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I. PROORAK~ FOR FLlNIAIr12

The computer program FLUVIAL-12 is formulated and developed for water

and sediment routing in natural and man-made channels. The combined effects

of flow hydraulics, sediment transport and river channel changes are

simulated for a given flow period.

River channels changes simulated by the model include channel bed scour

and fill (or aggradation and degradation), width variation, and changes in

bed topography induced by the curvature effect. These inter-related changes

are coupled in the model for each time step. While this model is for erodi

ble channels, physical constraints, such as bank protection, grade-control

structures and bedrock outcroppings, may also be specified. Applications of

this model include evaluations of general scour at bridge crossings, sedi

ment delivery, channel responses to sand and gravel mining, channelization,

etc. It has been applied to many designs for bank protection and grade

control structures which must extended below the potential channel bed scour

and withstand the design flood.

This model is applicable to ephemeral rivers as well as rivers with

long-term flow; it has also been tested and calibrated with field data from

several rivers, in both sani-arid and humid regions. Because of the tran

sient behavior in dynamic changes, ephemeral rivers require more complicated

techniques in model formulation. This model may be used on any main frame

computer; it may be used on a personal computer with adequate capacity, such

as an IBM-PC-AT or -XT.

Development of the FLUVIAL computer model dates back to 1972. Several

publications describing the physical foundation, analytical background, and

applications are included in this manual. Publications documenting the

successive stages of development of the model are listed in the following:

1. Chang, H. H., "Flood Plain sedimentation and Erosion, phase III," Dept.
of Sanitation and Flood Control, Public Works Agency, County of San
Diego, January, 1974, 78 pp.

2. Chang, H. H., "Flood Plain sedimentation and Erosion, Phase VI,II Dept.
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of Sanitation and Flood Control, Public Works Agency, County of San
Diego, July, 1975, 77 pp.

3. Chang, H. H., and Hill, J. C., "Ccmputer Modeling of Erodible Flood
Channels and Deltas," Journal of the Hydraulics Division, ASCE, vol.
102, No. HYIO, OCtober, 1976, pp. 1461-75.

4. Chang, H. H., and Hill, J. C. "Minimum Stream Power for Rivers and
Deltas," Journal of the Hydraulics Division, ASCE, vol. 103, No. HY12,
December,1977, pp. 1375-89.

5. Chang, H. H., "Mathematical Model for Erodible Channels," Journal of
the Hydraulics Division, ASCE, vol. 108, No. HY5, May, 1982, pp.678-689.

6. Chang, H. H., "Modeling of River Channel Changes," Journal of Hydraulic
Engineering, ASCE, Vol. 110, No.2, February, 1984, pp. 157-172.

7. Chang, H. H., "Modeling General SCour at Bridge Crossings, Transporta
tion Research Record, 950, Vol. 2, September, 1984, pp. 238-243, also
presented at the Second Bridge Engineering Conference, Transportation
Research Board, Minneapolis, Minnesota, September 24-26, 1984.

8. Chang, H. H., "Regular Meander Path Model", Journal of Hydraulic Engi
neering, ASCE, vol. 110, No. 10, OCtober, 1984, pp. 1398- 1411.

9. Chang, H. H., "Water and Sediment Routing through Curved Channels",
Journal of Hydraulic Engineering, ASCE, vol. 111, No.4, April, 1985,
pp. 644-658.

10. Chang, H. H., "Modeling Fluvial Processes in Streams with Gravel
Mining", International Workshop on Problems of sediment Transport in
Gravel-Bed Rivers, Colorado State University, August 12-17, 1985.

11. Chang, H. H., Osmolski, Z. and Snutzer, D., "Ccmputer-Based Design of
River Bank Protection," Hydraulics and Hydrology in the Snall Canputer
Age, Proceedings of the Hydraulic Specialty Conference, ASCE, Orlando,
Florida, August 13-16, 1985, pp. 426-431.

12. Chang, H. H., "Channel Width Adjustment during SCour and Fill," Jour
nal of Hydraulic Engineering, ASCE, Vol. 111, No. 10, OCtober, 1985.

13. Chang, H. H., "River Channel Responses during Floods," proceedings, The
Third-International Symposium on river Sedimentation, Jackson, Missi
ssippi, April, 1986.

14. Chang, H. H., and Osmolski, Z., "Fluvial Design of River Bank Protec
tion for Santa Cruz River", proceedings of Canputational Hydrology '87,
Computational Hydrology Institute, Irvine, Calif., June, 1987.
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II. INTROOUC'l'ICfi

Alluvial rivers are self-regulatory in that they adjust their charac

teristics in response to any change in the environment. These environmental

changes may occur naturally, as in the case of climatic variation or changes

in vegetative cover, or may be a result of such human activities as damming,

river training, diversion, sand and gravel mining, channelization, bank

protection, and bridge and highway construction. Such changes distort the

natural quasi-equilibrium of a river; in the process of restoring the

equilibrium, the river will adjust to the new conditions by changing its

slope, roughness, bed-rnaterial size, cross-sectional shape, or meandering

pattern. Within the existing constraints, anyone or a combination of these

characteristics may adjust as the river seeks to maintain the balance

between its ability to transport and the load provided.

River channel behavior often needs to be studied for its natural state

and responses to the aforementioned human activities. Studies of river

hydraulics, sediment transport and river channel changes may be through

physical modeling or mathematical modeling, or both. Physical modeling has

been relied upon traditionally to obtain the essential design information.

It nevertheless often involves large expenditure and is time consuming in

model construction and experimentation. What limits the accuracy of physi

cal modeling is the scale distortion which is almost unavoidable whenever it

involves sedimentation.

Mathematical modeling of erodible channels has been advanced with the

progress in the physics of fluvial processes and computer techniques. A

evaluation of existing models was made by the National Academy of Sciences

(1983) • Recommendations in this report has been beneficial for subsequent

model development. Since the actual size of a river is employed in mathema

tical modeling, there is no scale distortion. The applicability and accura

cy of a model depend on the physical foundation and numerical techniques

employed.

The traditional regime analyses of rivers are limited to regime rivers

and their long-term adjusbnents in equilibrium. The hydraulic geometry,

3
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flow and sediment transport processes exhibited in the process of adjust

ments are outside the scope of regime approach but they are included in the

mathematical modeling. This manual addresses the more rapid process

response or the transient behavior of alluvial rivers. The subject is on

unsteady flow and sediment transport in river channels with a changing

boundary under given physical constraints. In the following, the physical

foundation and numerical techniques for the transient process-response of

the FLUVIAL model are described. The input/output instructions are

provided. Applications of the FLUVIAL model are illustrated by examples

given in the appendixes.

