceptionally high

accuracy. Diffusion is computed by an implicit Crank-Nicholson scheme. Decay

and reaction are computed using implicit finite difference approximations of

the relevant ordinary differential equations. These various methods have heen
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implemented in such a way as to be compatible with all the hydraulics works

features of CARlMA (weirs, flood gates, etc.)

Restrictions: CONDOR assumes that the contaminants are fully mixed over the

cross-section, treating advection and diffusion as one-dimensional

processes. During high flows, the methodology used for computing mixing in

flood plain cells may prove to be inadequate. Flow dynamics are assumed to be

unaffected by dissolved contaminants.

Published References:

Holly, F.M. Jr. and Preissmann, A. (1977), "Accurate Calculation of

Transport in Two Dimensions", JHYD, ASCE, Vol. 103, No. HYl1,

November, pp. 1259-1277.

Sauvaget, 'P. (1985) , "Dispersion in Rivers and Coastal Waters 2.

Numerical Computation of Dispersion" , Developments in Hydraulic

Engineering-3, P. Navak, Editor, Elsevier Applied Science Publishers,

Barking, Essex, England.

Example of Appl~cation:

Figure 23 shows a schematic looped system of delta channels used for

operational testing of CONDOR. Discharge hydrographs enter the model at

points 1003, J003, K004, L002 and G003; a tidal boundary condition is presumed

to exist at points NOOI and MOOI, where water levels undergo twice-daily

sinusoidal variations with a tidal range of 3 meters. A constant salt

concentration of 25 parts per thousand (ppt) was maintained· at the tidal

boundaries NOOI and MOOl~ Both diffusion and decay/reaction were suppressed

for this demonstrative calculation.

Figure 23 also shows the time-variation of concentration computed by

CONDOR at points COO I, A006, and D002. Features such as the short-duration

salinity decreases at COOl and AO06, and the trapping of relatively fresh

water at D002, reflect the complex dynamics of flow in looped delta systems.
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The attainment of 25 ppt at COOl and A006, as well as the rapidity of the

concentration rises and freedom from oscillations, ~eflect the accuracy of the

Holly-Preissmann method for advection.
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IV. ADDITIONAL PROGRAMS AVAILABLE AT IIHR

V. SELECTED ADDITIONAL PROGRAMS AVAILABLE AT SOGREAH

e
ITRM

DWM

ICOOL

CHAR I*

CHAR III*

CHAR IV*

JECHAU*

PANACHE*

THERMO*

MEKOO2*

Thermal regime in rivers

Water and sediment hydrographs from watersheds

Power plant cooling alternatives

Uncoupled water and sediment routing during one flood

Coupled water and sediment routing during one flood

Water and sediment routing taking into account bed form

evolution

Near field dilution of a heated surface plume

Buoyant plume rise in stratified environment

Evolution of the thermocline in large, deep water bodies

Quasi-two dimensional flow on flood plains when local

water acceleration is important

BILIK

COSTAR

CREOLE

DIFC

DIFFRA

DIVINE

ESTRA

Rainfall-runoff simulation for natural watersheds

Optimization of networks of pressurized, branched

conduits

Prediction of wind-driven currents and vertical

diffusivity in turbulent flow subject to Coriolis force

Wave agitation, diffractions, and reflection in constant-

depth basins

Wave agitation, diffraction, reflection, and refraction

in harbors of arbitrary shape and bottom configuration

Same application as DIFFRA, alternative nl~erical method

Dynamic response of aquifer to pumping

e *Available by agreement with SOGREAH
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HISTOZ, HOULOGR, HOULSTAT

LAC

OPERET

PASHA

PLUTO

PROPRETE

REFRA, REFRAN

REGULA

STRATES

St,atistical analysis of wave

recordings

Evolution of water quality parameters in a stratified

lake or impoundment

Multipurpose reservoir optimization by dynamic

programming

Spectral analysis of random wave recordings

Rainfall-runoff transformation on urban catchments

Optimization of looped pressure networks using dynamic

programming

Wave refraction and reflection in ports

Stochastic analysis of flow regulation reservoir

Simulation of unsteady estuarine flow with continuous

vertical stratification
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EUGENE W. DOOLEY, P.E.

Mr. Dooley, President and Chairman of the Board of Dooley-Jones & Associates,
Inc. is responsible for the business operations and the growth of the company. He
is also responsible for complete administration of civil and sanitary engineering
projects, and serves as project engineer for various projects involving water
systems, sewer systems, highways, streets and subdivisions. In the capacity of
technical advisor, Mr. Dooley has served as principal-in-charge for water and
wastewater treatment facilities in Naco, Sierra Vista, Mammoth, Benson and
Green Valley. In addition, Mr. Dooley has been involved with over 100 miles of
trunk sewer construction projects since 1961 and has experience in sulfide
resistant design, linings, specifications and construction techniques for all
conditions in Pima County.

Prior to joining DJA, he was Director of Pima County Department of Sanitation.
As such, he was responsible for the overall planning, design, construction and
operation of Pima County's solid waste and wastewater collection, treatment,
reuse facilities. Additionally, Mr. Dooley was responsible for coordination,
planning and construction of water pollution control projects with all other
municipal agencies and related activities. In the area of sanitary landfill
operations in Pima County, he has performed many tasks. Early in his career at
the Departm ent of Sanitation he authored a site needs and land acquisition
program. He participated in acquisition of approximately 10 landfill sites.
Furthermore, between 1962 and 1976 he designed and supervised design of all
sanitary landfill operations in Pima County.

Professional Profile

South Dakota University, B.S. Civil Engineering, 1960
Uni versity of Arizona, M.S. Civil Engineering, 1963

Registered Professional Engineer: Arizona

Member: American Society of Civil Engineers
Arizona Consulting Engineers Association
Arizona Water & Pollution Control Association
Water Pollution Control Federation

Doole)'-Jones
&Associates, Inc.
COI\ISULTJNG ENGINEERS IPLANNERS



JERRY R. JONES, P.E.

Mr. Jones is the Executive Vice President and General Manager of Dooley-Jones &
Associates, Inc. He is responsible for engineering management of all technical
services. In addition, he is responsible for the administrative work of business
developm ent and growth of the corporation.

