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Water Resources

Overthelastdecade, there hasbeen
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 HP-
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.

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.

Hydraulic structures

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

Computer assisted analysis is provided through use of the VAX 11/750
microcomputer.
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Innovative drainageway design and
creative landscaping helps to make
usable land within this multi-family
residential development functional as
well as attractive.

The integrity of a 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.
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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
orother services offered by DJA
can be obtained by contacting
one of the following locations.

-

" Dooley-Jones & Associates, Inc.

35 East Toole Avenue
Mailing Address:

P.O. Box 1830

Tucson, AZ 85702-1830
(602) 624-2391

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: Missouri River; sedimentation; computational hydraulics;

degradation; simulation,

Abstract: The future course of bed degradation in the middle
Missoufi River has  been predicted using numericai simulation
techniques. fhe simulation required development of fﬁe new Total
Load Transport Model (TLTM) which incorporates the interdependence of
friction factor and sediment transport through data-based empirical
re]atiohs. TLTM was implemented in a mathematical simulation model
called IALLUVIAL, which computes quasi-steady water and sediment flow
in natural rivers having nonuniform bed sediments. IALLUVIAL also

“incorporates bed-sediment sorting and armoring, these being processes
of fundamental importance to the future course of Missouri River
degrédation. | .

IALLUVIAL was first validated through simulation of Fhe 1960-1980
severe degradation in the Missoufﬁ River between Sioux 6ity, Iowa and
Omaha, Nebraska. Subsequéntly IALLUVIAL was used té predict 1980-
2000 degradation for several river-management scenarios. The
simulations suggest‘thaélthe worst of the degradation is now over,
and that it is the channelization, rather than dpstrean regulatjon,
which is primarily responsible for the degradation. |

A combanion paper describéé. the details of IALLUVIAL's armoring

qand sorting simulation procedures. : 5

Summary: Past and future bed evolution in the middle Missouri River
between Sioux City,-Iowé and Omaha, Nebraska has been simu]ated usjng
a numefica] ‘model. Simulation methodologies and Missouri Ri&er

predictions are presented.
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1. INTRODUCTION

The past three decades have seen the transfofmation of the middle
Missouri River from its natural state of an unstable, heavily
sediment-laden, shallow, unregulated stream into a stable, narrow,
déep navigation channel with upstrem; control of water and sediment
inflow. This transformation has admirably met its design objectives
of providing for continuous navigation from Sioux City, Iowa fo the
mouth at St. Louis and of allowing reclamation of tens of thousands
of acres of productive riparian farmland through bank stabi]izaﬁion
and flood control. These benefits have, however, been accompanied by
the inevifable environmental and'morphological costs associayed with-
the river's responée 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 environmental consequences of this degradation,
which has reached as much as eight feet (2.4 m) near Sioux City, are
explored in (20).

The purpose of this paper is td describe the development of a
numerical model for simulation of long-term bed evolution in a river
having nonuniform bed sediment, and its application for guidance in
‘anticipating, accommodating, and possibly arresting MissouriQRiver
bed degradation in the affected re;ch. The ﬁode]'s development 1is

focussed on several phenomena which are of particular importance to

sediment-transport processes in the Missouri River:
i




* interdependence of sediment-transport capacity and bed

roughness;

* gradual coarsening of near-bed sediments as fine particles

are selectively removed;

*  accumulation of non-transportable large particles on the

bed surface to form an armor layer.

One must be circumspect about the completeness of several of the
schematic conceptual models embloyed to represent these complex
physical processeé; .nonetheless, the overall procedure produces
surprisingly accurate reproductions of observed historical trends.
The modél has become not only a useful tool for river-engineering
studies on ﬁhe Missouri River, but also a valuable vehicle for
continuing investigation and conceptualization of the relevant
constituenf processes,

A companion paper (13) presents the details of the armoring and
sorting a]gorfthms, for which only summary descriptions are provided

herein,

iI. SEDIMENT TRANSPORT AND FRICTION FACTOR RELATIONS

A. Background

The principal, and surely the most important, component of a
numerical model for alluvial rivers is‘ the mathematical
representation of the sediment transport, friction factor, and their

interactions with changes in both river-bed elevation an& bed-
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material size distribution. The dependence of the friction factor on
sediment discharge has been well documented, yet no existing relation
‘adequate1y &escribes this dependence. The first stage of the present
sfudy, therefore, involved the &eve]opment of new sediment transport
and friction factor relationships for application in the computer-
based modelling of-alluvial rivers.

A1l existing friction-factor relations, including those arising
from the analyses reported in refergnces (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
a]]uvia]-chanﬁe] friction factors are heavily dependent on sediment
discharge. Indeed, it is this dependence that permits a river's
variable water discharge to transport the even more variable sediment
discharge delivered to thg streém 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
differenfE friction faqtor 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 reborted by Nordin (175. These examples, as well as a careful
analysis of the underlying mechanisms which govern‘the interaction
among the flow, the bed with its continuously changing geometry, and

sediments_transported‘by’the flow, suggest that friction factors for

sand-bed alluvial streams cannot be uniquely determined by water




discharge and energy slope; sediment discharge (or its intensity per
unit width) must also be specified for unique detérmination of the
friction factor. |
Recent research at the Iowa Institute of Hydraulic Research has
led to tﬁe development of two models which take into account the
interdependence between friction factor and sediment discharge
described in the preceeding paragrabh (il). The Suspended- and Bed-
Load Transport Model (SBTM) is.based on detailed analysis of vertical
distributions of veiocity and concentration and includes predictors
for friction factor, bed-layer concentration and velocity, bed-load
discharge, and: suspended-load diécharge. . The Total-Load Transport
Model (TLfM) inclddes predictors for total sediment discharge and
friction factor. Because of its simplicity and adaptability for
computer applications, the TLTM was adopted‘for the present study; it

is descriQed in the following sections.

B. Sediment Discharge Predictor

The sediment-discharge pfedictor of TLTM was developed from
regressioh analysis’ of an extensive data ba;e comprising both
laboratory experiments and field observations. The dimensionless
total sediment discharge per unit width was expressed as a function
of relevant independenf variaB]es through computer-based multiple
regressioé ana]ysisf Fifteen'data sets, which inc]uded a total of
615 flows (of which 103 were field data) were used in the analysis.

Twenty independent yariab]es, suitably non-dimensiona]ized, were

formed from differeﬁt combinations of seven basic quantities: flow

depth (d), velocity '(U), energy s]ope (Sp)» median bed-material size



(Dgg), bed-material gradation (cg), 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 regressibn aﬁa]ysis, 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 regression equations, with the dimensionless sediment
discharge, qs// g(s-1)0503 expresséd as functions of various groups
of independent vafiab]es, were formed (qg = 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 estim;te, overall
F-statistic, F-statistic for each indepéndent variable, and standard
error of the regression coefficient for each independent variable.
The fnterested reader 1is referred to reference 11 for detailed
descriptions of the statistical ana1y;es. The following relation was
found to have the ;best statisticai characteristics among those

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

q : :
Log (——>——) = -2.2786 + 2.9719 V; + 0.2989 Vp:V,
—)

+ 1.06 V10V3 (1)

in which




u, - u

U d « - *C -
V, = Log (———=); V; = Log (§—); V3 = Log ((————) »
1 /9(s-1]0g, 2 Dgg’> "3 /9(s-T]0¢, e
where ux = bed shear velocity =/gdS;; uxc = critical bed shear

velocity; and g = gravitational constant, f

The data base from which Eq. (1) is ‘derived has the following
ranges for different meésured 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;
Dgg from 0.137 mm to 28.65 mm; ag from 1.00 to 1.96; water
témperature from 0.6°C to 38.0°C; and Froude number from 0.09 to
2.08. Application of Eq. (1) beyond these ranges is subject to
uncertainty.

The sediment diséharge per unit width for the kth size fraction,
qsks 1is obtained from gqg calculated by ;Eq. (1) and the following

allocation relation:

D50,
5, )
qsk = qs'Pk m 'DSO X (2)
Z Pk (‘D"—)
k=1 k
in which
' d :
x = 0,0316 Vy5— (2a)

50

where Py = the quantity of bed matekial in the kth size interval,
expressed as a fraction of the total; Dy = mean sediment size of the
kth fraction; and m = total number of size ifractions. The

development of Eq. (2) is based on data analysis, of the measured
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suspended-sediment size distributions of the Missouri, the Niobrara,
and the Middle Loup Rivers. Dsg for these rivers varied from 0.18 mm
to 0.40 mm, and 94 ranged fram 1.17 to 2.00. The validity of Eq. (2)
beyond these ranges has yet tp be established. It may be noted here
that the total sediment discharge per unit width, gg, can be obtained
from Eq. (1) a]one; while sediment discharge for each size fraction
can be calculated from Eq. (2) and the estimate of qg obtained 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 (qgx/qs) for flows transporting

sediments predominantly in suspension (11).