III. PHYSICAL FOONDl\TIOO OF FLlNIAL PRCX:ESS-~

Mathematical modeling of river channel changes requires adequate and

sufficient physical relationships for the fluvial processes. While the

processes are governed by the pr inciples of continuity, flow resistance,

sediment transport and bank stability, such relations are insufficient to

explain the time and spatial variations of channel width in an alluvial

river. Generally, width adjustnlent occurs concurrently with changes in

river bed profile, slope, channel pattern, roughness, etc. These changes

are closely interrelated; they are delicately adjusted to establish or to

maintain the dynamic state of equilibrium. While any factor imposed upon

the river is usually absorbed by a combination of the above responses. The

extent of each type of response is inversely related to the resistance to

change.

The dynamic equilibrium is the direction toward which each river

channel evolves. The transient behavior of an alluvial river undergoing

changes must reflect its constant adjustment toward dynamic equilibrium,

although, under the changing discharge, the true equilibrium may never be

attained. For a short river reach of uniform discharge, the Gonditions for

dynamic equilibrium are: (1) Equal sediment discharge along the channel,

and (2) uniformity- in power expenditure 'YQS, where r is the unit weight of

the water-sediment mixture, Q is the discharge, and S is the energy grad

ient. If the energy gradient is approximated by the water-surface slope,

then uniform power expenditure or energy gradient is equivalent to the

4
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linear (straight-line) water-surface profile along the channeL A river

channel undergoing changes usually does not have a linear water-surface

profile or uniform sediment discharge, but river channel adjustments are

such that the non-uniformities in water-surface profile and· sediment dis

charge are effectively reduced. The rate of adjustment is limited by the

rate of sediment movement and subject to the rigid constraints such as

grade-control structures, bank protection, abutments, bedrock, etc.

The energy gradient at a river cross section varies wildly. Thi s

variable is usually included in a hydraulic computation such as that of a

HEC-2 study. The output of any HEC-2 study, even for a fairly uniform river

channel, usually exhibi ts non-uni formi ty in energy gradient along the

channel. This variation is much more pronounced in disturbed rivers. A

mathematical modeler realizes that a river channel will change in order to

attain streamwise uniformity in sediment load. It is equally important to

perceive that it will also adjust toward equal energy gradient along the

channel. Because sediment discharge is a direct function of ~QS, channel

adjustment in the direction of equal power expenditure also favors the

uniformity in sediment discharge. The sediment discharge in the reach will

match the inflow rate when the equilibrium is reached.

IV. OIANNEL WID'lH ADJUS'IMmTS OORIOO g:n}R AND FILL

A stream channel's adjustment in the direction of equal power expendi

ture, or straight water-surface profile, provides the physical basis for the

modeling of channel width changes. However, this adjustment does not neces

sarily mean movement toward uniformity in channel width. For one thing, the

power expenditure is also affected by channel roughness and channel-bed

elevation, in addition to the width. But, more importantly, the adjustment

toward uniformity in power expenditure is frequently accomplished by signi

ficant streamwise variation in width. Such spatial width variation

generally occurs concurrently with streambed scour or fill to be illustrated

in the following by several examples.

The transient behavior can be more clearly demonstrated by more

dramatic river channel changes in the short term. Field examples of this
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nature are selected herein to illustrate how the significant spatial

variation in width is related to river channel's adjustment toward uniform

power expenditure. This example will also show why the regline approach may

not be e~ployed to simulate river channel changes.

Fig. 1 Streamwise variation in wiath durlng stream channel adjustment

toward establishing straight water-surface profile, San Diego

River at Lakeside, california

Fig. 1 shows a short "reach of the San Diego River at Lakeside, Califor

nia on February 25, 1981 during the initial stage of a storm. The estimated

discharge of 600 cfs persisted for several subsequent days. Prior to the

storm, this sandy streambed was graded, due to sand mining, to a wavy

profile. During the initial period of flow, the water-surface profile was

not straight because its gradient was steeper over higher streambed areas

than over lower areas. Gradually, these higher streambed areas were scoured

while lower places filled. Snall widths formed with streambed scour whereas

large widths developed with fill as shown in the figure. The width develop

ment in this case was rapid in occurrence in the sanoy material, its signi

ficant streamwise variation is depicted by the natural streamlines visible

6
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on the water surface. This pattern of significant spatial variation in

width actually represents the stream's adjustment toward equal energy grad

ient as explained in the following.

The streambed area undergoing scour had a steeper energy gradient (or

water-surface slope) than its adjacent areas. Formation of a narrower and

deeper channel was effective to reduce the energy gradient due to decreased

boundary resistance and lowered streambed elevation. In addition, the cross

section developed a somewhat circular shape which conserved power for being

closer to the best hydraulic section. On the other hand, the streambed area

undergoing f ill had a lower streambed elevation and a flatter energy

gradient. Channel widening at this area was effective to steepen its energy

gradient due to the increasing boundary resistance and rising streambed

elevation. In st.ml1ary, these adjustments in channel width effectively

reduced the spatial variation in power expenditure or non-linearity in

water-surface profile. Because sediment discharge is a direct function of

stream power 1QS, channel adjustment in the direction of equal power expen

diture also favors the equilibrium, or uniformity, in sediment discharge.

The significant spatial width variation shown in Fig. I was temporary.

The small width lasted while streambed scour continued and the large width

persisted with sustained fill. At a later stage when scour and fill ceased,

the energy gradient or water-surface slope associated with the small width

became flatter than that for the large width. The new profile of energy

gradient or water surface became a reversal of the initial profile. Then,

the small width started to grow wider while the large width began to slide

back into the channel, resulting in a more uniform width along the channel.

The above example illustrates that a regIme relationship for channel

width may not be used in simulating transient river channel changes. Under

the regime relationship, the width is a direct function of the discharge,

i.e., B 00 QO. 5i but under transient changes, the channel can have very

different widths even though the discharge is essentially uniform along the

channel.

The characteristic changes in channel width during channel-bed scour

7
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and fill were also observed by Andrews (1982) on the East Fork nver in

Wyoming. This river was in its natural state, undisturbed by human activi

ties. River channel changes were induced by tl1e variation in discharge.

In 1906, the Associated Press filed a well-written report which seemed

to end one of the world I s most spectacular stories. In the story, the AP

reported that the Colorado River flooded; the water moved from the All

American Canal to the New River and poured down to the Salton Sea. The sea

rose seven inches per day. The water became a cascade and its force cut

back the banks. Soon the bank was receding faster and faster, moving

upstream into the valley at a pace of 4,000 feet a day and widening the New

River channel to a gorge of more than 1,000 feet. This example also

illustrates the dramatic widening of river channel associated with a rising

bed elevation.