Prior to joining DJA, Mr. Jones served as Director of the Pima County
Department of Transportation and Flood Control District from 1974 to 1979. As
such, he was responsible for a staff of 350 employees, a budget of $9.2 million,
and capital improvement funds of approximately $15 million. During this period
he functioned as Chief Engineer for the Flood Control Distr ict where he was
responsible f or initiating and writing Pima County's first Floodplain Ordinance.
From March 1976 to March 1979, Mr. Jones was Manager of the Regional
Transportation Planning Committee.

During the period 1969 to 1974, he was Manager of the Facilities Engineering
Departm ent f or AURA, Incorporated, a non-profit organization that operates and
maintains several large astronomical observatories. He was responsible for
supervising and directing the planning, design and constru:tion of all major
construction projects within an annual budget of $5 to $10 million. One of these
facilities was Kitt Peak Observatory in Southern Arizona.

He worked as project engineer while with the U.S. Army Corps of Engineers on
constru:tion and structural design projects from 1964-69. Prior to this he was a
designer with the California Division of Highways.

Mr. Jones is active in professional organizations. He is currently on the Board of
Directors for the Southern Arizona Home Builders Association (SAHBA). In
November-December, 1985 he served on a 50-man delegation of international
transportation professionals to the People's Republic of China. It was sponsored
jointly by the Chinese Highway Society and the Citizen Ambassador Program of
People to People.

Professional Profile

Oklahoma State University, B.S. Civil Engineering, 1960
Oklahoma State University, M.S. Civil Engineering, 1969

Registered Professional Engineer: Arizona, California, Nevada, Oklahoma

Member: American Society of Civil Engineers
American Public Works Association
American Concrete Institute
American Society of Professional Engineers
Arizona Association of County Engineers
National Society of Professional Engineers
Society of American Military Engineers

Dooley-Jones
& Associates, Inc.
CONSULTING ENGINEERS I PLANNERS



ROGER E. BAELE, P.E.

Mr. Baele is Vice-President in charge of the Water Resources Department. In this
capacity he provides administrative and technical supervision for all water
resources related projects. He was named Vice President in 1985.

He joined DJA in 1981. His work as project engineer and project manager has
included the direction of design and preparation of plans on the water resources
phases of many projects for public and private sector cl.ients. He has directed all
land development drainage investigations since he joined the firm. These have
included several drainage master plans on large tracts of land and floodplain
reclamation projects. He has acted as project manager on projects for the Corps
of Engineers, Pima County Department of Transportation, and the City of Tucson.

Prior to joining DJA, Mr. Baele was employed by a Midwest consulting firm. He
functioned as design engineer on water resources and transportation projects. He
prepared several Flood Insurance Studies on cities and counties in Indiana for the
Federal Emergency Management Agency. He also worked on the design of two
interchanges on the Indiana Toll Road. He performed construction management
on a $3.5 million highway reconstruction project in Indianapolis.

Professional Profile

Purdue University, B.S. Civil Engineering, 1979
University of Arizona, Graduate Studies in Hydraulic Engineering, 1985-present

Registered Professional Engineer: Arizona, California

Member: American Society of Civil Engineers
Arizona Floodplain Managers Association

Doole)'-Jones
.&Associates, Inc.
CONSULTING ENGINEERS I PLANNERS



SHI-EN SHIA U, P.E.

As Chief Hydraulic Engineer, Mr. Shiau is responsible for the technical aspects of
water resources projects. His work as project engineer has involved river master
planning, bri dge analysis, bank protection design, land developm ent drai nage
master planning, urban storm water studies and highway drainage design. He has
developed a hydraulic computer model (SESCAL) whi ch is capable of sizing all
types of culverts through various flow conditions with outlet scour analysis, outlet
protection design, weir flow, backwaters and hydrograph routing. Storm drain
networks and street flow using various hydraUlic structures can also be analyzed
by this program.

Prior to joining DJA in 1983, Mr. Shiau worked as a design engineer in the Water
Resources group of a Midwest consulting firm. He prepared Flood Insurance
Studies, flood control projects for the COE and multiple reservoir design.

While a Research Assistant at the Iowa Institute of Hydraulic Research, Mr. Shiau
worked on power plant cooling rower circulation projects. These projects included
consulting for the Tennessee Valley Authority, Gaston Plant, Marley Company.

He is very familiar with the use of the HEC hydraulics and hydrology computer
model package as well as TR-20 and FLUVIAL 11.

Professional Profile

National Chung-Hsing University, Taiwan, B.S. Civil Engineering, 1974
University of Iowa, Institute of Hydraulic Research, M.S. Civil Engineering, 1978
University of Missouri, Graduate Studies in Engineering Management, 1980-1983
University of Arizona, Graduate Studies in Hydraulic Engineering, 1984- present

Registered Professional Engineer: Arizona, Iowa

Member: American Society of Civil Engineers
American Water Resources Association
Arizona Floodplain Managers Associaton

Dooley-Jones
&Associates, Inc.
CONSULTING ENGINEERS' Pl.ANNERS



LONG-CHENG HUANG, Ph.D., P.E.

Dr. Huang is a Senior Water Resources Engineer and functions primarily as a
project engineer on hydraulic and hydrologic projects. He has performed
investigations of the sediment transport characteristics of southwestern streams
f or bridge and bank protection design and channel relocation. He has designed a
regional detention basin and outlet structure for a 360 acre-foot impounding
stru:ture. Currently he is preparing a Water Control Manual for Brea Dam in
Fullerton, California.

As a graduate research assistant at the Iowa Institute of Hydraulic Research, Dr.
Huang performed research to develop a computer model for seismic hydrodynamic
pressure on dams, developing a mathematical model to predict plume behavior
from multiple cooling towers, experiments for various model studies including
pumping intake structures and a new method for bank protection and sediment
transport in alluvial rivers.

Dr. Huang has authored papers on numerical and experimental modeling of
multiple plumes and seismic water pressure on dams.

Professional Profile

College of Marine and Oceanic Technology, Taiwan, B.S. River and Harbor
Engineering, 1974

University of Iowa, Institute of Hydraulic Research, M.S. Civil Engineering, 1979
University of Iowa, Institute of Hydraulic Research, Ph.D. Civil Engineering, 1984

Registered Professional Engineer: Iowa

Member: American Society of Civil Engineers
International Association for HydrauUc Research
American Society of Mechanical Engineers

Doole)'-Jones
&Associates, Inc.
CONSULTING ENGINEERs I PLANNERS



HONG-YUAN LEE, PhD.