C. Friction Factor Predictor

The dependence of the friction factor on sediment discharge in
sénd-bed alluyial channels has’ been demonstratéd by Tlaboratory
experiments as well as field data. For a given water‘discharge and
slope, the specification of sediment discharge 1is necessary to
determine which of the various possiblé- combinations of depth and
vélocity occurs. In keeping with this concept, the formu]aéion of
the friction factor relation of TLTM considérs sediment disghargg as

one of the independent variables, The particle Froude Number,

U//gis-I}Dso, is expressed as a function of various groups of.

dimensionless independent variables, using the same procedure
described previously for the development of Eq. (1). The same
procedure for evaluating the accuracy of different regression

equations deve1oped using the 615 flows led to adoption of the

following relation as the friction factor predictor:




log (—————) = 0.9045 + 0.1665 V4 + 0.2166 Vg Vg
Y9(s-1)0_

50
+ 00831 VyeVeV o - 0.0411 VoeVeV, (3)
in which
q u wD
- s VIS * 5
Vy = 109 (——=—=); V5 = T0g(g=); Vg = 105 (5 %)

3
Y7 = Tog (S,-10°)

where w = partic]é fall velocity of median bed-material size (as
determined using Ruby's equation); and v = kinematic viscosity of
water. The rahge of app]iqabi]ity of Eq. (3) is the same as.that
described previously for Eq. (1). Although the friction factor dées
not appeaf explicitly in Eq. (3), it implicitly relates Sp to U ana d

through the Darcy-Weisbach equation.

D. Predicted Results with TLTM

Because of.'the dependence of the friction factor relation, Eq.
(3), on sediment discharge, and the depéndence of Eq. (1) on friction
factor through Sy and U, simultaneous solution of Egs. (1) and (3) is
necessary to solve for qg and friction factor (f). Any convergent
jterative 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)



is summarized in Table 1. 1In Table 1, Mean Rafio is the ratio of the
computed - to measured value; and Mean Normalized Error (%) is the
average of the absolute deviations between the measured and computed
values exgressed as percent of the measured values., It may be noted
that the last nine data sets (332 flows) in Table 1 we}e not used'for
the development of either Eq. (1) or Eq. (3). Dgg for these 332
flows varied from 0.083 mm to 3.76 mm, 9 ranged from 1.0 to 2.0,
mean concentration varied from 9 ppm fo 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
érediction' %s 44.8% and for the friction-factor prediction is
28.5%. The prediction'accuraéy of TLTM as illustrated by Table 1 has
been found to ¢ompafe favorably with several existing'.sediment
discharge and friction factbr relations. A more detailed analysis of

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

I11. 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
evolution in non-equilibrium a11uviél rivers, The computational

procedures are outlined in this section.

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 eleiation. This basic equation,



aq '
(1-p) £+ 52 =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 e]evatién, z. In Eq. (4), p

porosity of sediment on the

bed, x = streamwise coordinate, and t = time., In IALLUVIAL, Eq. (4)
ijs somewhat modified for application to an entire cross section, and
written in the following finite-diffefence form using Preissmann's

(18) four-point discretization:

n+l n n+1 n+l - n+1
(Z1+1 Zisg 2 7 % Dtk x (Qsian = Osi)
g1 ez n ‘
(Qs]-}-l Qs]) =0 (5)

where the subscript i denotes computationa1'points (the downstream
boundary being the first point) on a one-dimensional, streamwise
Qrid; superscript n denotes discrete time levels separated by At; B =
channel width at the water surface; Qg = Bgss B = e(Bn+l+ B?i%)/z

+ (1-e)(Bi + Bj+1)/2, AX;= Xi+1 = Xi3 and 9 is. a weighting factor
normally taken as 1/2. Equation (5) correspbnds to a control volume
‘which occupies the ent{re width of the channel, and for- thch z
représents some representative bed elevation at each end. Solution
of Eq. (5) yieids z?+1 (the bed elevations at time (n+l) at ) at all
computétional points i = 1,...,N. However Qg and B are also unknown
quantities at. time (n+l)at. The water-surface width B depends

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

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

B. Flow Energy Equation

IALLUVIAL is based on thé assumption that water wave propagatian
effects can be ignored insofar as river-bed evolution 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 inflow ,hydrpgraﬁhs as a series of constant
discharges over discrete time intervals. The one-dimensional water
flow 1is then presented by an ordinary water-surface profile

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

2 .
n+l Lol
ner, Vi) e, 5 A% e oy (g
Yi+1* 729 = Y¥i * T 2g 2 \¢i ci+l

in which sc'= composite energy slope, see below. Now the velocity 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
- level z at any point (at least as long as the cross section shape at
a point is assumed to be constént, as is ‘assumed herein).  Thus Egs.
(1) and (3) written for each of N:compdtational points, and Egs. (5)
and (6) written fof each of N-1 computational reaches, form a system
of 4N-2 nonlinear aléebréic- equétionsi The unknown‘ dependent

variables at each of N points are y?+1,3z?+1, Qg?l, and SS?I, for a
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total of 4N, leaving two additional relations needed to close the
system., These are a downstream hydrodynamic boundary condition,
typically imposition of a known water surface elevation y"+1, and an

1

upstream sediment boundary condition, typically imposition of a known
volumetric sediment inflow rate, Qgﬁl. 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 Egs. (1) and (3)
as DSO’ is known. But in fact Dgg, which changes through. hydraulic
sorting as bed evolution proceeds, must also be consideréd to be a
dependent variable. Moreover, hydraulic sorting. may aléo lead to
formation of an armor layer of coarse material on the bed surface,
and this armor layer affects the hydraulic roughness and sediment
transport capacity. Consequently the straightforward four-equation
model outlined above is incomplete insofar as nonuniform sediment is
concerned, |

The details of thé‘ sorting and armoring procedurés used 1in
IALLUVIAL are described in a companion article (13). For.the prgsent
discussion, it is sufficient ?o note that these procedures can be

represented symbolically as

N+
(050)] > (507" - (7)
and 5
e] » ]! (8)
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in which the arrows represent a volume accounting procedure, and £ is

the armoring factor, interpreted as the fraction of the bed surface

covered by dJmmobile particles, 0 <g < 1. The evolution of Dgg

intervenes directly in the TLTM Eqs. (1) and (3); Dgg 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
entraining sediment from the channel bed. The finer material is
removed fi:rst, and the mean diameter of the affected bed layer is
increased; this is the process known as hydraulic sorting or

coarsening. The process continues until the bed becomes partially or

wholly armored. 'Coarse'm'ng and armoring both tend to reduce the

sediment-transport capacity of a flow, and thereby act to restore
equﬂibrﬁ'um between the sediment-transport capacity and the reduced
sediment-supply rate into the reach. Both also reduce the V‘height and
steepness of thé bed forms on rippled and duned beds,. and! thus also
reduce the bed-form roughness of the channel. However, coarsening
increases the grain roughness.  All sediment-transport relations, -
jncluding 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 flumes--are from flows in bed-material-size
equilibrium (i.e., not undergoing coarsening). It is, therefore,
difficult to quantify how bed-surface armoring affects the sediment:
discharge and bed roughness. It is assumed in TALLWIAL that
sediment discharge is reduced in direct proportion to the f'raction of
the bed-surface area that is armored (i.e., covered with matem‘lalg
which cannot be transported by the flow). Thus, the transporti

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

1
¥
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it = o - e e 2
with the parameter C; nﬁrmally taken to be 1.0. |

The effect of armoring on the friction factor arises from the fact
that the hydraulic roughness of the armored portion of the bed is
essentially different from the rest of the bed, which is
characterized 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 mathematically formulated. of
particular significance is the effect armoring has on the bed-form
geometry; specifically, armoring generally diminishes the ﬁeight‘and
steepness of ripp]es.and dunes. It is assumed in the present study
that the resistance of ﬁhe 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,

fe, of the flow may be expressed as
=g+ f (1) (10) |

15 which fy is the friction factor corresponding to the mean size of
the non-moving armor materia] (determined using the Colebrook-White
"~ “relation) and f, is the moving-bed roughness contribution appearing
in TLTM. The Darcy-Weisbaéh equivalence of energy slope and friction

factor is, for Eqs. (1) and (3),



fmU
Sm =-8-91— (11)
and for Eq. (6), |
fu? -
SC =-8-91— (12)

I1V. NUMERICAL SOLUTION PROCEDURE

In formal mathematical terms, the armoring and sorting processes

n+l

n+i
i D505 -

501
algebraic system of equations comprising the model. However the two

add two new dependent variables - g “and to the nonlinear

‘associated additional relations, Eqs. (7) and (8), are not algebraic

- equations, but complex accounting processes as described below.