A field study by the U. S. Bureau of Reclamation (1963) upstream of

Milburn Diversion Dam on the Middle Loup River, Central Nebraska also

exemplifies the aggradation of a channel and associated channel widening.

The construction of Milburn Diversion Dam was completed in

May, 1956 ••• By May 1957, two months after the reservoir was

impounded for the first irrigation season, the channel had aggraded

an average of 1.6 feet, with a rise in the channel thalweg eleva

tion of 2.2 feet; and by OCtober of the same year, the total rise

in the streambed averaged 2.2 feet. The cross section obtained in

DecEmber 1957, shows a continued rise in the thalweg elevation.

During the same period, the width of the channel had increasEd by

70 feet, fram 475 feet in 1951 to 545 feet in 1957. One-third of

this increase occurred during the June, 1956 - December, 1957

period.

For these two case histories, both alluvial rivers entered reservoirs

with a rising base level. The transient changes are characterized by rising

channel bed and increasing channel width. Although measurements of the dis

charge and other parameters are not available, it is possible to describe,

at least in trend, the nature of power transformation in the river channel.

8
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At the river mouth, the base level was controlled in the reservoir. The

rising base level first caused a lower velocity and energy gradient in the

river channel near the mouth in relation to its upstream reach. In response

to this change, channel adjustments through widening and aggradation near

the mouth provided greater flow resistance and power expendi ture at this

location partly due to the increased boundary resistance. This process

resulted in a more uniform power expenditure per unit channel length along

the river.

A lowering base level, on the other hand, would result in a higher

energy gradient in the river channel near the mouth. The higher energy

gradient could be reduced through the development of a narrower and deeper

channel at this location. This process would also result in a more uniform

power expenditure along the channel. Such morphological features for deltas

are also applicable to alluvial fans and hill slopes.

V. ANALYTICAL BASIS OF mE FLlJVIAL KDEL

The FLUVIAL model with different versions has been developed for water

and sediment routing in rivers while simulating river channel changes as

documented in a series of publications listed in section I. River channel

changes simulated by the model include channel-bed scour and fill (or

aggradation and degradation), width variation, and changes caused by

curvature effects. Because changes in channel width and channel-bed profile

are closely inter-related, modeling of erodible channels must include both

changes. The analytical background of the FLUVIAL model is described ln the

following.

The FLUVIAL model has the following five major components: (1) Water

routing, (2) sediment routing, (3) changes in channel width, (4) changes in

channel-bed profile, and (5) changes in geometry due to curvature effect.

These inter-related components are described in the following sections.

This model employs a space-time domain in which the space domain is

represented by the discrete cross sections along the channel and the time

domain is represented by discrete time increments. Temporal and spatial

9



variations in flow, sediment transport and channel geometry are computed

following an iterative procedure. Water routing, which is coupled with the

changing curvature, is assumed to be uncoupled from the sediment processes

since sediment movement and changes in channel geometry are slow in

comparison to the flow hydraulics. Flow chart showing major steps of the

computation is given in Fig. 2.

Water routing provides temporal and spatial variations of the stage,

discharge, energy gradient and other hydraulic parameters in the channel.

The water routing component has the following two major features: (1)

Numerical solution of the continuity and momentum equation for longitudinal

flow, (2) evaluation of flow resistance due to longitudinal and transverse

flows, and (3) upstream and downstream boundary conditions. The continuity

and momentum equations in the longitudinal direction are

I
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Adjustments in width, bed profile
and changes due to curvature effect

VI. WATER ROOTIN;

OA ~Q
-- + -- - q = 0at ts

No

10

Fig. 2 Flow chart showing major

steps of computation for

FWVIAL model

(1)



In a curved channel, the total energy gradient, S, in Eq. 2 is

partitioned into the longitudinal energy gradient, 5', and the transverse

energy gradient, S", due to secondary currents, Le.

The longitudinal energy gradient can be evaluated using any valid flow

resistance relationship. If Manning's formula is employed, the roughness

coefficient n must be selected by the modeler. However, if a formula for

alluvial bed roughness, e.g., Brownlie's formula (1983), is used, the

roughness coefficient is predicted by the formula.

where Q is the discharge, A is the cross-sectional area of flow, t is the

time, s is the curvilinear coordinate along discharge centerline measured

from the upstream entrance, q is lateral inflow rate per unit length, H is

the stage or water-surface elevation, and S is the energy gradient. The

upstream boundary condition for water routing is the inflow hydrogrphs and

the downstream condition is the stage-discharge relation or the base-level

variation. Techniques for numerical solution of Eqs. 1 and 2 are described

in Chen (1973) and Fread (1971, 1974), among others.
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s = 5' + S"

(2)

(3)

I
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Method for evaluating the transverse energy gradient by Chang (1983) is

used in the model. Because of the streamwise changing curvature, the

transverse energy loss var ies wi th the growth and decay of secondary

currents along the channel. Analytical relationships pertaining to curved

channels are often based upon the mean channel radius, r c • Under the

streamwise changing curvature, the application of such relationships is

1 imi ted to fully-developed transverse flow for which the curvature is

defined. Streamwise variation of transverse flow, over much of the channel

length, is characterized by its growth and decay. In order to describe this

spatial variation, the mean flow curvature defined as the flow curvature

along the discharge centerline is employed. It is assumed that analytical

relationships for developed transverse flows are applicable for developing

11
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transverse flows when the mean channel curvature, r c ' is replac..'ed by the

mean flow curvature, rf. upon entering a bend, the mean flow curvature

increases with the growth in transverse circulation. In a bend, the

transverse flow becomes fully developed if the flow curvature approaches the

chanrel curvature. In the case of exiting from a bend to the downstream

tangent in which the channel curvature is zero, the flow curvature decreases

with the decay of transverse circulation.

The reason that the flow curvature lags behind the channel curvature

during circulation growth and decay is attributed to the internal turbulent

shear that the flow has to overcome in transforming from parallel flow into

the spiral pattern and vice versa. From the dynamic equation for the trans

verse velocity, an equation governing the streamwise variation in transverse

surface velocity, 'J, was derived (Chang, 1984). In finite difference form,

the change in 'J over the distance.1s i.s given by

where 'J is the transverse surface velocity along discharge centerline, U is

the average velocity of a cross section, i and i+l are s-coordinate indices,

Fl and F2 are functions of f (friction factor), and the overbar denotes

averaging over the incremental distance between i and i+l. Eq. 4 provides

the spatial variation in V, from which the mean flow curvature may be

obtained using the transverse veloci ty profile. From the transverse

velocity profile by Kikkawa, et ale (1976), the mean flow curvature, rf, is

related to the transverse surface velocity as

(5)

I

I
I

I
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where Dc is the flow depth at discharge centerline (thalweg) and K is the

Karman constant. At each time step, the mean flow curvature at each cross

section is obtained USIng Eqs. 4 and 5. Accuracy of computation for the

fini te difference equation (Eq. 4) is maintained if the step size.1s ~ 2Dc •

For this reason, the distance between two adjacent cross sections is divided

into smaller increments if recessary. Flow parameters for these increments

are interpolated from values known at adjacent cross sections.
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If the temporal terms in Eqs. 1 and 2 are ignored, water routing may be

simplified by caTIp..1ting water-surface profiles at successive time steps.