Dr. Lee has been involved with analysis and design of many rivers and washes in
Arizona as a Water Resources Engineer at Dooley-Jones & Associates. The major
part of his duties involves the analysis of sediment transport characteristics of
rivers and design of bank protection. He has performed geomorphic analysis on
several miles of the Santa Cruz River. These stretches of the river have had little
influence by man-made structures and were analyzed to determine the potential
meander envelope.

He was a post-doctoral associate and earlier a graduate research assistant at the
Iowa Institute of Hydraulic Research. As such he performed analysis of sediment
transport around river bends, the armoring phenomena in river beds, and design of
a new method for bank protection: the Iowa sumberged vane. The vane works to
generate a countermoment to the forces that cause secondary currents.

Dr. Lee has authored and co-authored papers on flow characteristics in alluvial
channel bends; numerical simulation of bed armoring; and, the Iowa submerged
vane.

Professional Profi Ie

National Cheng-Kung University, Taiwan, B.S. Hydraulic Engineering, 1978
University of Iowa, Institute of Hydraulic Research, M.S. Civil Engineering, 1982.
University of Iowa, Institute of Hydraulic Research, PhD., Civil Engineering, 1984-.

Member: American Society of Civil Engineers

Dooley-Jones
&Associates, Inc.
COI'\ISULTING ENGINEERS' PLANNERS



MOOKENCHERIL P. CHERIAN, PhD.

As a Water Resources Engineer at Dooley-Jones & Associates, Dr. Cherian will be
responsible for numerical sim ulation in Hydrology and Water Resources projects.
He was a post-doctoral associate and research associate at the Iowa Institute of
Hydraulic Research. As such, Dr. Cherian was involved in a variety of water
related projects. These include hydraulic model studies of Hannibal Lock and
Dam, Virginia; hydroelectric potential of De Moines River at Red Rock Dam,
Iowa; hydraulic model investigation of fish diversion systems, and hydraulic model
testing of peripheral jet pump. He has conducted a seminar on 'Hybrid Cooling
Systems' at the Workshop on Hydraulic and Environmental Engineering for Electric
Utilities at the University of Iowa.

Dr. Cherian has published papers on several hydraulic topics .including a model
study of a drop structure for the M.i1waukee Metropolitan Sewerage District Inline
Storage System, cooling towers and lakes, fish diversions, and for effects on power
production costs from river thermal standards.

Professional Profile

India Institute of Technology, India, B. Tech., Civil Engineering, 1975
India Institute of Technology, India, M. Tech., Civil Engineering (Major Hydraulic

Engineer), 1977
University of Iowa, PhD., Civil and Environmental Engineering, 1985

Dooley-Jones
& Associates, Inc.
CONSULTING ENGINEERS/PLANNERS



PETER S. MILLER, E.I.T.

Mr. Miller has performed analysis for river channelization, floodplain reclamation
and land development projects as part of his duties at Dooley-Jones &
Associates. He has performed backwater analysis using HEC-2 and sediment
transport using FLUVIAL lIon projects involving bank protection design. He is
also a candi date f or a Masters Degree in Civil Engineering at the University of
Arizona.

Prior to joining DJA, Mr. Miller was a research assistant at Marquette
University. He was responsible for evaluating data for an urban runoff study
sponsored by the State of Wisconsin, Department of Natural Resources. The
project involved determination of type and concentration of pollutants present in
the urban runoff.

Professional Profile

Marquette University, B.S. Civil Engineering, 1982
University of Arizona, M.S. Candidate, Hydraulic Engineering

Registeration:Engineer-in-Training, Arizona

Member: American Society of Civ.il Engineers
American Water Resources Association
Arizona Floqdplain Managers Association

Dooley-Jones
&Associates, Inc.
CONSULTING ENGINEERSI PLANNERS



KENT R. JOHNEJACK

Mr. J ohnej ack has been involved with analysis and design of hydraulic and
hydrologic projects as a part of his work at Dooley-Jones &. Associates. He has
performed extensive backwater modeling of the rivers in Southern Arizona using
HEC-2. He has worked on design of flood retarding structures and revetment
design. He performed reconnaissance level evaluation of the existing levee
system on 9.5 mile reach of the Gila River in New Mexico. Currently he is
performing an extensive analysis on a 30 mile reach of the Santa Cruz River in
Santa Cruz County, Arizona. He is also a candidate for a Masters Degree in Civil
Engineering at the University of Arizona.

Prior to joining DJA, Mr. Johnejack worked for the U.S. Bureau of Reclamation
and also with the U.S. Forest Service. In this capacity he assisted in setting up a
stream gauging network and training technicians in operating the system. He also
was responsible for collecting streamflow, meteorological, and water quality data
and analysis of the water quality samples.

Professional Profile

Utal State University, B.S. Watershed Science, 1980
University of Arizona, M.S. Candidate, Hydraulic Engineering

Doole}'-Jones
&Associates, Inc.
CONSULTING ENGINEERS IPLANNERS





Abri dged
Curriculum Vitae

for
John F. Kennedy

July 1984

1. Date and place of birth: 17 December 1933; Farmington, New Mexico

2. Marital status: Married; four children

3. Higher education:

School
University of Notre Dame
California Institute of Technology
California Institute of Technology

De~ree
B•• (Civil
M.S. (Ci vil
Ph.D.