Therefore it is no longgr passible to consider, even in principle, a
formal algebraic solution of the 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) baékwater sweep, Egs. (1), (3), and (6); 2) bed evolu-
tion - sweep, Eq. (5); 3) bed-materidl sorting, Eq. (7); 4) bed
armoring, Eq. (8)."

A. Backwater (Upsfream) Sweep

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

and (6) form a system of three nonlinear equations in the three

n+1 n+1 : n+l P n+l n+1
unknowns Adgis1? yi+1,,and Spi+1s USING values for Dggis1® Ei+1° and
z?:% which are the most recently available, either from the previous
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jteration or the previous time step. The upstream sweep is initiated

n+l

using the 1imposed value of y;7°, and values of g+t n+l

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

and §

Raphson iteration. These values are used to calculate y;+1, qul;
and ngl through Newton-éaphson 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+l, Eq. (5) can be

solved directly for z?+l using values for B and Qg (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
imposed sediment inflow, anl. The procedure, a genera]ization of
one described by Cunge (3), implements the physical requifement that
the channel bed level must ultimately change in such a'way thai its
sediment transport capacity 1is equal to the imposed Toad. For
example, if the imposed load is zero, then the channel must deepen
until the transport capacity is zero; this becomes the mechanism for
computing the bed level éhange‘at the upstream point. |

This straightforward physical principle must be slightly modified
to account for the fact that the channel cannot instantaneous]y-
adjust to a change in the imposed load. Instead, it is assumed that
some local degradationlar aggradafion due to imbalance between the
imposed - and transportable 1oad-§an-occur in. a special computationaf
‘reach 8Ax adjacent to the upstream Timit. One seeks the bed

elevation change which satisfie% a special sediment continuity

equation written for the “puffer” Eeach,

16



| {e(ﬁfs“‘l- 'Q:"'I)' * (1-e)(3's‘)}n = 8axB (1-p)az,  (13)

L d

in which'GS = imposed sediment load at the upstream'boundary, Q =

TLTM-derived sediment-discharge capacity at the downstream end of the

buffer reach, By = some appropriate width, and azy = change in bed

elevation of reach 8ax (and point N) in time at. The bed Tevel

change AzN is expressed as

- _n+l n_ntl  n+l On

Here the water surface elevation y§+1 is known from the latest

backwater sweep, and the previous bed elevation zg js also known,

n+l1

leaving the depth dN 5n+1

nd
S a

as an unknown in Eq. (14). Since

ﬁg are given, and ﬁg is known from the previous time step, the only

n+l
S ?
“transport capacity at the downstream end of the reach B8ax with the.

remaining unknown is which can be thought of as the sediment

armoring factor taken into account, i.e. Q2+l= BN(1?§§+} ﬁg+1. Again,

one can consider ﬁg*l as. a function only of d§+1 through the TLTM

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

n+l
dy

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

algebraic equation in the single unknown dR+1, whdse value can be

being known from. 'the most recent backwater sweep and sorting/

determined through a Néwton-Raphson jteration.
It is instructive to note that if one suppressesithe buffer reach
by setting 8 = 0, tﬁén the procedure outlined above simply requires

that the bed level adjust immediately so that the TLTM sediment
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discharge capacity at point N becomes equal to the imposed load.
If 8 > 0, then the effect 1is 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 BAx is guided 'by the physical principle that the
length of the buffer reach should correspond roughly to the Histance
travelled by a bed perturbation in time At, Denoting the bed

pefturbation celerity by ¢, this yields
B = cAt/Ax A (15)

The value of ¢ is difficult to ascertain exactly, and deﬁends on
changing flow conditibns and sediment composition. Current research
at the Iowa Institute of Hydraulic Research is directed toward
developing estimators for c¢. For the Missouri River, ¢ would appear
to be the order of 10 miles per year. However, the proce&ure does
not appear to be particulér]y sensitive to 8, as is shown in (10).

Once the bed level at the upstream point hés been determined, a

‘normal sediment continuity equation is applied to (1-8)ax far use in

ultimately determining zsf%. In its present form, this equation uses

the imposed 1oad'5:+1 as inflow to the shortened reach, though an
equally plausible argument could be made for using Dg*l. It s

implicitly assumed - and virtually always true - that 0 < 8 j:l.

C. Hydraulic Sorting Sweep

Once the overall change in bed elevation has been computed for

each point in the bed evolution sweep, an accounting procedure is
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applied to each computational reach (i.e. each river segment between

adjaceht 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?+i is used to compute the new
’

median particle size for each reach. Finally, the point values 023%

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

. n+l n+l . . . s
with 0501 and D50N set equal to the median size in the single

adjacent 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

. .described in -(13), :the contribution of each size fraction to the

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

.~ coverage " of _the armoring. particles for each size fraction, as a

. _result of the incremental degradation in the current time period, is

added- to the cumu]ativé value co@puted at the end of the previous

time step, g?; to obtain the updated ‘armoring factor, g?+1. These

- reach values are then averaged to obtain the armoring factor at each

-.computatibnal'point, where they are used 1in the next time step to

modify sediment discharge and friction factor characteristics as

described earlier.
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E. Iterative Coupling

Iterative repetition of the above four processes results in
cbnvergence to a solution in which the values of Qg+1 and B"+1
appearing in Eq. (5) reflect the use of Dggl, d"+l,_§"+1, SQ*I, etc.
in Eqs. (1), (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 Egs. (1’, 3, 6) and Eq. (5) is only through bed
elevation changes, resulting bin such weak inierdependence that
iterations are not needed. It is for nonuniform sediments, when

additiona} coupling occurs through D5g and g, that iterations are

generally necessary.

V. APPLICATION TO THE MISSOURI RIVER

A. Problem Description

Since 1960, bed e]evatiéns in the Missouri River between about
Sioux City and Omaha (see Fig. 1) have been steadily decreasing.
This degradation, which has attained as much as eight feet near Sioux
City, lowa (20) and is accombanied by a concomitant drop in wateré
surface elevation, has ‘éaused, or is threatening to cause, severe
environmental and structural problems. These vinc]ude loss of
wildlife habitat, shrinking of oxbow lakes as the flood-plain Qater
table declines, undermining of bridge and bank-protection structures,
decrease in water-intake efficigncy, etc.” |

Most of this reéch of the Missouri River has been significantly
altered from its natural state. The closure oftsix major multi-
purpose dams, the most “downstream of which is Gavins Point Dam (Fig.

1), has greatly reduced the frequency of extreme high or Tow flow
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events, and virtually shut off the downstream release of sediment.

Concurrent with the period of dam construction (1930 1965), the
Missouri River navigation channel was ;omp]eted from Ponca Staﬁe
Park, Nebraska downstream to the mouth at St. Louis, Missouri.
Stabilization of the channel involved construction offan extensive
system -of spur dikes designed to provoke accretion of sediment ffom
the natural bankline inwards, effectively creating a navigation
channel at least 9-ft (2.7-m).deep and 600 feet (183 m) wide. The
river from Gavins Point Dam down to Ponca State Park is still in its
natural topographical state, having an éverage width of some 2,500

feet (762 m).

B. Model Construction _

| Attempts to simulate the channel degradation using IALLUVIAL héve
been motivated 6n the one hand by a desire to asceytain to what
extent the reservoir construction and channelization ﬁrojects might
"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
conjuhction with TALLUVIAL development (12), adopted a schemgtic
representation of the channel as rectangular, assumed constant
initial bed material properties throughout the'reach, and hég]ected‘
tributary and bank erosion effects. The initial channea and sedihent
characteristics were taken as those prevailing at the time of dam
closure in 1957, The 205-mile (330-kilometer) reach from Gav1ns
Point Dam to Omaha, Nebrgska was broken into 22. computat19na1

subreaches for application of TALLUVIAL. The upstream boundary
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condition consisted 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
reproducihg 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 VYerification

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 comparison of observed and computed water Asurface and. bed
e]evation_ changes after 20 years. The simu]atfon reproducedv the
overall pattern of bed evoiution, including the apparent shift to
aggradation néar Oﬁaha, quite faithfully, a]thdugh 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 feproduciné the genéra]
historical trends of Missouri RiQer bed degradation led the Iowa
State Water Resources Research Institute to support modelling efforts
focussed on a prognosi§ of future bed degradation. The schematic
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
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in the model as sediment inputs to the natural channel above Ponca

. State Park). The model was extended to below the IowaQMissouri

border, and incorporated waterAand sediment inflow from nine major
tributaries as shown on Fig. 3. The tributary water inflows were
schematized as repeated onnual 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. Geological Survey. After removal of the fine (washload)
materia],ethese inflow loads were'a]1ocated by size fractioo based on
historical suspendéd-]oad sfze distribution analyses. _

The changes in water-surface and thalweg'profiles at the end of
the base 20-year prognosis run are shown oo Figure 4. These results
show that. apart from an additional two feet (0.6 m) of degradat1on in
the 1mmed1ate vicinity of Gavins Po1nt Dam, (compared to 4.2 feet
(1.3m) computed in the earlier 1960-80 study), very little additiona1
degradation is forecast to occur in the uncontro]led 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, being most severe near Sioux City and Decatur
Bend, Tﬁis\is to be cohpared to the 7.2 feet -(2.2 m) computed near
Sioux Cit§ in the 1960-30 simu]ation;. Be1ow 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 ffansdorted sediments, and the Platte itself delivers a

sediment load which is coarser than that transported by the Missouri,
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causing formation of a local delta. A general dégradation trend
resumes below Plattsmouth.