This option is available in the model. Computation of the water-surface

profile at each time step is based upon the standard-step method (see Chow,

1957) using techniques similar to the HEC-2 computer model (1982). For many

cases, spatial variation in discharge due to channel storage is snall and

this technique produces closely similar results as the unsteady routing.

VI I. SIDIMmT ROOTIN;

The sediment routing component for the FLUVIAL model has the following

major features: (1) COffip.1tation of sediment transport capacity using a

suitable formula for the physical conditions, (2) determination of actual

sediment discharge by making corrections for sorting and diffusion, (3)

upstream conditions for sediment inflow, and (4) numerical solution of the

continuity equation for sediment. These features are evaluated at each time

step, the results so obtained are used in determining the changes in channel

configuration.

Determination of sediment Discharge

To treat the time-dependent and non-equilibrium sediment transport,

the bed material at each section is divided into several, say five, size

fractions and the size for each fraction is represented by its geometric

mean. For each size fraction, sediment transport capacity is first COffip.1ted

using a sediment transport formula. The FLUVIAL model currently provides

the choices of the following five sediment formulas: (1) Engelund-Hansen

formula (1967), (2) Yang's unit stream power formula (1972, 1986), (3)

Graf's formula (1970), (4) Ackers-White formula, and (5) Parker, et al.

formula for gravel (1982). The actual sediment rate is obtained by consi

dering sediment material of all size fractions already in the flow and the

exchange of sediment load with the bed using the method by Borah, et al.

(1982) • If the stream carr ies a load in excess of its capacity, it will

deposit the excess material on the bed. In the case of erOSlOn, any size

fraction available for entrainment at the bed surface will be removed by the

13
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flow and added to the sediment already in transport. During sediment

removal, the exchange between the flow and the bed is assumed to take place

in the active layer at the surface. Thickness of the active layer is based

upon the relation defined by Borah, et al. This thickness is not only a

function of the material size and composition, but also reflects the flow

condition. During degradation, several of these layers may be scoured away,

resulting in the coarsening of the bed material and formation of an armor

coat. However, new active layers may be deposited on the bed in the process

of aggradation. Materials eroded from the channel banks, excluding that

portion in the wash load size range, are included in the accounting. Bed

armoring develops if bed shear stress is too low to transport any available

size.

The non-equilibrium sediment transport is also affected by diffusion,

particularly for finer sediments. Because of diffusion, the deposition or

entrainment of sediment is a gradual process and it takes certain travel

time or distance to reach the transport capacity for a flow condi ti on.

Therefore, the actual sediment discharge at a section depends not only on

the transport capacity at the section but also on the supply from upstream

and its gradual adjustment toward the flow conditions of this section. In

the model, the sediment discharge is corrected for the diffusion effects on

deposi tion and entrainment using the method by Zhang, et al. (1983). The

procedures for computing sediment transport rate, sediment sorting and

diffusion are applied to the longitudinal and transverse directions. They

are also coupled with bed-profile evolution described later in this section.

Sediment discharge may be limited by availability, as exemplified by

the flow over a grade-control structure or bed rock. The very high

transport capacity at such a section, associated with the high velocity, IS

limited by the supply rate from upstream; that is, the sediment discharge at

such a section is under upstream control.

Upstream Boundary Conditions for Sediment Inflow

The rate of sediment inflow into the study reach is provided by the

upstream boundary condition for sediment. If this rate is known, it may be

14



Numerical Solution of Continuity Equation for sediment

Changes in cross-sectional area, due to longitudinal and transverse

imbalances in sediment discharge, are obtained based upon numerical solution

of continuity equations for sediment in the respective directions. First,

the continuity equation for sediment in the longitudinal direction is

included as a part of the input and used in the simulation. Unfortunately,

sedlinent rating data are rarely very reliable or slinply not available. For

such cases, it is assumed that the river channel remains unchanged above the

study reach and sediment inflow rate is computed at the upstream section at

each time step just like they are computed at other cross sections. For

this reason, the study reach should extend far enough upstream so that the

channel beyond may be considered basically stable. Factors that may induce

river- channel changes must be included in the study reach.

I
I
I
I
I
I
I
I
I
I

"At dOs(1 - A) --- + --- - qs = 0
()t {')S

(6)

I
,I

I
I
I
I
I

where A is the porosity of bed material, Ab is the cross-sectional area of

channel bed within same arbitrary frame, Os is the bed-rnaterial discharge,

and qs is the lateral inflow rate of sediment per unit length. According to

this equation, the time change of cross-sectional area dAb/3t is related to

the longitudinal gradient in sediment discharge oOg/os and lateral sediment

inflow qs. In the absence of qs' longitudinal imbalance in Os is absorbed

by channel adjustments toward establishing uniformity in Os.

The change in cross-sectional area ~Ab for each section at each time

step is obtained through numerical solution of Eq. 6. This area change

will be applied to the bed and banks following correction techniques for

channel width and channel-bed profile.

From Eq. 6, the correction in cross-sectional area of channel bed for a

time increment can be written as

I (7)
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I At a section i, the lateral sediment inflow may be written as

where superscripts j and j+l are the times at t and t + 6t, respectively.

This model employs an upstream difference in s and a centered difference in

t for the partial derivative, dQsI~s, in Eq. 6, Le.

where ..1si is the distance between sections i and i+l, ASi-l is the distance

between i-l and L Wi th this upstream difference for;;' Qs!i) s, the change' in

bed area at a section i depends on sediment rates at this section and its

upstream section i-l; it is independent of the sediment rate at the down

stream section. In other words, it is under upstream control. Contrary to

this, the stage at a section in subcritical flow depends on the downstream

stage and is independent of the upstream stage, Le., the stage is under

downstream control in a subcritical flow.

I
I
I
I,

I
I
I
I

{8}

I
I
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VIII. SIKJLATIOO OF aw«;ES IN QIANNE[, WID'DI

The change in cross-~ectional area 6Ab obtained in sediment routing

represents the correction for a time increment t that needs to be applied

to the bed and banks. With ~Ab being the total correction, it is possible

for both the bed and banks to have deposition or erosion; it is also

possible to have deposition along the banks but erosion in the bed and vice

versa. The direction of width adjustment is determined following the stream

power approach and the rate of change is based upon bank erodibility and

sediment transport described in the following.