Eng'g, magna cum
Eng I g)

Date
laude) 195'5"

1956
1960

4. Title of doctoral thesis: Stationary Waves and Antidunes in Alluvial Channels

5. Areas of expertise:

Engineering education, research and education administration, hydraulic

engineering, water-resources development, environmental engineering, ice

(arctic) engineering

6.

e
Publications:

Author, co-author, or editor of 135 technical papers, reports, monographs, and

books

7. Employment record:

Sep. 1956 - Jun. 1956

Jun. 1956 - Mar. 1957

Mar. 1957 - Sep. 1957

Sep. 1957 - Jun. 1960

Sep. 1960 - Aug. 1961

Sep. 1961 - Jun. 1964

Jul. 1964 - Jun. 1966

Jul. 1974 - Jun. 1976

Teaching Assistant, California Institute of
Technology, Pasadena, California

Stress Analyst, Sandia Corporation, Albuquerque, New
Mexico

Active Duty, 2nd Lt., U.S. Army Corps of Engineers,
F~. Belvoir, Virginia

Research Assistant, California Institute of
Technology, Pasadena, California

Postdoctoral Fellow, California Institute of
Technology, Pasadena, California

Asst. Professor of Hydraulics, Massachusetts
Institute of Technology, Cambridge, Massachusetts

Assoc. Professor of Civil Engineering, Massachusetts
Institute of Technology, Cambridge, Massachusetts

Chairman, Energy Engineering Division, The
University of Iowa, Iowa City, Iowa



Abridged Curriculum Vitae for John F. Kennedy
Page 2

Jul •. 1966 - Jul. 1981

Jul. 1981 - Present

8. Visiting appointments:

Summer 1962

Summer 1963

Sep. - Oct. 1969

1972-73 academic year

1976 - winter term

Summer 1977

Jan. - Feb. 1981

Director, Institute of Hydraulic Research and
Professor, College of Engineering, The University of
Iowa, Iowa City, Iowa

Carver Distinguished Professor and Director,
Institute of Hydraulic Research, The University of
Iowa, Iowa City, Iowa

Research Fellow, California Institute of Technology,
Pasadena, California

Hydraulic Engineer, U.S. Geological Survey,
Albuquerque, New Mexico

Visiting Engineer to USSR Scientific Centers,
. AcademY of Science, USSR

Fulbright Fellow and Visiting Professor,
Univer~itaet Karlsruhe, Germany

Erskine Fellow and Visiting Professor, Cantebury
University, Christchurch, New Zealand

Visiting Associate, California Institute of
Technology, Pasadena, California

Visiting Consultant, Central Power and Water
Research Station, Poona, India

9. National and International Committees:

Member, Board of Consultants for the Sacramento River and Tributaries, Bank

Protection, and Erosion Control Investigation, 1978-continuing

Member, Board of Consultants for St. Lawrence Seaway Navigation Extension

Season, 1979-continuing
Member, Advisory screening committee in Engineering, Council for International

Exchange of Scholars (Fulbrig,ht-Hays Act) 1977-1980
Chainman, Committee on Natural Disasters, National Research Council, 1983-

continuing (member since 1980) .
Chairman, Committee on Computer Analysis of River Sedimentation, National

Research Council, 1980-1983
Member, Peer Review Group, ARL Power Reactor Containment Sump Studies, Dept. of

Energy, Nuclear Regulatory Commission and Sandia Corp., 1981-1982

Member, Water Science and Technology Board, National Research Council, 1982

continuing'
Member, Team of Experts to Review Development of National Water Plan for Saudi

Arabia, 1982-continuing
Member, Panel on Niagara River Ice Boom Investigations, National Research

Counci 1, 1983



Abridged Curriculum Vitae for John F. Kennedy
Page 3 .

e 10 •. Professional societies:

National Academy of Engineering (Member)
International Association for Hydraulic Research (Member and Past President)

American Society of Civil Engineers (Member)
American Society of Mechanical Engineers (Member)
Society of Sigma Xi (Member)
American Society of Engineering Education (Member)
Served on and chaired numerous committees at national and international levels

in these and other organizations

11. Recognitions:

Corning Glass Works Fellowship, 1959-60
J.C. Stevens Award for Outstanding Discussion, Transactions Am. Soc. of Civil

Engi neers. 1961
Huber Prize for Outstanding Research, Am. Soc. of Civil Engineers. 1964

National Honor Member, Chi Epsilon Honorary Civil Engineers Fraternity, 1968

Fulbright Fellowship, 1972-73
Elected to National Academy of Engineering, 1973
Hilgard Hydraulics Prize, Am. Soc. of Civil Engineers, 1974
Elected Emminent Engineer, Tau Beta Pi National Honorary Engineering

Fraternity, 1974
Erskine Fellowship, 1976
Hilgard Hydraulics Prize, Am. Soc. of Civil Engineers, 1978
Notre Dame University Engineering Honor Award, 1978
Elected President of International Association for Hydraulic Research, 1980-82

(re-elected for term 1982-84)
Hunter Rouse Hydraulic Engineering Lecture Award, Am. Soc. of Civil Engineers,

1981
Named Carver Distinguished Professor, The University of Iowa, 1981

Iowa Governor's Medal for Science Application, 1983
Elected Honorary Member of Hungarian Hydrological Society (first American so

honored), 1983



Abridged
Curriculum Vitae

for
Forrest M~ Holly, Jr.

August 1984

1. Date and place of birth: 1 April 1946; La Jolla, California

2. Marital status: Married; no children

3. Higher education:

I

I
I

I
I

I
I

School
Stanford University
University of Washington
Colorado State University

Degree
B.S.
M.S.
Ph.D.

Date
1968
1969
1975

4. Title of doctoral thesis: Two-Dimensional Mass Dispersion in Rivers

5. Areas of expertise: Computational Hydraulics; Dispersion; Unsteady Flow

Modell ing

6.

7.

Publications:

Author, co-author, or editor of 30 technical papers, reports, monographs,

books.

Employment record:

Aug. 1982 - Present

Feb. 1976 - Jun. 1981

Jul. 1975 - Jan. 1976

Apr. 1972 - Mar. 1975

May 1974 - Jul. 1974

Aug. 1973 - Dec. 1973

Associate Professor and Research Engineer, Iowa

Institute of Hydraulic Research, The University of

Iowa, Iowa City, Iowa.

SOGREAH, Grenoble, France. Engineer, Applied

Mathematics Service. Development and application of

mathematical models for hydrodynamics and water

quality in riverine and coastal waters.

DAMES &MOORE, Washington, D.C. Staff Engineer.

Evaluation of flood insurance program needs.

Colorado State University, Ft. Collins, Colorado.

Graduate Research and Teaching Assistant. Studies.

of turbulent diffusion in rivers.

Colorado State Unviersity. Research Associate.

Mississippi River bank and bed stability study •.

Northwest Hydraulic Consultants. lts., Edmonton,

Alberta. Hydraulic Engineer. Study of stability

and flood attenuation properties of artificial river

cutoffs.



~APr. 1970 - Feb. 1972

8. Visiting appointments:

Jul. 1981 - Jun. 1982

Wa~erways Experiment Station, VicKsburg,
Mississippi. Research Hydraulic Engineer. Physical
model studies of dense jet diffusion and stratified
flow.