If one considers the Missouri River bed degradation to. be the
river's response to an impoéed change in its geomethy and sediment
’supply, then one can think of the degradation as a mechanism for
transition from a former (undisturbed) equilibrium to a new one, The
new state of equilibrium will be reached whgn, for any given
subreach, the sediment transport capacities at its downstream 1imit
is sufficient to carry the mainstem, tributary, and bank-erosion
inf]ow. to the reach, both g]obal1y and for dindividual size
fractions. Although one thinks natﬁra]ly of local and overall slope
adjustments as one of a river's mechanisms for reaching a new
équilibrium, it is clear from Fig. .4 that the ovefa]l sltope 1is
insignificantly 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 Dgg and armoring factor at the
beginning and end of the simulation. The armorihg factor was set to
zero fthroughout the m;del initially, effectively 1ignoring the
computed (and actual) armoring whiéh had taken place in the 1969-80
period. (Because of this initial condition used in the model, the
predicted degradation depths shou]d be considered as upper-bound
estimétes.) 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
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a relatively low 0.34; the approach to equilibrium below the dam has
been dominated by a coarsening of the mixed layer material rather
than by armoring per se.

The initial profile of median bed material size distribution shown
on Fig. 5 corresponds to the 1980 field data used. The median size
is seen to be close tol0.3 mm from Gavins Point Dam_ down to-the
vicinity of Plattsmouth, 'where the Platte's coarser deposited load
causes it to increase locally toward 0.5 mm. After the 20-year
simulation, the greatest increase in Dsg 1S seen below Gavins Point
Dam, where ‘the dominant mechanism is apparently hydraulic sorting.
In thé ,rem;inder of the .modé], sorting has caused a genyeral
coarsening of the order of 0.1 mm, though some areas show no
significant change at all.

The base simulation described above was complemented by several
others designed to test the sensitivity of future degradation to
alternative river-management schemes, the more interesting.of which

are as follows:

Run S2: An out-of—basin' diversion was simu]ated. by reducing the
Gavins Point Dam water release by 3 million acre feet per year, i.e.,

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

Run S4: The effect of the channelization was simulated by widening
the navigation channel from 600 ft to 800 ft (183 m to 244 m).
Run S5: The navigation channel was further widened to 1000 ft (305

m).




Run S8: The effect of artificial a’rmoriﬁg as a means of locally
retarding severe degradation was studied by incfeasing the amount of
bed material between 2.4 mm and 19.1 mm by about 10%, schematicaily

simulating the dumping of fine gravel onto the bed.

Run S9: The potential reduction in degradation which could be
obtained by modulating Gavins Point Dam releases was studied by
constantly releasing the mean annual dischargé of 29,000 cfs (822
cms).

Figure 6 shows the evoTution in time of the.tha1weg elevation at
Sioux City for RunS s2, S4, S5, S8 and S9, with the base run Sl shown
for comparison. The ihitial rapid degradation for.all runs is caused
by the use of an initial armoring factor at zero. It is apparént
that all the runs seem to reach a kind of equilibrium from two to six
years; then all but Run S5 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 S2 and S9 show that reduction and:modu1ation of the mainstem
water inflow can reduce the ultimate degradation by 0.3 and 0.6 ft (9

and ‘18 cm) respectively. Runs S4 and S8 show that a 200-foot

widening and 1local aritifical armoring could reduce the ultimate-

degradation by about one fooé. Run SS. shows fhat a 400-foot
widening, which represents a return to nearly the pre-channelization
width, would virtually e]ﬂninate'further‘degradation. Analysis 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 éxtent by the successful Missouri-River
| simulations. However these modelling results do not signal the end,

but rather the beginning, of efforts to achieve a bettér physical
understanding and mathematical formulation of constituent physical
processes such as armoring, sorting, mixed-layer dynamics, mixed
grain-and-form roughness, etc. There 1is an urgent need for
imaginative comprehensive laboratory experiments on non-equilibrium
‘bed evolution 1in channels having nonuniform bed sediments.
Responsible contributions >t0" the - alluvial-river  modelling
capébi]ities'of computatiqnal hydraulics will be those devotéd, not
to the movement towardsAuser-friend]iness and distributed computing
systems, but to improved mathematica] 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 sedfment
flow depth

mean;sediment size of kN size interval

median bed-material size

grain-size friction factor

composite friction factor

non-armored friction factor

gravitational acceleration

index of computational points

size-fractidn index

total number of sédimeﬁt size intervals

index of computatfona] time levels

total number of computational pointsf

bed-sediment porosity _
fraction of mater{al in kth size intervai
volumetric sediment discharge per unit width

total vblumetric sediment discharge

imposed sediment load at upstream boundary

“TLTM -sediment load at end of upstream boundary

specific gravity of sediment particles:
composite energy élope on armored beds

non-armored energy slope

time
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U

u*c

Vi-Vy

At
AX

AZ

shear velocity

critical shear veldcity (incipient motion)
cross-sectional averagé velocity °
logarithms of dimensionless groups

particle fall velocity

exponent in size-fraction allocation equation;

coordinate

waterbsurface e]evatibn

bed elevation

dimensionless length of buffer reach
length of'computational time step
length of computational reach

change in bed elevation

. weighting factor in time

kinematic viscosity of water
armoring factor

gradation coefficient for nonuniform bed material
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Table 1

Summary Comparison of Measured and Computed (TLT™M)
Sediment Discharges and Friction Factors

' ‘ Sediment Discharge| 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 '10.74 33.0
Guy et al (.45mm) 27 0.95 37.0 1.18 48.0
Guy et al (.93mm) 23 | 1.07 24.5 0.80 25.1
Williams : 24 2.12 112.5 0.85 18.4
Vanoni-Brooks 4 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 (#1) 1136 1.01 . 32.1 0.92 16.7
Meyer-Peter & Muller 41 0.90 9.7 0.96 15.9
Gilbert 43 0.70 35.0 0.81 5.4
Waterways Expt. Sta. (#1) 90 0.98 29.5 0.93 10.4
Willis-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 3H.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 10.79 31.5
Elkhorn R. - 23 0.3 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
A1l data 947 44.8 28.5
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 Figure 3. Schematic Layout of Study Reach.
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SIMULATION OF BED ARMORING IN ALLUVIAL CHANNELS

by Hong-Yuan Lee1 and A. Jacob Odgaardz,'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'sAsediment-transport capacity in that
reach, channel degradation occurs. An example (14) is the Missouri River
between Gavins Poinfl Dam and Omaha where, as a result of regulation for
navigation, flood control and irrigation, the bed has lowered as much as se§en
feet in places in the 1last 25 years :(causing problems of bank erosion,

1
undermining of bridge foundations, reduced efficiency of water-intake
structures, loss of wildlife habitat, loss of reéreational sites, etcf). 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 material do not move, only £finer fractions will

1Senior 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,.Iowa.

2pssociate 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 folloﬁé 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 deéradation.

Gessler (7) and Little and Mayer (ll) were among the .first to
systematically study the procegs of bed armoring. In series of laboratory
experiments they generated armor layers by running (over an extended period of
time) sediment-free water through straight flumes with broadly mixed
‘(nonuniform) sediment. Based on their data, they established relationships
between the ihitial and final bed-material composition. Daﬁa obtained by
Garde, Al-shaikh Ali, and Diette (6) in a similar type of experiment supported
Cessler's bed-armoring theo;y, which is a probabilistic approach. Garde et
al. also 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 cénsisting of combining Gessler's
theori and Einstein's (3, 4) bed-load theory was used recently byfshen 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 functiop";‘ and of
Shields' curve (15).