Direction of Width Adjustment

For a time step, width corrections at all cross sections are such that

the stream power for the reach moves toward uniformity; these corrections

are subject to the physical constraint of rigid banks and limited by the

16



If the energy gradient Si is greater than Si, channel width at this section

is reduced so as to decrease the energy gradient. On the other hand, if Si

is lower, channel width is increased in order to raise the energy gradient.

These changes are subject to the rate of width adjustment and physical

constraints.

amount of sediment removal or deposition along the banks wi thin the time

step. A river channel undergoing changes usually has nonuniform spatial

distribution in power expenditure or 1QS. Usually the spatial variation in

Q is small but that in S is pronounced. An adjustment in width reflects the

river's adjustment in flow resistance; that is, in power expenditure. A

reduction in width at a cross section is usually associated with a decrease

in energy gradient for the section whereas an increase in width is

accompanied by an increase in energy gradient. TO determine the direction

of width change at a section i, the energy gradient at this section, Si, is

compared with the weighted average of its adjacent sections, Si. Here

I
I
I
I
I
I
I
I
I
I

Si+l~si + Si-1L1s i+l
Si = ----------------------

£lSi +ASi+l
(10)

I
I
I
I
I
I
I
I
I

Width changes in alluvial rivers are characterized by widening during

channel-bed aggradation (or fill) and reduction in width at the time of

degradation (or scour). Such river channel changes represent the river's

adjustments in resistance to seek equal power expenditure along its course.

A degrading reach usually has a higher channel-bed elevation and energy

gradient than its adjacent sections. Formation of a narrower and deeper

channel at the degrading reach decreases its energy gradient due to reduced

boundary resistance. On the other hand, an aggrading reach is usually lower

in channel-bed elevation and energy gradient. Widening at the aggrading

reach increases its energy gradient due to increasing boundary resistance.

These adjustments in channel width reduce the spatial variation in energy

gradient and total power expenditure of the channel.

Rate of Width Adjustment

For a time increment, the amount of width change depends on the

sediment rate, bank configuration and bank erodibility. The slope of an

17
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erodible bank is limited by the angle of repose of the material. The rate of

width change depends on the rate at which sediment material is removed or

deposited along the banks. For the same sediment rate, width adjustment at

a tall bank is not as rapid as that at a low bank. The rates of width

adjustment for cases of width increase and decrease are somewhat different

as described below separately.

An increase in width at a channel section depends on sediment removal

along the banks. The maximum rate of widening occurs when sediment inflow

from the upstream section does not reach the banks of this section while

bank material at this section is being removed. River banks have different

degrees of resistance to erosion; therefore, the rate of sediment removal

along a bank needs to be modified by a coefficient. For this purpose, bank

erodibili ty factor is introduced as an index for the erosion of bank

material and the four bank types reflecting the variation in erodibility are

classified as follows

(1) Non-erodible banks,

(2) erosion-resistant banks, characterized by highly cohesive material or

substantial vegetation, or both,

(3) moderately erodible banks having medium bank cohesion, and

(4) easily erodible banks with noncohesive material.

Values of bank erodibility factor varies from 0 for the first type to 1 for

the last type of banks. The values of 0.2 and 0.5 have been empirically

determined for the second and third types, respectively, based upon test and

calibration of the model using field data from rivers in the western u. S.

However, bank erodibility factor should still be calibrated whenever data on

width changes are available.

A decrease in channel width is accomplished by sediment. deposi tion

along the banks or a decrease in stage, or both. For practical reasons,

deposi tion does not exceed the stage in the model. The maximum amount of

width reduction at a section occurs when sediment inflow from the upstream

section is spread out at this section and the sediment removal from the bank

areas at this section is zero.

Within the limit of width adjustment, changes in width are made at all

18
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cross sections in the study reach toward establ ishing uniformi ty In power

expenditure.

IX. SIKJIATIOO OF OIANGES IN ~BID PROFILE

After the banks are adjusted, the remaining correction for Ab is

applied to the bed. Distributions of erosion and deposition, or fill and

scour, at a cross section are usually not uniform. Generally speaking,

deposition tends to start from the low point and it is more uniformly dis

tributed because it tends to build up the channel bed in nearly horizontal

layers. This process of deposition is often accompanied by channel

widening. On the other hand, channel-bed erosion tends to be more confined

wi th greater erosion in the thalweg. This process is usually associated

wi th a reduction in width as the banks slip back into the channel. Such

characteristic channel adjustments are effective in reducing the streamwise

variation in stream power as the river seeks to establish a new equilibrium.

In the model, the allocation of scour and fill across a section during each

time step is assumed to be a power function of the effective tractive force

rro - (1~, Le.

(11)

where.6,z is the local correction in channel-bed elevation, d <> (given by ~'DS)

is the local tracti ve force, (T~ is the cr i tical tractive force, n is an

exponent, and y is the horizontal coordinate, and B is the channel width.

The value of /(c is zero in the case of fill.

The n value in Eq. 11 is generally between 0 and 1; it affects the

pattern of scour-fill allocation. For the schematic cross section shown in

Fig. 3, a small value of n, say 0.1, would mean a fairly uniform distribu

tion of l\z across the section; a larger value, say 1, will give a less

uniform distribution of.6.z and the local change will vary with the local

tractive force or roughly the depth. The value of n is determined at each

time step such that the correction in channel-bed profile will result in the

most rapid movement toward uniformity in power expenditure, or linear water-
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surface profile, along the channel.

z

~I-------------------Y

Fig. 3 Corrections of bed profile for aggradation and degradation.

They are made in such ways that water-surface profile or

power expenditure moves toward uniformity.

Eg. 11 may only be used in the absence of channel curvature. The

change in bed area at a cross section in a curved reach is

(12)

where rf is the radius of curvature at the discharge centerline or thalweg.

Because of the curvature, adjacent cross sections are not parallel and the

spacing '~s between them varies across the width. Therefore, the distribu

tion ofLz given in Eq. 11 needs to be weighted according to the r-coordina

te with respect to the thalweg radius, rf/r, i.e.