Oep. of Mathematics, University of Reading, Reading,
England. Visiting Research Scientist. Development
of numerical methods for pollutant dispersion in 2-0
unsteady flow.

9. National and international committees:

Use of Computers in Hydraulics and Water Resources, IAHR
Computational Hydraulics Commmittee, ASCE

10. Professional societies:

Member of the American Society of Civil Engineers (ASCE)
Member of the International Association for Hydraulic Research (IAHR)
Member of SIGMA XI
Member of American Geophysical Union

11.

~

Recognitions

Arthur Thomas Ippen Award, IAHR, 1983





STUDIES RELATED TO RIVER HYDRAULICS
CONDUCTED AT

IOWA INSTITUTE OF.HYDRAULIC RESEARCH
1970-present

Sponsoring
Agency Period

COE 1968-70

FWQA 1969-70

USGS 1969-70

ARS 1969-72

ISWRRI 1969-73

ISWRRI 1969-73

NSF 1970-71

NSF 1970-71

COE 1970-73

ARS 1910-74

OWRR 1971-76

NPPO 1912-73

CRREL 1972-75

Research Project

Effects on year-round navigation of
river ice jams

Dispersion of water pollutants in sinuous
channel flows

Free surface shear f10w over a wavy bed

Friction-factor predictors for alluvial
channe1 flows

Natural mixing and transfer processes for
thermal loads in streams

Effects of river curvature on resistance
to flow

Dynamics of ice-covered streams

Mixing and transfer processes for heated
effluents in open channel flow

Formation and stability of river ice jams

Experimental investigation of the turbulent
structure of sediment suspensions

Mixing and transfer of heat in open-channel
flow

Study to determine mixing characteristics of
the Missouri River

A field investigation of the effects of large
thermal effluents on temperature and ice
conditions in the Mississippi River

Ice-covered streams: (a) ice forces;
(b) ice ripples; (c) ice instrumentation

Field testing of cooling water discharge
system, Quad-Cities Nuclear Plant

NSF

CEca

1972-76

1972-Con.



Movable bed hydraulic model study for
Cooper Nuclear Station intake system,
Missouri River near Brownsville, Nebraska·

Bathymetric survey for Carroll County
Nuclear Station

Computer-based numerical model of thermal
regimes of the Mississippi and Missouri
Rivers

Transport of sediment in ice-covered
alluvial streams

Study of migration of Blackbird Bend of
Missouri River in Monona County, Iowa

Mixing of heated effluents with the
Missouri River

Mathematical and hydraulic modelling of
ice-control systems in the St. Lawrence
River

NPPD

crco

ISWRRI

USGS

SOl

IEPC

OOT/ARCTEC

1973-74

1974

1975-77

1975-77

1976

1976

1976-77

Field study of sediment-transport character- CaE
istics of the Mississippi River near Fox
Island (RM 355-6) and Buzzard Island (RM 349-50)

Organization of workshop to determine the CaE
causes of river-bank erosion on the Des·
Moines River

Sedimentation in the Upper Mississippi River CaE

Organization of workshop to determine the ICC
causes of degradation/aggradation on the
Mi ssouri Ri ver

Scour around bridge piers at high Froude DOT
numbers

Sheridan site bathymetric survey, Fox CECa
River

Testing of various sediment transport COE
computer models, Pool 20, Mississippi
River

Model for flooding and sedimentation in an OWRT
urbanizing watershed

1976-77

1977-78

1977-78

1977-78

1977-79

1978

1978-80

1978-80



Technical review of and report on work of
organization contracted by Omaha District
Corps of Engineers to develop and verify
mathematical model on transverse mixing on
the Mi ssouri Ri ver

CaE 1979

Review applicability of HEC-6 scour depo- CaE
sition model to bed degradation in the
Missouri River from Gavins Point Dam
downstream to Omaha, Nebraska

Submerged-screen intake on the Mississippi CECO
River

Sediment budget for the Upper Mississippi CaE
River GREAT-II reach (between Guttenburg,
Iowa and Saverton, Missouri)

Suspended sediment modelling of dredge- CaE
disposal effluent in the GREAT-II study
reach

Incorporation of river-bend characteristics WES
and effects into mathematical models of
alluvial rivers, and conduct of a model
study of Sacramento River bends

Develop computer-based simulation model for CaE
scour/deposition in the Missouri River

Bank protection and erosion-control investi- CaE
gation for Sacramento River

Review and evaluate computer-simulation CaE
studies and structural alternatives to
reduce dredging

Field measurements to obtain diagnostic data IELP
on river flow and shoaling in the vicinity
of Duane Arnold Energy Center make-up water
intake

Refinement and verification of predictive CaE
models of suspended sediment and toxic
desorption and dispersion for Mississippi
River GREAT-III reach

Evaluation of computer-based sediment-routing NRC
models for prediction of flood stages
and scour/deposition

Characteristic times and rates of NSF
nonequilibrium river processes

1979-80

1979-80

1979-80

1979-80

1979-83

1980-82

1980-82

1981

1981

1981-82

1981-83

1981-Con.



Refine computer-based computational model
for flow and sediment routing in the
Missouri River

Diagnostic study of Unit 3 intake shoaling
problem at Council Bluffs Station

Computer-simulation and prognosis for the
degradation of Missouri River

Preconstruction geomorphological study
near RM 614 (Ackerman1s Cut) to determine
effects of installing a submerged dike

Submerged vanes for flow control and bank
protection in streams at roads and highways

Sediment transport in partially armored
river bends

Bank erosion along Iowa Rivers

Further refin~ IALLUVIAL--numerical model
of alluvial river processes

Develop optimum form of precast II Iowa
Vanes" for protection of shorelines/
riverbanks

Develop settling tube for particle-size
analysis of sand-range sediments

Sand erosion studies of various proposed
side inlet designs for Palm Valley
stormwater channel

Effect of water diversion on ice formation,
bed degradation, and groundwater levels
in the Missouri River below
Gavins Point Dam

Study disposal of mine tailings at
Quartz Hill molybdenum mine project

Design and Test Iowa Vanes for Shore
Protection on the Yukon River at Galena,
Alaska

Iowa Vanes: A New Marketable Structure for
5treambank Protection

CaE

IPPLC

ISWRRI

CaE

roOT

NSF

ISWRRI

COE

IHTC

IHTC

BI

51

BI

RM

IHTC

1982-Con.