None §f the aforementioned studies focussed on the relationship between
the time scale of the armoring process and the flow and sediment gharactefis—
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



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

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

the flow and sediment in the channel. 1In an effort to obtain such a relation-

ship, this study deVeloped a numerical procedure for co%relating the temporal’
change of the composition of the béd—surface layer with ;hanges in the rate of
sediment transport near the channel bed. The procedure wés based‘on: (1)

Bayazit's (1) scheme for the egchange of grain sizes between a surfgce and a
subsurface layer of bed sediment; (2) Einstein's (3,4) bed-load function with

a modified hiding—-factor curve; and (3) Karim's (8) mixing-layer concept. The
procedure is anAalternative to that proposed recently by Borah et al. (2) in
their sediment-r;uting model. Borah et al. also used a mixing—-layer concept;

however, to control the erosion/deposition process they introduced an
additional active—layer concept and a somewhat arbifrary ordering procedure
for the removal of the various grain-size fractions.. _Their procedure 1is

;

complex. The rate at which they let sediment be entrained into the fluid is
dependent on the time stepvchosen for the numerical computation, and it must

be calibrated ‘with 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 considered (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 grain-size class

fraction i, by the equation (1) ?

(




EE At = LA . '
i? Q; | (1)

in which g = bed-load transpért capacity of the flow per unit width; t; =
fraction of grains in class interval i; At = time interval; and AQi = weight"
of the grains in class interval i tﬁat are removed from the bed-surface mixing
layer during the time interval At, per unit area of the mixing laier. The
time interval At is assumed to Se small enough that g and ti can be‘taken to

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

is taken to be given by

x|
u
[Ny IS

H (l-c¢) . (2)

in which ¢ = coefficient with value between 0 and 1l; H = dune height as given
by Yalin's (16) relatién, H = (4/6) (l-Tcr/T); d = flow depth; T bed-shear
stress; and Tcr = critical bed shear stress (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 érea) during the
time interval At is obt;ined by summing up the contributions from all class
intervals:
bo =T (hg =Lz (e = &L @

It is assumed that the materiai eroded f:qm 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) ™



in which Q = pgT = weight per unit width on Ehe mixling-layer bed material; o = .
densigy of sediménf; g = acceleration due to gravity; my = fractions of grains
in class interval i in the. mixing layer at the beginning of ‘the t';imé
interval At; and p; = the fraction of grains in class interval i in the parent
bed. Hence, the fraction of grains in class -interval i at the end of time

1 Q

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

The procedure is summarized in Fig. 2.
MODEIL RESULTS

Einstein's (3,4) bed-load function was used to determine the rate of bed-
load transport (by size fraction). His hiéing-factor curve, which has been
modified on several occasions since it was first developed [see She.n and Lu
(121, was modified again in this study. Us:ing the hiding-factor curve shown
in Fig. 3, and ¢ = 0.3, the model sim‘ula'ted very well both the temporal

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



in ali of Little and Mayer's (1ll) experiments. Figs. 4 and 5 show a compari-
son between measured and simulated sediment—traﬁsport rates for Runs 6-1 and
3=-4; measured and simulated afmor-layer grain size distributions for the same
runs are shown in Figs. 6 and 7. The experimental condiéions for these runs-
are summarized in Table l. As thé flow ch;zt in Fig. 2 indicates the bed is
definéd heréin to be fully armored when the sediment load is leés;than or
equal to. one percent of the initial sediment load. The agreement between
measu;ed 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 (1l) bed-sampling technique, which wés
pointed out by KRellerhals 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

i
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 sedimenﬁ' supply
upstream from the reach is reduced (or ;he ‘discharge is incre;sed without the
sediment supply being increased'correspondingly).  Determine the composition
of the bed-surface materiai at time t and the corresponding sediment
discharge. ' o .» ?

3



Sblution. - Input into the model the initial flow and sediment conditions
for the reach; calculate thé sediment transpért for each size fraction
cortespondiné to the initial .flow and sediment conditions (at t = 0) and
determine the aifference between the total sediment load for the reach, g (sum"
over all size frac;ions) and the incoming (reduced) sediment load,;qo. This
difference determines the initial amount of bed material leaving the mixing
layer, AQ. Proceed then as deécribed earlier and prepare graphs similar to
Figs..4, 5, 6, and 7 (with the ordinate in Figs. 4 and 5 being q - éo). The
composition of the bed-surface material and the corresponding sediment
aischarge can then be read'ffom these graphs. For example, in Little and
Mayer's Run 3—4,~the sediment-transport rate corresponding with the .grain size
distribution at t = 500 min (Fig. 65 is read by entering Fig. 4 at t = 500 min

to be g = 0.001 1lb/s (q, = 0). °
DISCUSSION AND CONCLUSIONS

Although thé research is still in its early stages of development,
important conclusions can be made already. The bed—materi;l exchange model .
used herein is adequate for a simulation of the temporal variation of
sediment-transport rate and corresponding variation of bed-materiél
composition. Only two calibrati?n factors are employed. The hidiné—factor,
which controls primarily the initial removal rate of the smaller sediment:
particles; and coefficient ¢, which, by controlling the thickneés of the

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

the time to reach "full" armoring).



The model has the advantage of being simple and flexible. Modifications
and adjustments can be eésily'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 funétion of x/D, only; x = large pafticle size that
will be subjected to the shielding.effect by protruding coarser particles or
laminar sublayer; D = local particle.diameter. The program calculaﬁes x/D at
each time step and uses the Val&e 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 deviation of the material in the mixing
layer. such a modification is easily incorpo;ated. Also, the simulation
procedure in its present form is basgd on the assumption that the water depth,
* energy slope, and friction factor remain éonstant during the development of
the armor layer. This is not the case in reality. The model is flexible
eﬁough 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,

0); in reality, the inflowing water wéuld be sediment laden with only a
c;rtain 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'é long term stabiliﬁy. The simpiicity of
tﬁe mo@el also makes it an attractive framework for furtheritheoretical and
experimental studies of armof-layer behavior; in particular, when the flow

pattern becomes more complex such as in curved channels.
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APPENDIX II — NOTATION

The following symbols are used in this paper:

o

d

cr

coefficient;

depth of flow;

acce}eration 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 intervai;

sediment density;

bed-shear stress; and

critical bed shear stress.
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Figure

FIGURE CAPTIONS

Bed-Material Exchange Model
Flow Chart for Numerical Computation
Hiding-Factor Curve

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

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

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

Measured and Simulated Armor-~Layer Grain Size Distributions for Little
and Mayer's (l11l) Run 3-4,
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Table 1. Experimental Conditions (11)

Flow Original Bed Material

Run A

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
| .
3 (1) (2) (3) (4) (5) (6) (7)
1
i 3-4 0.572 1.338 0.217 0.0019 1.00 2.50
\ . : .
\ Note: 1 ft = 0.305 m; 1 cfs = 0.0283 m/s.
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. | ' ABSTRACT
A numerical procedure for.simulating the temporal variation of sediment-
transport raté and corrésponding variation of bed—materiél 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
subsﬁrface layer of bed sediment toéether Qith 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
National Flood Insurance Program (NFIP) conducted by the Advisdry Board on
the Built Environment (ABBE) during 1981-1982, The client for these studies
has been the Federal Emergency Management Agency (FEMA), which administers
the NFIP. 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 specifie

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 enginéering, classical and numerical hydraulics, hydrology,
and river morphology--the technical disciplines related to the study area
under consideration. The Chairman of the Committee was Dr. John F. Kennedy, a
specialist in river hydraulics and sedimentary processes. The other members
of the Committee were Dr. Vito A. Vanoni and Dr. 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; Dr. David R, Dawdy, whose specialty is
numerical modeling of river-flow and other hydrologic processes; and Dr.
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
channels. It was suggested to FEMA that one or more existing numerical,
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, the subcontractor was to:

l. 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
channels and corresponding 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 selected and transmit these data packages to the
appropriate agencies or individuals for use in performing the test-
case calculations,

4. Make the arrangements required for the ~various agencies 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 other 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
includes written narratives describing the technical 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.
Nakato, for at least two U.S. river channels and corresponding flocd events.
Each modeler selected was to:
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The four

1.

Supply background information consisting of:

a. The characteristics and limitations of his model, 1including

background documentation.

b. A copy of the program or a functional block diagrém for each

computer-based flow-routing and sediment-routing model.

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

reaches in two phases:

Phase I: Rigid-bed model calculation
Phase II: 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.

Upon request, perform additional computation
Committee member's questions on the test results.

modelers selected for this purpose were:

Dr. Ranjan Ariathurai
Resource Management Associates
3738 Mt. Diablo Boulevard, Suite 200

Lafayette, California 94549

Dr. Howard H. Chang

Department of Civil Engineering
San Diego State University

San Diego, California 92182

U.S. Army Corps of Engineers
Hydrologic Engineering Center
609 2nd Street

Davis, California 95616

Simons, Li & Associates, Inc.
3555 Stanford Road

Post Office Box 1816

Fort Collins, Colorado 80552

and <clarify any




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,

universities, 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.