I
I
I
I
I

(1-; - rfd njr
= ------------------ t\ Ab

~ 0 0 - /7d n/ r 4r
B

x. SIKJLATlCE <F~ DUE TO aJRVATURE EFE'lCl'

(13)

I
I
I

Simulation of curvature-induced scour and deposition is based upon the

flow curvature for which the streamwise variation is given by Eq. 4. The

major features of transverse sediment transport and changes in bed

topography are described below.
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where k is the radial (transverse) coordinate index measured from the center

(15)

(16)

(14)'lb' ( d
Z

)-- = F tan ~, ;--
% itr

dZ 1 1 ~
+ ----- -.' (r qs ') = 0

Jt 1 - i\ r ()r

Sediment transport, in the presence of transverse flow, has a component

in that direction. Sediment movement in the transverse direction contribu

tes to the adjustment of transverse bed profile. In an unsteady flow, the

transverse bed profile varies with time, and it is constantly adjusted

toward equilibrium through scour and deposition. The transverse bed load

per unit channel length qb' can be related to the streamwise transport qb'

Such a relationship by Ikeda (1982) can be written in parametric form as

Changes in channel-bed elevation at a point due to transverse sediment

movement are canputed using the transverse continuity equation for sediment

where E is the angle of deviation of bottom currents from the streamwise

direction. The near-bed transverse velocity is a function of the curvature,

and it is computed using the flow curvature.

Written in finite difference form with a forward difference for qs', this

equation becanes

Eq. 14 relates the direction of bed-load movement to the direction of

near-bed velocity and transverse bed slope (>z/o r. As transverse velocity

starts to move sediment away from the concave bank, it creates a transverse

bed slope that counters the transverse sediment movement. An equilibrium is

reached, i.e., qb' = 0, when the effects of these opposing tendencies are in

balance. Transverse bed-profile evolution is related to the variation in

bed-material load. Ikeda and Nishmura (1986) developed a method for

estimating transport and diffusion of fine sediments in the transverse

direction by vertical integration of suspended load over the depth. Their

model for predicting the transverse bed slope is also employed.

I
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of radius. Eq. 16 provides the changes in channel-bed elevation for a time

step due to transverse sediment movement. These transverse changes, as well

as the longitudinal changes, are applied to the stream bed at each time

step. Bed-profile evolution is simulated by repeated iteration along

successive time steps.

XI. TFSl' AND CALIBRATlOO OF MA'l'Im4ATlCAL KDEL

The accuracy of a mathematical model depends on the physical

foundation, numerical techniques, and physical relations for momentum, flow

resistance and sediment transport. Test and calibration are important steps

to be taken for more effective use of a model. Because of the difference in

sensitivity of simulated results to each relation or empirical coefficient,

more attention needs to be paid to those that generate sensitive results.

Major i terns that require calibration include the roughness coefficient,

sediment transport equation, bank erodibility factor, bed erodibili ty

factor, etc.

To determine the sensi tivi ty of flow, sediment transport and channel

changes caused by the variation of each variable, different values of the

variable need to be used in simulation runs and the results so obtained are

compared. Generally speaking, the rate of channel changes is more sensitive

to the sediment rate computed from a sediment equation but the equilibrium

channel configuration is less sensitive. For example, the constriction

scour at a bridge crossing, or the equilibrium local scour at a bridge pier,

is found to be more or less independent of the sediment equation, or

sediment size, since both inflow and outflow rates of sediment are affected

by about the same proportion. It may also be stated that the rate of

widening is sensitive to the bank erodibility factor but the equilibrium

width is not nearly as sensitive.

Field data are generally required for test and calibration of a model.

Generally, the channel configuration before and after the changes, flow

record, sediment characteristics are required. Data sets with more complete

information are also more useful. several data sets that are useful for

test and calibration are included in Appendix E.
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APPmoIX B. INPUT/OOTPUT INS'l'RDCI'IOOS FOR THE FLOVIAL MDEL

I. INPUT DESCRIPTION

variable locations for each input record are shown by the field number.

Each record has an inpu t format of (A2, F6. 0, 9F8. 0). Field 0 occupying

columns 1 and 2 is reserved for the required record identification charac

ters. Field 1 occupies columns 3 to 8; Fields 2 to 10 occupy 8 columns

each. The data records are tabulated and described in the following.

The HEC-2 format for input data is used in all versions of the FLUVIAL

model. Data records for HEC-2 pertaining to cross-sectional geometry (Xl

and GR), job title (Tl, T2, and T3), and end of job (EJ), are used in the

FLUVIAL model. If a HEC-2 data file is available, it is not necessary to

delete the unused records except that the information they contain are not

used in the computation. For the purpose of water- and sediment-routing,

additional data pertaining to sediment characteristics, flood hydrograph,

etc., are required and supplied by other data records. Sequential arrange

ment of data records are shown in the following.

I
I,
I
I
I
I'
I
I
I
I
I
I
I
I

Records

Tl, T2, T3

Gl

G2

G3

G4

G5

GS

GB

Xl

XF

GR

EJ

Description of Record Type

Title Records

General Use Record

General Use Records for Hydrographs

General Use Record

General Use Record for plotting Selected Cross Sections

General Use Record

General Use Records for Initial sediment Compositions

General Use Records for Base-Level Variation

Cross-sectional Record

Record for Specifying Special Features of a Cross Section

Record for Ground Profile of a Cross Section

End of Job Record

I
I
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T1, T2, T3 Records

These three records are title records that are required for each job.

This record is required for each job, used to enter the general parame
ters listed below.

1 TYME +

2 ETlME +

Field variable Value Description

Record identification characters

Numbers and alphameric characters for title

Maximum time increment ~t allowed, in seconds

Record identification characters

Description

Ending time of computation on the hydrograph, ln
hours

Starting time of computation on the hydrograph,
in hours

Tl

+

IA

None

D'IMAX

o

1-10

Gl Record

o IA Gl

3

Field Variable Value

I

I
I.
I
I
I
I
I

I
I
I
I
I
I.

4

5

6

I SED

BEF

ruc

1
2

3
4
5

+

o
1

select Grafls sediment transport equation.
select Yang's unit stream power equation.
The sediment size is between 0.063 and 10 rruTI.

select Engelund-Hansen sediment equation.
select Parker gravel equation.
select Ackers-Whi te sediment equation.

Bank erodibility factor for the study reach. This
value is used for each section unless otherwise
SPecified in Field 9 of the XF record.
Use 1 for highly erodible banks;
use 0.5 for moderately erodible banks;
and 0.2 for erosion-resistant banks.
Any value between 0 and 1 may be used.

English units are used in input and output.
Metric units are used in input and output.

I'
I

7 CNN + Manning's "n" value for the study reach. This
value is used for a section unless otherwise spe
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These records are required for each job, used to define the flow hydro
graph(s) in the channel reach. The first G2 record is used to define the
spatial variation in water discharge along the reach; the succeeding ones
are employed to define the time variation(s) of the discharge. Up to five
hydrographs, with a maximum of 20 points for each, are currently dimension
ed. This size may be expanded if required.