1982-Con.

1982-Con.

1983-Con.

1983-Con.

1983-Con.

1983-Con.

1984-Con.

1984-Con.

1984-Con.

1983-

1983-Con.

1984-Con.

1984-Con.

Odgaard,
Kennedy



ARS
ARCTEC
CECO
COE
CRREL
DOT
FWQA
ICC
IDOT
IELP
IEPC
IHTC
IPPLC
I SWRRI
NPPD
NRC
NSF
OWRR
OWRT
RM
SI
USGS
WES

Abbreviations

Agri cul tu ra1 Research Set-vi ce
ARCTEC, Inc.
Commonwealth Edison'Company
U.S. Corps of Engineers
Cold Regions Research and Engineering Laboratory
U.S. Department of Transportation
Federal Water Quality Administration
Iowa Conservation Commission
Iowa Department of Transportation
Iowa Electric Light and Power Company
Iowa Energy Policy Council
Iowa High Technology Council
Iowa Public Power and Light Company
Iowa State Water Resources Research Institute
Nebraska Public Power District
National Research Council
National. Science Foundation
Office of Water Resources Research
Office'of Water Resources and Technology
R &MConsultants, Anchorage, Alaska
State of Iowa
U.S. Geological Survey
Waterways Experiment Station
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SUMMARY OF CAPABILITI~
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The University of Iowa
Iowa City, Iowa. 52242

DESCRIPTlai OF THE larA INSTI'l'D"l'E OF B!OOAIJLIC RESAROI

The Iowa Institute of Hydraulic Research. (HHR) , a unit of The University

of Iowa's (DI) OJllege of Engineering, has been actively engaged for many

years in nunerous areas of fluid mechanics and hydraulic engineering. The

Institute was formally organized in 1931 to coOrdinate capabilities,

facilities, and resources available at The University for conduct of research

in engineering hydraulics, hydrology, and fluid mechanics, and to praoote

research and advanced engineering in these fields. The Tnstitute maintains

high levels of research/engineering capabilities in the following areas:

Hydraulic EDgineering
Hivers and Sediment Transport
Hydraulic Structures
Hydraulic Machinery
Computational Hydraulics
Earthquake Effects on Dams/Reservoirs
Hydraulic Transients
Waste-Heat Managanent

FluidMechani.cs
Numerical Fluid Dynamics
Turbulence and Turbulent Shear Flow
Aerodynamics
Low Reynolds Number Flows
Boundary Layers (emphasis on thick and three-dimensional boundary layers)

Water Waves
Irrotational Flows
Biological Flows
Dispersion/Diffusion Processes
Heat Transfer

Marine Eng; neering
Ship Hydrodynamics
Coastal Processes
Wave Forces on Structures
Port/Harbor Engineering

Arctic El:Jgineeri.ng
River-Ice Processes
Sea-Ice Processes
Ice Forces on Structures
Ice Propertie~/Mechanics

Physical aDd NlDerical lbie] 1 j ng
Hydraulic Structures
Coastal Processes
Wave Phencmena
Ice Processes
BuildiDg Aerodynamics
Atmospheric Dispersion
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I.J:JII TafPERATURE l'1.OI FACILITr

This facility includes a recirculating, tilting flune (slope variable
fran a to 2.2 percent; 4O-ft long, 2-ft wide, and 1-ft deep; temperature
controlled floor and walls; max~ discharge of 3.1 cfs; motorized instrument
carriage), which is housed in an insulated roan (figure 3), 54-ft long, 12-ft
wide, and 8.5-ft high. Roam temperatures down to -23°C can be obtained under
all operating conditions. 'TIle roan also houses a Tinius Olsen 10,OOO-kg
testi~ machine; a 19-ft long, 3.5-ft wide, and 2.5-ft deep ice-force towing
tank equipped with a variable-speed carriage driven by a rack and pinion
systen and fitted with a dynamaneter; and a special facility for frazil-ice
generation.

ICE 'lOrn{; TANK

The ice towing tank (figure 4) is 65-ft long, I6-It wide, and 4-ft deep,
and is housed in a refrigerated roan (SD-ft long, 27-ft wide, and l2-ft high)
with refrigeration capa.ci ty of 150 ,000 Btu/hr. The minimum tenperature
attainable in the rocm is _20°C, which will produce an ice cover at a rate of
about 2 in. per day. The roan refrigeration system (forced air through
perforated ducts located above the tank) was designed to insure uniform
temperature distribution at the tank water surface and uniform ice growth and
strength. A towed, underwater television camera allcws visual inspection of
the ice-breaking patterns and of the motion of the resulting ice floes.

The Iowa Shi~Model Towing Tank is utilized principally to study the
drag, flow, and motion characteristics of ships. buoys, shallowly submerged
bodies, and offshore structures. The tank is 315-ft long, lO-ft wide, and
9-ft deep. It is fitted with a towing carriage, dynamcmeters, and flow-survey
equipnent, and is driven fran one end by a 20 h.p. rootor through a speed
control at speeds up to 20 fps. A plunger-type wavenaker at the far end,
driven through a scotch-yoke mechanisn to provide pure hannonic input, and
equipped with a speed control, can generate regular waves over a range of
frequencies and amplituies.

The rum unsteady-flow water tunnel is a unique, general-purpose facility
which has been bullt for the study of unsteady-flow phenanena. The tunnel
operates fran the constant-head tank located on the third floor of the main
laboratory. It has a test section 96-in. long, 20-in. wide, and 9-in. high.
The velocity of flow in the test section can be made to vary with time in a
prescribed manner. This is achieved by the use of a revolving, profiled
sleeve value at the end of the tunnel. The sleeve valve is driven by a 3-hp,
variable-speed, geared, OC motor, whose speed is regulated electronically.
The flow discharges' into an underground laboratory sunp. The required wave
form of the velocity variation in the test section is obtained by
appropriately contouring the profile of the sleeve valve. The tunnel is
prese!ltly designed far obtaining a sinusoidally varying velocity at the" test
section with a mean velocity of 1 mis, oscillation frequency of 2 Hz, and
oscillation amplitude of about 40 percent of the mean-flow velocity. The
ttmnel is instrunented with a ~canponent laser-doppler anenaneter, and is
being used for conduct of research on unsteady turbulent boundary layers.
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Uxations of IIHR Research and Testing Facilities