SUMMARY

The primary objective of this investigation was to determine whether
river-bed degradation during flood passage 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.emp]oyed heretofore.  The study involved application of six flow- and
sediment-routing models for alluvial streams to study reaches of the San
Lorenzo, San Dieguito, and Salt Rivers, for which relatively complete input
data were available. The developers of the individual models were

commissioned to perform the numerical simulations using their models.

From the results of the studies, it was concluded 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, wutilization 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 concentration, 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 Eank erosion
and the effects of channel widening.

Numerical modelling of riverine processes will become a steadily more reliable
and increasingly powerful tool. The principal limitation on the methodology
likely will continue to be inadequate formulation of the constituent processes
enumerated above. Until these improvements are made, rigid-boundary models
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 Hydraulics 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
jdentified, four agreed to participate in the project: Hydrologic Engineering
Center, Corps of Engineers (HEC); Resource Management Associates (RMA); San
Diego State University (sbsU); 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 presenfs 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.




II. DESCRIPTION OF MODELS EYALUATED

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-§,
FLUVIAL-11, and SEDIMENT-4H. Summaries of the models' characteristics were
first prepared on the basis of the individual modelers' final reports
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)
(5) Rillito Creek, Pima County, Arizona (SLA, 1981)

3. Basic Concepts:

The model was developed for simulating 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. v
(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).




(4) Channel slope is small.

‘The following basic equations are emp loyed:
(1) Flow-continuity equation:

Q. vena(2-1)

(2) Sediment-continuity equation:

3Q aAb
3X 3x T (1 - l) at = qsz 0000(2'2_)

(3) Flow-energy equation:
233 V]
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(4) Energy head-1oss equatlon
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cees(2-4)
where Q & Qg = water and sed1ment discharges in volume units
q = lateral water inflow per unit width
-Ab bed cross-section area )
Gy = lateral sediment 1nf}ow in volume per unit ‘time and length
= porosity of bed sediment

y1 &y = water-surface elevations at ends of reach
Vi & V7 = mean velocities at ends of reach
@y & e, = velocity-head correc;1on factors for f]ow at ends of reach
he = energy head loss
L= d15charge-wexghted reach length
'§f= representative friction slope for “reach
C = expansion or contraction Tloss coefficient



‘4, Sediment-Transport Function:

The bed-load transport rate, gy in volume per unit width, is computed
from the Meyer-Peter and Muller formu]q (Meyer-Peter and Miller, 1948):

12.85
- 1.8

< 3w | oern(2-5)
7o Y

9p To™ Tel-
where A bed shear stress ,

T = critical shear stress = 0,047 (ys - y)dS

p = density of water

T © specific weight of sediment

y = specific weight of water

d. = median sediment particle size
The suspended-load transport rate, q¢ in volume per unit width, is given by
the Einstein formula (Einstein, 1950):

_ Gy ' Gw-l
Is T T8 (1 gy

((V/ue) + 2.5) I} + 2.5 1,) vee.(2-6)

where - G = depth of bed layer divided by sediment diameter
u_ = shear velocity - '
V = mean.fjow velocity
I & I, = Einstein's integrals
= Rouse Number = particle fall velocity/(0.4ux)

The combined bed-material transpdrt rates are further corrected for the fine-
sediment concentration using Colby's empirical relationships (Colby, 1957).
During the sediment-routing phase, armoring effect and bed-material
composition changes are considered. In defermining the armored layer, a
functional relationship between mean flow ve]oc1ty and median sediment size,
which determines the size of sedlment that will not move, was first derived
using Shields' criterion., The channel is assumed to be armored when a layer
of nonmoving sediment that_1s twice as thick as the ‘smallest size of moving
sediment partfcfes is established.




5. 'Numerical Scheme:

HECZSR first runs the HEC-2 program to solve (2-3) and (2-4) by the o

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?f and compute hy from (2-4).

(4) Check the equa11ty of (2-3) with the computed value using the
assumed yz

(5) Adjust y, if the error in step (4) is 51gn1f1cant repeat steps 1
through 5 until the values agree to within 0.01 ft.

After the HEC-2 computation, the bed-material discharge, which considers both
sediment availability and transport capacity, 1is estimated for each
computational reach. The channel aggradation/degradation corresponding to the
difference between the sediment inflow and outflow is also determined for each
reach, This ‘sedihent-volqme change 1is distributed uniformly along the
reach. The change in elevation at each- 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 Réquirement:

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 characteristics, including number of cross
sections, reach 1eﬁgth, number of tributaries, surface and subsurface
sediment-size distributions, and potential armor layer.

(3) Watershed data, including channel- -geometry representation and
sediment- s1ze 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.



(4) Inflow hydrographs and downstream boundary condition (stage
hydrograph 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 long-
term river-bed changes, because of the high cost of backwater computation
using HEC-2.  However, HECZSR offers the option to input sediment inflows
directly or internally 4o genérate sediment-loading data by considering the
sediment-transport capacifies 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 conventlonal f]ood-lnsurance 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 Un1ver51ty) 1979

2. Previous Applications:

/'(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

follows:

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

- time interval.
- (2) Hydrostat1c pressure d1str1butlon prevails 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.




(5)

Channel slope is small,

The following basic equations are employed:

)
(2)
(3)

where
Q &
q=

A
ss
A
z=
D

H
a
v.
HL

HlV

4. Sed

Flow-continuity equation:
dQ .
ax = 9

Sediment-continuity equation:

S Ab
rra GO I -l P9

Flow-energy equation:

2 2
Yy o v
(z+D +a Zg)l' (z+D +a 29)2+ Ho*+ Hyy

Qg = water and sediment discharges
lateral water inflow per unit width
= bed cross-section area

= lateral sediment inflow

porosity of bed material

channel bed elevation

flow depth

total head above datum

correction factof for velocity head
mean flow velocity

friction loss = Sfo

=losses due to all other factors except friction = SLVAX

iment-Transpdrt Function:

Th

e sediment discharge per unit width, qc, is expressed by

oo o (2-7)

eees(2-8)

eees(2-9)

...;(2-10)



where
‘ V = mean flow velocity
y = flow depth

a, b, and ¢ = 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-
Toad 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, Dj:

QZZ 2, sax Q§
P 872302 *Dp- ” O E?
- K] + 2Kjagh, |+ agh,
2
°1'y = < 2-11
+8679_—+22"H1-0 oooo(" )

where
QZ = water. discharge at section 2
'Ki = conveyance at section 1
z, = bed elevation at section 2

a1, ap, a3, a4, ag, and ag = regression coefficients determined from field
' data

Note that effective depth and width, cross-section area, conveyance, and
velocity~-head correction factor are all expressed in terms of power functions
of the thalweg flow depth, D. Once the backwater calculation is completed,
sgdiment-transpdrt 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 is to compute the change in sediment volume between two cros”

sections:

v, = (Qg -QSi + qsli)At vee.(2-12)

! i+l
The second step is determination of the change in cross-section area at each
cross section. The 'model assumes that one-quarter of AVi is deposited or
eroded in the upstream half of the segment between sections i and i+l, while:
three-quarters of Avi-l js deposited or eroded in the downstream half of the
reach between sections i and i-1. Therefore, when g is neglected, (2-8) can

be expressed as

AAbi =T at o vee.(2-13)

Finally, the model distributes AAbi over the cross settionvto determine the

new channel geometry. The method used is to relate the bed-elevation chans
at a point to the -local conveyance. The elevation change at the j-th

vertical,'Azj, is computed as follows:

AA
k, +k b,
az, = L2 ‘ ceeo{2-14)

O SRS B

where
kz and k“1 = conveyances of the incremental areas to the right and
left of the j-th vertical
Yj+l and yj_1= lateral coordinates of the (j+l)st and (j-1)st
verticals
Ki = total conveyance of the i-th cross section

6. Data Requirements:

KUWASER .requires the following input data:
(1) Number of cross sections and individual reach lengths.
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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 1its discharge
coefficient, width, and height.

7. Model Limitations and Applicability:

The use of KUWASER .is limftéd to subcfitical flows. The model does not
predict channel armorinﬁ or two-dimensional flow effects. KUWASER cannot
effectively model a river reécb with extremely irregular channel érade and
geometry, but has the capabilit} to model the main stem and tributaries in an
entire river sysiem. KUNASER.can simulate divided flows associated with bars,
islands; or channel breaches. The model finds its best application in long-

‘ term degradation/aggradation analysis.