G2 Record

I
I
J
I

II
I
I
I
I
I
I
I

8

9

10

PTIMEl

PTIME2

KPF

+

+

+

cified in Field 4 of the XF record. If bed rough
ness is computed based upon alluvial bedforms as
specified in Field 5 of the G3 record, only an
approximate n value needs to be entered here.

First time point on the hydrograph at which com
plete cross-sectional output is requested. It is
usually the peak time, but it may be left blank if
no output is requested.

Second time point on the hydrograph at which com
plete cross-sectional output is requested. It is
not the end of the hydrograph because complete
cross-sectional output is automatically printed at
the end of each simulation. This field may be
left blank if no output is requested.

Frequency of printing the summary output, in num
ber of time steps

I
I
'I
,I

I

Field Variable

First G2
o IA

1 IHPl

2 NPl

3 IHP2

value

G2

+

+

+

Description

Record identification characters

Number of last cross section using the first hy
drograph. The number of section is counted from
downstream to upstream with the downstream sec
tion being number one.

Number of points connected by straight segments
used to approximate the first hydrograph.

Number of last section using the second hydrogra
ph if any. Otherwise leave it blank.

I, 4 NP2 + Number of points used to approximate the second
hydrograph
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G3 Record

continue with additional discharge and tUne coordinates.

Thi s record is used to define required and optional river channel
features for a job as listed below.

Field Variable Value

Number of last section using the third hydrograph
if any. Otherwise leave it blank.

Number of points used to approximate the third
hydrograph

28

Description

Time coordinate of point 1 for each hydrograph, in
hours

Discharge ,coordinate of point 2 for each hydrogra
ph, in cfs or ems

TUne coordinate of point 2 for each hydrograph, in
hours

Discharge coordinate of point 1 for each hydrogra
ph, in ft3/sec or rn3/sec

Record identification characters

water temperature is 15°C.
Water temperature in degrees celsius

Downstream slope is allowed to vary during flow.
Downstream slope is fixed at Sll given in Field 1.

Slope of the downstream section. Required for a
job

One-on-one slope for rigid bank or bank protection
Slope of bank protection in ESP horizontal units
on 1 vertical unit. In the case of vertical bank,
use 0.05 for BSP. This value is used for all cro
ss sections unless otherwise specified in Field 8
of the XF record for a section.

+

+

o
1

o
+

o
+

+

NP3

IHP3

Sl1

TEMP

BSP

DSOP

TMll,TM21 +
TM23

Q12, Q22 +
Q32

TMl2,TM22 +
TM23

4

2

6

3

5

2

Succeeding G2 Record(s)
1 Qll, Q2l +

Q3l

4

3

o IA G3

1

I
t
I
I
I
I
'I
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I

5 ICNN

6 TDZAMA

8 RLMN

10 RWD

G4 IEcord

o

1

o
+

o
+

+

Manning's n defined in Field 7 of the Gl record
or Field 4 of the XF record are used.
Brownlie's formula for alluvial bed roughness is
used and Manning's n is simulated in the model.

Erodible bed layer is 100 ft (30.5 m) thick.
Thickness of erodible bed layer in ft or m. This
value is applied to the entire channel reach but
it may be redefined for a section using Field 10
of the XF record.

Lateral migration of channel is not considered.
Maximum rate of lateral migration in feet (or me
ter) per day at average discharge. Enter average
discharge in cfs (or ems) in Field 9 of G3.

Width of rigid bank zone, in ft or m. It is used
to specify the width of bank protection of small
channel in a flood plain. Channel and flood plain
areas outside this zone remain erodible.

I
I
I
I
'I
I
I

This is an optional record used to select certain cross sections for
outPlt at each sumnary output. Up to 4 cross sections may be selected.
Each cross section is identified by its number which is counted form the
downstream section.

Field Variable value Description

0 IA G4 Record identification characters

1 IPLTl + Number of cross section

2 IPLT2 + Number of cross section

3 IPL'I'3 + Number of cross section

4 IPLT4 + Number of cross section

G5 IEcord

This is an optional record used to specify certain selections for the
job.

Field Variable value Description
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I
I

Two GS records are required for each job, used to specify initial bed
material compositions in the channel at the downstream and upstream cross
sections. The first GS record is for the downstream section and the second
is for the upstream section. From upstream to downstream, exponential decay
in sediment size is assumed for the initial distribution. sediment composi
tion at each section is represented by five size fractions.

Field variable Value

GS Hecord

1 OT

Description

Record identification characters

Record identification characters

unsteady water routing is not used; water-surface
profiles are computed using standard-step method.
unsteady water-routing based upon the dynamic wave
is used to compute stages and water discharges at
all cross sections for each time step.

The first time step is 50 seconds.
Size of the first time step in seconds.

Fraction of bed material in this size range

Geometric mean diameter of the smallest size fra
ction in nm

o

1

o
+

GS

+

+

G5

OFF

PC

IA

IA

2 I ROUT

2

o

o

1I
I

I
I

I
I
I
I

I

1

I
I

Continue with other OFF's and PC's.

GB Records

These optional records are used to define the time variation of base
level for rivers that discharge into a lake, reservoir or ocean. The GB
input data, if included, will supersede other methods for determining the
downstream water-surface elevation.

Field Variable Value

I
I
I First GB Record

o IA GB

Description

Record identification characters

I 1 KBL + Number of points used to define base-level changes

I
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Succeeding GB Record (s)
a IA GB Record identification characters

1 BSLL(l) + Base level of point 1, in ft or m

2 TMBL(l) + Time coordinate of point 1, in hours

3 BSLL(2) + Base level of point 2, in ft or m

4 TMBL(2) + Time coordinate of point 2, in hours

Continue with additional elevation and time coordinates.

Xl lEcord

This record is required for each cross section (100 cross sections can
be used for the study reach); it is used to specify the cross-sectional geo
metry and program options applicable to that cross-section. Cross sections
are arranged in sequential order starting from downstream.

Field Variable Value Description

a IA Xl Record identification characters

1 SEQJO + Original section number from the map

2 NP + Total number of stations or points on the next GR
records for current cross section

I
'I
I
I
I
I
I

7

8

ox

YFAC

+

a

Length of reach between current cross section and
next downstream section along the thalweg, in feet
or meters

Cross-section stations are not modified by the
factor YFAC.

This is an optional record used to specify special features of a cross
section.

Field Variable Value

'I
I
I
I
I

XF lEcord

+ Factor by which all cross-section stations are
multiplied to increase or decrease area. It also
multiplies YC1, YC2 and CPC in the XF record.