1 Hydraulics I.a.boratory 3 East Annex
a. Towing tank a. Environmental flow facility
b. Low-temperature flow facility (2.3-m x 3-m x 20-m temperature-
c. Oscillatory-flow water tunnel controlled fl1.1ne)
d. Miscellaneous flumes, basins, b. 20-m x 5-m x 14.m Ice towing tank

channels, etc. 4 Model Annex
e. Electronics' shop/main canputer a. Specially equipped and metered
f. Machine shop model test basin.

g. Administrative and faculty offices b. Til t1ng sediment fllJI1e
2 West Annex 5 Oakdale Ann~

a. 1.5-m octagonal working-section wind 30-m x Zl-m model test basin

e tunnel 6 Wind Tunnel Annex

b. Sediment-analysis lab 1.4 m x 1.8 m worki.ng section refrigerated
c. 2:7-m x 2D-m model test basin icing wind tunnel (to be canpleted 9/84)

Figure 1. U::>cations of I IHR Laboratory Buildings and Besearch/Testing Facilities



e RESEARaI AND TEStlNi FACILITIES OF THE IOWA INm'I'IDTE OF HYDRAULIC IIDmARaI

The Institute's research and engineering projects are conducted in six,
modern, well-equipped laboratories, with total floor space exceeding. 58 ,000
square feet (figure 1). rum has continued to develop its experimental
facili ties and capabilities iIi recent years, while at the same time
maintaining a high level of activity in computational hydraulics and fluid
mechanics. Indeed, expertmental and mathematical modelling proceed in consort
in many IIHR projects. IIHR places pri.mary emphasis on basic research;
however, it maintains large, modern, and canpletely staffed instrunentation
(electronics), machine, carpenter, and model-building shops in order to
complete its numerous site-specific investigations and model studies in timely
fashion. These support capabilities greatly facili tate the progress of all
Institute programs. IIHR's major research equipment includes the following:

Two lOOciel basins, one 100 ft x 90 ft and the other 90 ft x 65 ft are
available for studies of river and coastal processes, large hydraulic
structures, and dispersion of heated and other discharges. A third test
basin, 130 ft x 50 ft, has been designed with special flow and metering
capabilities for computer-controlled modelling of hydraulic structures,
rivers, etc.

ENVIIDWENl'AL FJ.J:JII FACILITY

The Environmental Flow Facility. (figure 2) is a recirculating laboratory
flume with a test section 65-ft long, lO-ft wide, and 7.5-ft deep. The
\\Orking section has a 32-foot long glass wall to facili tate flow
visualization. The flume is equipped with two 500,000 Btu/hr gas-fired water
heaters and a small cooling tower to permi t generation of temperature biased
plumes, control of model ambient temperature, and production of density
stratification. The flow enters the VoOrking section of the flume through a
contraction section. The variable discharge (up to 140 cfs) is propelled by
two 36-in. pumps driven by variable-speed motors. The facility is equipped
with auxilIary pumps for introducing and withdrawing heated/cooled flows (jets
plumes), and with water-filtering equipment. Instrumentation for measurement
of temperature, velocity , etc. , is interfaced with the HP-10OO Data
Acquisition and ())ntrol System in the main laboratory. The facility is used
primarily for model studies of buoyant plt.mes, cooling-tower interference,
cooling-tower recirculation, plune interaction with surrounding terrain and
structures, and power-plant layouts; however, the EFF also has been. used to
study biophysical characteristics of swimmers to improve their swiJ:rmi.ng
skills, and for fish-guidance studies. The size of this unique facility
pennits conduct of lIXXiel studies at relatively large scale with minimal
blockage effects.

WIND TDNNEL

The largest I IHR wind tunnel is a low-turbulence, closed-ci.rcuit facility
with a 5-ft octagonal working section and a rnaximun speed of 100 ft/sec.



Yater Resourees
Hydrology
Water-Qua.lity Dynamics
Water-Resource Systans

Miscellaneous
Field Testing
Field/Labora~ory Ins~runentation for Fluids Measurements
Software for On-Line Con~rol/Data

Managenent for Experimental Hydraulics/Fluid Mechanics
Cooling-Tower Technology
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HEWLETl'-PA<XARD 1000 DATA A~SITIal AND <nmu. SYSTIill

All IIHR laboratories and research facilities are interfaced to its Data
Acquisition and Cbntrol System, for on-line logging and analysis of data, and
computer control of experiments. TIle heart of the IIHR canputer system is an
HP-I000 E-Series, 16-bit, microprogrammable minicomputer. It runs under RTE
IVB, which is a real-time multi-user, disc-based operating system. It has a
high-speed (80,000 floating point operations/sec, 1 million base
instructions/sec) processor and a large main memory (384K words). A Preston
analog-to-digital subsystem allows for data sampling at up to 80 KHz on any of
16 channels. For exper~ental measurement and control, there are 16 parallel
binary I/O lines. Programs and data are stored on a 125 MB disc and 1600 bpi
digital tape.

The Institute recently purchased an HP-I000 flJ300 system (the latest
addition to the HP-1000 family) for data acqUisition in its newly constructed
Wind Tunnel Annex. It has the capability to sample s~ultaneously on 3
channels at total throughputs up to 55K samples/sec. The systen has a 65MB
disc and 512K bytes of main menory. It ccmnunicates, through another OS link,
with the E-series at the main Laboratory, thereby allowing wind-tunnel and
computerized model basin data access to processing facilities there.

TIle Institute's HP-1000 computer is a part of a network of three HP-1000
University canputers connected through HP DS-I0oo-IV software. This permits
transfer of experimental data to and fran the HP-1000 at the UI Canputer
center for storage on its t'M:> 50 megabyte discs and mag tapes. Data easily
can be transferred fran the Institute's node to the Canputer Center's IBM 370
for further storage or processing.

Several sophisticated graphics terminals (HP 2648A), a four-color
graphics plotter (HP 9872), and a graphics printer (HP 2631G) provide powerful
plotting capabilities to a wide range of users in preparing data plots,
figures, circuit layouts, instruction transparencies, etc.