€. UUWSR (Uncoupled, Unsteady Water and Sediment Routing):
1. Developer: Tucci, Chen, and Simons (Colorado State Univeristy), 1979

2. Previous Applications:

(1) Upper Mississippi and Lower I1linois Rivers (Simons, et al., 1975)
(2) Upper Mississippi and Lower Chippewa Rivers (Simoﬁs & Chen, 1976 ¢&

1Q77; Simons et al., 1979; Simons & Chen,'1979; Chen & Simons, 1980)
(3) Lewer 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 uniform 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:

C1 R TR
ax T T3t "% =0 .e..(2-15)

(2) Sediment-continuity equation:

aQs A : aAd ' '
'a'"x"—+ (1 -X)'a"t'—- qs=0 . 0000(2'-16)

(3). Flow-momentum equation:

20 ,2(8QV) , 3y,
3t T ax oAz = pgA(Sy- St D, ) | cess(2-17)

where
Q & QS = water and sediment discharges

T = 3ARy
y = flow depth
‘A = cross-section area for water

A4 = sediment volume deposited per unit channel length
q£=qs+qw

= lateral sediment inflow

qy = lateral water inflow

0
(7]
t

= porosity of bed material
mean flow velocity
momentum correction factor

A
)
B
P

density of water

L]



13

Sg = bed s1obe
S¢ = friction slope
D, = dynamic contribution of lateral inflow (qzvz/Ag)

To solve these.three equations for the three primary unknowns, Q, y, ‘and Ay4,
other variables are expressed in terms of Q, y, and A4.

4, Sediment-Transport Function:

The sediment discharge per unit width, qg, is expressed by

qg = a V° y© oere(2-18)
where
V = mean flow velocity
y = flow.depth

a, b, and ¢ = 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.
Changes .in bed-material 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 discharges then are applied to the
sediment-continuity eduation, (2-16), to estimate the change in the cross-
section area. Equation (2-16) is solved using an explicit, finite-difference
approximation. Therefore, UUWSR 1is an uncoqpied, unsteady, water- and
sediment-routing model. '
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6. Data Requirements: —

UNSR requires the following input data:

(1) Number of cross séctiops'and.individual reach lengths.

(2) Number of subreaches.

(3) Locations of tributaries.

(4) Cross-section geometries of all computational sections (arranged from
upstream to downstream).

(5) Manning's roughness coefficient at each cross section.

(6) Boundary conditions specified by either a discharge hydrograph, or-a
stage hydrbgraph, or a stage-discharge rating curve.

(7) Sediment-transport function. '

(8) Characteristic parameters for each dam, including its discharge

coefficient, width, and height.

7. Model Limitations and Applicability:

The use of UUWSR is limited to ‘a2 modeling 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 éomputer :

cost, a complex rivér-netwgrk system in which islands, branches, meander
loops, and ‘tributaries are connected to the main channel. The model can also
simulate effects of‘hydraulic structurgs such as ‘dikes, locks and dams, etc.
The capability of unsteady flow routing of this model enables users to
simulate the flood-wave movement’in-a.1ong reach.

D. HEC-6 (Hydrologic Engineering Center):
1. Developer: William A. Thomas (Hydrologic Engineering 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)
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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) Mannlng s nis appllcable to gradually-varied flow and is expressed
as a function of either water-surface elevation or water discharge
(the mode! incorporates indirectly the roughness effects of changes
in bed forms).

(3) The entire movable-bed port1on 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, eees(2-18)
(2) Sediment-continuity equation:
a’? +83f = 0 veeo(2-19)

(3) Flow-energy equation:

2 2
(h + Q—Q—z)k_]_: (h + ﬂ"z‘)k +H eeee(2-20)
29A - 26A
where
Q = water discharge
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lateral water inflow per unit width —
volumetric sediment-transport rate
movable-bed width

movable;bed elevation

water-surface elevation
velocity-head correction factor
cross-section area

head loss between sections k-1 and k

4, Sediment-Trahsport Function:

Five options are available for computing bed-material transport rates:
Laursen's .relatjonship,' as modified by Madden for large rivers (Laursen,
1958); Toffaleti's formula (Toffaleti, 1968); Yang's stream-power formula
(Yang, 1973); DuBoys' formula (8rown, 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 river reach.

Laursen's relationship is expressed by

T .-
C1

1/6

283.39 q I py(dg;/D) (xg/tei-1) veea(2-21)
1

bed-material transport rate per unit width

water discharge per unit width

fraction by weight of the i-th fraction of the bed sediment with
mean size, d
flow depth
Laursen's bed-shear stress due to grain roughness
= ov?/(8(dgo)' )

median sediment size

si

mean flow velocity
critical shear stress for mean particle size, dsi

The' second option, the Toffaleti formula, is based on Einstein's bed-load

function and various empirical data and is expressed by

I
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951 % 9sbi * 9ssLi ¥ Gssmi * Yssui ee(2-22)
where:

q; = bed-material discharge for the i-th fraction of bed sediment

qep; = Dbed-load discharge for the i-th fraction of the bed sediment

dsg1 i =  suspended-load discharge in lower zone

dgsMj =  Suspended-load discharge in middle zone

eoyi = suspended-load discharge in upper zone

Detailed procedures for computation of 9epi? 9ol i? Toopi® and decyi @re 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, to
obtain basic hyaraulic parameters such as depth, wfdth, and slope at each
section which 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 boundéry. Equation (2-19) is then solved using an explicit,
finite-difference scheme:

- (Gg - GL)) ) B(Yp .- Yp)
0.5(X, + X At
or L R

=0 | eoee(2-23)

_ st | el (2-24)
Ypi= Yo * g5g (G- 6. )/ (X + Xp)
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where

GR.- = volumetric sediment-transport rate at the (k+1)st cross section

GL = volumetric sediment-transport rate at the (k-1)st cross section

YP' = movable-bed thickness at the kth cross section at the time
of (j+l)at

YP = movable-bed thickness at the kth cross section at the time
of jat

XL = reach length between (k-1)st and kth cross sections

XR = reach length between kth and (k+1l)st cross sections

Note that the transport capac1ty is_calculated at the beq1nn1ng of the time
interval, and is not recalculated during that interval. However, the

gradation of the bed material s recalculated during the time interval in
., order to account for armoring effects. An equilibrium water depth below which
sediment with a particular grain size becomes immobile is introduced using
Mannlng s equat1on, Strickler's equation, and Einstein's bed-load function:

Deq - (q/(10.21d1/3))6/7 vee.(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 active layer. When all material is removed from the layer, the bed is
considered to be'completely 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 Gessler's' (1971) stability-
analysis procedure. If Gessler's stability number is less than 0.65, the
armor layer 1is treated as unstable and the bed-layer size distribution is

computed for the next time step.
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. .6, Data Requirements:

HEC-6 requires the following input data:

(1)
(2)

3)
(4)

(5)

Number of cross sections, individual reach lengths, and tributary
locations.

Geometric data on movable-bed portion of each cross section,
thickness of movable bed, and bridges, and dredging information.
Manning's roughness coefficient at each cross section.

Data on sediment inflow, bed-material gradation, and sediment
properties. '
Upstream and 1lateral inflow hydrographs, downstream boundary
condition (stage-discharge curve or stage hydrograph), and water
temperatures.

HEC-6 is a one-dimensional model with no provision for simulating the -
development of meanders or specifying a lateral distribution of the sediment-

transport rate across the section. The entire movable-bed portions of the

cross sections are assumed to aggrade or degrade uniformly. The model is not

- suitable for rapidlyfchanginé flow conditions. The model can be applied to

predict reservoir.sedimentation, degradation of the stream bgd downstream from
" a dam, and log-term trends of scour or deposition in a stfeam channel. The
influence cf dredging activity can also be simulated. The model can be run in
the fixed-bed mode, similar to HEC-2, by remo&ing all sediment-data cards.

FLUVIAL-11:

Developer: Chang and Hill (San Diego State University), 1976

San Dieguito River (Chang & Hill, 1976)
San Elijo Lagoon entrance channel (Chang & Hill, 1977)
San Diego River (Chang, 1982)

E.

1.

2. Pre?ious Applications:
(1)
(2)
(3)

3. Basic Concepts:

FLUVIAL-11 was developed to simulate one-dimensional, unsteady,
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gradually-varied water and sediment flows, as well as width changes, of
erodible channels. The principal assumptions incorporated into this model ar;ﬂ\
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 equatioh and the sediment-transport formula are
applicéble to graduallyévaried flow.
(4) Storage effect due to unsteady flow is negligible in the backwater
computation.

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

3Q 3A ~ | ,
3X+3t- q -0 0000(2‘26)

(2) Sediment-continuity equation:

aAc 3QS _
(1 'A) -a-'t—— +5‘x—- - qs = 0 ' 0000(2"27)

(3) Flow-momentum equation:

aH

4 +
93x

|-
Q) jar
S
b2 )

e
x|

2
(%-) +gS - i—fq =0 eee(2-28)
where
Q & Qg = water and sediment discharges
A = cross-section area of flow ‘ _
= channel cross-section area within some reference frame

c
= lateral water inflow

A
q
9, = lateral sediment inflow
H
S
A

water-surface elevation

energy slope- |
porosity of bed material
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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
computing %he_water-surface prbfi]e, using 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 utilized 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 Dieguito River and the Salt River:

TVR/( (s - 1)gd1/3)1./2= 10.39((s -1)d/(sR))"2-%% vee.(2-29)
where

€ = mean volumetric concentration of bed-material sediment

Sg = ratio of sediment specific weight to water specific weight

d = median sediment size '

S = energy slope

V = mean flow ve]ocity

R = hydraulic radius

The Engelund-Hansen formula (1967) was used for the San Lorenzo River to
compute the total-load discharge:

372

2 172 2
a = 005 V2 (d/glrghr - 1) 202/t - ) ¢+ (2-30)
where
qr = total-load discharge.per unit width-
s ° specific weight of sediment
= specific weight of water
uy, = shear velocity

p =

density of water
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5. Numerical Scheme:

FLUVIAL-11 first solves the water-continuity equation, (2-26), and
momentum equation, (2-28), by an iterative, four-point, implicit, finite-
difference scheme developed by Amein and Chu {1975). The flow infbrmation is
next used to compute the sediment-transport rate from either (2-29) or (2-
30). The sediment-continuity equation, (2-27), 1is then solved to
obtain AAc in the following way: from (2-27)

) 3Q
At
AAC = - '_-1- (5___x_§. - qs) 0000(2-31)
Ll j+l -
qsi- 3 (qsi + qsi )- | eeee(2-32)
P TR L SRS S B
3 AR TN
( ) = [ ‘ - ] 0000(2"33)
IxX i Axi-l 2 2
L Qj+1‘ . Qj _ Qj+1 qj + qj+1
(aA_).= AL Si-1 Si-1 Si Sy S8 S ] (2-34)
C i- 1"X ZAXi_l 2 . v ...f -

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 yQS 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 Si is compared
with the weighted, average energy gradient §} of its adjacent

sections given by

ARy 1)/ (2(8X; 1+ aX.))

5= 552X S



(2)

(3)
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If S; is greater than 5}, the channel width is reduced so as to

decrease Si’ and vice versa. The new channel width is determined by .

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.

Adjustment in cross-section profile:
Deposition at an aggrading section is assumed to start from the

lowest point and to build 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 spatia]}variation in power expenditure along the channel.

Lateral channel migration:

The model solves the sediment-continuity equation in the transverse
direction:

0

“ r ¥4 'aqs
(L-x)gf +3y7 =0 vee.(2-35)

= q tan g8 = transverse sediment-transport rate per unit width

= tan'l(llolr) = angle deviation of transverse flow from the
direction tangent to the «centerline of a bend given by
Rozovskii(1957)

= -mean flow depth
= radius of curvature of the bend

= bed elevation

Using a forward-difference scheme iny, Azk is obtained from

C
At k+1

Sk
AZ T - 9000(2'36)
K 1-1 Ayk |
where
Yy, = transverse distance between points k and k+l
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6. Data Requirements:

FLUVIAL-11 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 computat1onal sections and Manning's
n at each cross section.

(6) Initial bed-material sediment compositions for the upstream and
downstream ends. Sediment compbsitions 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-11 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.

SEDIMENT-4H: ’ ‘ -

Developer: Ranjan Ariathurai (Resource Management Associates), 1977

The Osage River, Missouri (Ar1athura1, 1980)

F.

2. Previous Applications:
(1)

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:



(2)
(3)

(4)

i
. (1)
\
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Flow is one dimensional and hydrostatic pressure prevails at any
point in the channel. _

Similarity of both velocity and suspended-sediment concentration
profiles in a vertical at all locations in the flow field is assumed.
The resistance coefficient for the unsteady flow is the same as that
for a sfeady flow.,

Channel slope is small.

The foilowing basic equations are employed:

0
(2)

(3)

where

= O nw 0 o o

2]
wn

o
>

w ]l wn

e

Flow-continuity equation:

M | L eee(2a37)
(0 ﬁ) +5 vee.(2-38)

— u—+ g—+ gs =0 0000(2.-39)

water-surface elevation

mean channel width

inflow rate to a node

lateral inflow or outflow rate

mass concentration _

longitudinal component of sediment-particle velocity

= turbulent mass diffusivity in the logitudinal direction
= source/sink term produced by scour or deposition

= mean f]oy velocity .

= friction_é]ope
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4. Sediment-Transport Function:

SEDIMENT-4H calculates total-load sediment discharge for an idealized,
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 lbs/cu ft.

The Rouse (1937) equation for the verticSI distribution of suspended-
sediment concentration in a fully-developed, turbulent flow is normalized by
the depth-averaged sediment concentration, <C>, and the concentration
distribution is‘expressed in dimensionless terms by

o(A) =0, (a(1A - 1)/(1 -2)*; 25 & een(2-40)
and L
o(x) =¢, ;1< ‘ veee(2-41)
where
A = y/d
d = flow depth
o(x) = Cly)/<>
A = a/d (nondimensional sublayér thickness)
a = reference level where C is given
£ = Vs/n:U*
Vs = sediment fall velocity
K = von Karman's constant
‘U, = shear velocity

The sediment concentration ih the sublayer, ¢A, is obtained from the following

relation:

1 _ : .
s er) d=1 vees(2-81)
(o]

Therefore,
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1 | ' .
o, =1/ (4 +5 (A -1)/( - 2))5d eo.(2-42)
@ .
A logarithmic-type vertical velocity distribution in normalized form is
utilized: ' ‘

Y =vE (A +a) veen(2-83)
where

Yy sy

u = local streamwise velocity

<> = depth-averaged streamwise ve]ociﬁy

Y, =U /< ’

Y = ks/d

kg = equivalent roughness height

Finally, depth-averaged, sediment-particle velocity, <Us>,'is expressed as

1 A
US> = U> s oy i eess(2-44)
0

where

B(r) = ~ proportionality coefficient to relate sediment particle
velocity, Us(y), to the mass-weighted fluid velocity, U(y),

such that US = gU(y) ’

Empirical formulas for the rate of scour during stream-bed erosion, E, and the
rate of deposition, D, are expressed by

E = M(t/rce - 1)(CmaX-Cb)/Cmax HIE 32 Teo vess(2-45)
and _
D = - Vst(l - rlrch HIE K< Tcd. © ee.s(2-46)
where
M = erosion-rate constant
T = bed shear stress
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Tee = critical shear stress for erosion —
CTed = critical shear stress for deposition
Cb = sediment concentration in bed layer

max = maximum concentration in bed layer

5. Numerical Scheme:

The Link-Node Hydrodynamic model first solves (2-37) and (2-39), which
yield the depth-averaged mass-veiocity component, u_s and flow depth. The
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 effected by a two-point implicit scheme. At ea&h 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. Data Requirements:

SEDIMENT-4H requires the following input data:

(1) Number of cross sections. :

- (2) Initial cross-section geometries of affwbross sections.
(3) Manning's n at each cross section.
(4) Downstream stage hydrograph.
(5) Bed-material characteristics: median size, fall velocity,

critical shear stress, maximum permissible concentration. in bed
layer, bed-strata  data, and  initial suspended-sediment

concentration.
(6) Diffusion coefficient in the longitudinal direction.
(7) 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-partitle size. Suspended-
sediment particles are assumed to be convected at the local water-flow



29

yelocities 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 primarily 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. . Stu&} Rivers. The study rivers were selected on the basis of the
following three criteria. First, the Federal Emergency Management Agehcy
(FEMA) requested'that rivers be 'selected which historically have experienced
flash-flood type events with appreciable river-bed chénges and 'channe]
migration during floods.  Such 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, and 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 sat{sﬁy the requirements of. the individual numerical
models, as set forth in Chapter II. In the search for appropriate study
rivers which satisfy these conditions, various regional FEMA offices were
contacted, including Denton, Texas; Bothell, Washington; Saq Francisco,
California; and Denver, Colorade. After reviewing the recommende& rivers, the
an Larenzo River (SLR), the San Dieguito River (SOR), and the Salt River (SR)
were selected by the Committee. Note that these rivers had been previously
investigated using movable-bed numerical models by Corps of Engineers (cog),
San Diego State University (SDSU), and Simons, Li & Associates (SLA),
respectively. Among these three rivers, SLR is a channelized, stable, sand-
bed river; SDR is characterized by an unstable, 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 1in the City of Santa Cruz, as shown in figure ‘1. SLR
historically has flooded freque