The University of Iowa's Weeg Computing center offers a broad range of
computing hardware and services. Most computational hydraulics and numerical
fluid dynamics computing is done on the center's IBM 370-168 or PRIME 750/850
computers. Both are accessible through IIHR' s computer terminals, and offer
interactive file editing, batch processing, and hard-copy graphics. In
addition, the PRIME systans offer interactive computing and graphics. The
ITEL ASS computer at Iowa State University is accessible by telephone link.

lAser J»pp1er Anemc:meter

The IIHR Laser Doppler Anenaneter system consists of cne 5-mw and a 15-mw
helium-neon laser manufactured by Spectra-Physics, Inc.; a TSI ~omponent,

three-beam optical system, and a TSI tv.o-caDponent receiving optic. The
system is equipped with a double Bragg-cell to pennit rnea.suranent reversing
flows. The optical systan consists of t'MJ beam splitters 7 four polarizing
rotors, two pairs of positioning modules, a phase-shift canpensator, and a



focusing lens. The rece~v~ng optic consists of two polarizers, two

photodetectors, and a focusing lens. Two TSI trackers are employed to process

the output of the photodectors. The systen is capable of measuring

instantaneous velocities in two directions simultaneously in the three-beam

mode, or one velocity canponent in the t'AAJ-beam mode. A second. one-canponent

LDA Systen consisting of a Bragg-cell and counter-type processor is on order.

'1'Wo-O:lannel DISA O>nstant-Taupera:ture Hot-1t'1..re Anencmeter System

This systen is supplenented by electronic filters, signal-conditioning

cireuits , and a tenperature anananeter systan. It is suitable for

measuranents in three-dimensional heated/unheated air flows.

I
I
1

I

I
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amER EQU:mIENl' AND FACILITIES

Sediment-Analysis LabJratory

The sediment-analysis laboratory is equipped with instrunentation for
most types of sediment-size analysis. These include a filtering system with a
vacuun pump, a sartorius electronic balance, a che:nical balance, a constant
temperature oven, sets of sieves and °a sieve-shaker for particle-size
analysis, and a Visual Accumulation Tube for determining fall-diameter
distributions. Qlanical analyses of water and sediment samples are perfonned
in theUr Environmental Engineering Laboratories.

Boats/Fquipnent far Field SUrveys

IIHR has tv.o boats specially fitted for field surveys of rivers. They
are equipped with infrared positioning systens; depth sounders; equipnent for
measurement of river-water tanperatures; a bed-load sampler; and velocity
meter.

Vid~Record.ing ~ripnent

Two sets of video-recording equipnent are available to docunent flow
visualization experiments. '!be equipnent includes no I9-inch Sony ~1900

color monitors; tv.o Hitachi GF-5 color sound cameras, 50 experiments can be
narrated as they are being taped or as the tapes are edited; and tv.o Sony
video-cassette ~rders--one a model SlD-323 for l/2-inch tapes, and the
other a model V02610 for 3/4-inch tapes.

Miscellaneous

Six water flt.mles, a meter-calibration weighing tank; a· snall, open-jet
wind tunnel; and other extensive flow facilities and test basins also are
available for research at rum. In addition, specialized instrunentatiori,
experimental techniques, and data-processing software have been developed at
the Institute and are readily available for future applications.

Befrigerated ti.Dd Twmel

Construction has begun on a refrigerated wind tunnel (figure 5), which
will have a 6-ft x 5-ft working section, and will be equipped with a I50-liP
variable-speed fan-drive system which will produce v-orking-section velocities
up to 40 m/s. nus low-turbulence tunnel is being specially equipped with
ref=igeration, spray, and humidity-control systems for conduct of experiments
en spray and a1loospheric icings.
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~ OF RESEARaI <nmocTED AT IOWA INSTITUTE OF. HYDRAIJUC RESEARaI

197~present

Federal Govenment
Agricultural Research Service
Air Force Office of Scientific Research
Army O::>rps of Engineers

Rock Island District
Qnaha. District
Kansas Ci ty District
Sacramento District
St. Louis District
Waterways Experiment Station
Goastal Engineering Research Genter
Gold Regions Research and Engineering Laboratory

Army Research Office
Department of Agriculture
Department of Comnerce
Deparment of Defense
Deparment of Energy
Department of Transportation
Environmental Protection Agency
Federal Water Quality Administration
Geological SUrvey
National Academy of Sciences
National Aeronautics and Space Administration
National Bureau of Standards
National Institutes of Health
National Science Foundation
Naval Ship Research and Development Genter
Nuclear Regulatory Cbmmission
Office of Naval Research
Office of Water Resources and Technology
Rock Island Arsenal
Tennessee Valley Authority
Veterans Administration

State and I.Dca.l Govenment and Universities
California Institute of Technology
Howard University
Iowa. Attorney General
Iowa O::>nservation Cbmmission
Iowa Depa.r1Jnent of Transportation
Iowa Energy Policy O::>uncil
Iowa High Technology Council
Iowa State Water Resources Research Institute
State of Maryland
Universitaet Karlsruhe
University of Iowa



Non-Govenment Organizatioos
Academy of Applied SCience
Aerovironment, Inc.
Alden E. Stilson and AsSociates
American Gas Association
ARCI'EC, Inc.
Bechtel, Inc.
Black and Veatch Consulting ~gineers

Burns and Roe Engineers
Qi2M Hill Engineers
Olicago Bridge and Iron Company'
Ccmnonwealth Edison Ccmpany
E.I. duPont de Numours and Company, Inc.
Ebasco services, Inc.
Electric Power Research Institute
E:uon Production Research Corporation
Fluor Power Services, Inc. -
Gibbs and Hill Consul ting Engineers
Hastings Enviromnental Analysts
Havens and Emerson, Inc. Consulting Engineers
Hudson Products, Inc.
Iowa Electric Light and Power Ccmpany
Iowa Power and Light Ccmpany
owa- Southern Utilities

Lockheed-ceorgia Company
-d-Continent Area Power Pool
ebtaska Public Power District
ucor Corporation

Omaha Public Power District
Project Management Corporation
Sargent and Lundy Engineers
Stanley Consultants, Inc.
Sun Shipbuilding and Dry Dock Ccmpany

e Marley Cbmpany
ippetts, ~Carthy, Abbett, and Stratton Engineers
estinghouse Corporation

Wisconsin Electric Power Company
Woodward-elyde Consultants