Description
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I
I
I
I
,I
I
I
I-

I
I
I
I

o

1

2

3

4

5

6

8

9

10

IA

YCl

YC2

RAD

CN

CPC

IRe

BSP

BEFX

'IDZAI'1

-XF

o
+

o
+

o
+

o

+

o

+

o
1

o

+

5

o

>0.01

o

+

Record identification characters

Regular erodible left bank
Station of rigid left bank in ft or m, to the left
of which channel is nonerodible.

Regular erodible right bank
Station of rigid right bank, to the right of which
channel is nonerodible

Straight channel with zero curvature
Radius of curvature at channel centerline in ft or
m. Center of radius is on same side of channel
where the station (Y-coordinate) starts.
Radius of curvature at channel centerline in ft or
m. Center of radius is on opposite side of zero
station.

Roughness of this section is the same as that
given in Field 7 of Gl record.
Manning's "n" value for this section

center of thalweg coincides with channel invert at
this section.
Station (Y-coordinate) of the thalweg in ft or m

Regular erodible cross section
Rigid or nonerodible cross section such as drop
structure or road crossing. Up to 10 such sections
are allowed in the study reach.

Slope of bank protection is the same as that given
in Field 2 of G3 record.
Slope of bank protection at this section in BSP

horizontal units on 1 vertical unit. Use 0.05 for
vertical bank.
Slope of rigid bank is defined by the GR coordina
tes.

Bank erodibility factor is defined in Field 5 of
the Gl record
Bank erodibility factor at this section.

Erodible bed layer at this section is defined by
TDZAMA in Field 6 of the G3 record.
Thickness of erodible bed layer in ft or m.
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GR IEcord

This record specifies the elevation and station of each point for a
digitized cross section; it is required for each Xl record.

Field Variable Value

I o IA GR

Description

Record identification characters

I
I

1

2

Zl

Yl

+

+

Elevation of point 1, in ft or m. May be positive
or negative.

Station of point 1, in ft or m

I
3

4

Z2

Y2

+

+

Elevation of point 2, in ft or m

station of point 2, in ft or m

I
I

Continue with additional GR records using up to 47 points to describe the
cross section. stations should be in increasing order.

&J IEcord

This record is required following the last cross section for each job.
Each group of records beginning with the Tl record is considered as a job.

output of the model include initial bed-material compositions, time and

spatial variations of the water-surface profile, channel width, flow depth,

water discharge, velocity, energy gradient, median sediment size, and bed

material discharge. In addition, cross-sectional profiles are printed at

different time intervals.

Field Variable Value

II. OUTPUT DESCRIPTION

Description

Not used

Record identification charactersEJIAo

1-10

I
I
I

I
I
I
I

I Symbols used in the output are generally descriptive, some of them are

I
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defined below:

I
I
I
I
I
I
I
I
I
I
I
I
I
I

SEC NO

TIME

DT

W.S.ELEV

WID'IH

DEPTH

Q

V

SLOPE

050

QS

FR

N

SED. YIELD

WSEL.

Z

Y

DZ

TDZ

Number of a cross-section

Tilne on the hydrograph

Size of the time step or D. t in sec

Water-surface elevation in ft or m

Surface width of channel flow in ft or m

Depth of flow measured from channel invert to the water

surface in ft or m

Discharge of flow in cfs or ems

Mean velocity of a cross-section in fps or mps

Energy gradient

Median size or d50 of sediment load in rom

Bed~aterial discharge for all size fractions in cfs or ems

Froude number at a cross section

Manning's roughness coefficient

Bulk volume of sediment having passed a cross section since

beginning of simulation, in cubic yards or cubic meters

Water-surface elevation, in ft or m

Vertical coordinate (elevation) of a point on channel boundary

of a cross-section, in ft or m

Horizontal coordinate (station) of a point on channel boundary

of a cross-section, in ft or m

Change in elevation during the current time step, in ft or m

Total or accumulated change in elevation, in ft or ill

I
I
I
I
I

III. IMPORfANT MESSAGES FOR INPUT PREPARATION

1. The computing tilne of this program is sensitive to the reach length

between two adjacent cross sections, OX. Very small reach lengths which may

result in excessive computing time should be avoided. In HEC-2, a down

stream section and an upstream section are usually used at each bridge cro

ssing, but these two sections should be combined into one, if possible, for

the FLUVIAL application.
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I

2. The GR points used to define the ground profile should be selected

to provide an accurate definition of the initial profile. As such, suffi

cient points should be used for each cross section. Also, large spacing

between adjacent points should be avoided even if there is no difference in

initial elevation. Detailed results rely upon the adequate number of points

used.

3. The number of GR points used in defining the ground profile also

affects the computing ttme because these points are executed a great number

of ttmes for each job. points that are definitely outside the flow boundary

level should be deleted during initial editing. However, because of the

possibility for bank erosion, there should be sufficient points to cover any

such potential changes.

4. Ineffective flow areas should be specified, either by excluding

them fran the GR points or by raising the GR elevations above the water

level.

5. Very fine sediments with a grain size less than 0.0625 rom consti

tute the wash load and should be excluded from the size-fraction data on GS

records.

I
I

6. The bank erodibility factor, BEF, in

control for the rate of channel widening.

widening. This value should be calibrated

possible.

Field 5 of Record GI, is a

A small value slows down

against field data whenever

I
I
I
I
I

7. The radius of curvature, RAD, in Field 3 of the XF record may be

specified only if the station of the concave bank is specified in Field 1 or

2 of the XF record. under this situation, lateral migration is controlled

by RLMN in the G3 record. In using this option, the GR stations should be

approximately equally spaced in the erodible part of channel.

8. The radius of curvature r c (or RAD) along a reach between two adja

cent cross sections is computed by interpolating those defined at the cross

35



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

sections. Since r c has infinite value at a straight section, its adjacent

reaches also have infini te r c • For this reason, a curved reach must be

between cross sections with finite r c values.

9. The device codes for running this program are as follows: 1 for

READ, 3 for WRITE into an output file, and 5 for WRITE at the terminal.

PLACED AT INSIDE COVER
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------------------------------------------- - --------------------
Sample Input/Output of the FLUVIAL Model

.*t""******* ••••**************************************** FLUVIAL-12 SIMULATION Of RIVER HYDRAULICS. •
* SEDI~ENT TRANSPORT AND HIVER CHANNEL CHANGES *
XXXXXXXXXXXXXXXXXXXxY:{X~)rXX"XXXXXXXXXX x xxXXXXXXXXXXXX XXXXX X- -

ThIS PROGRAM IS DEVELOPED AND fURNISHED BY HOWARD H. CHANG ~~D_I~_~CfEPTED AND U~ED BY THE ~ECll

UPON THE EXPRESS UNDERSTAN1)iNG THAT THEDEVELOPER-~AKES NO WARRANTIES, EXPRESS OR IMPLIED, CONCI
tHE ACCIJRACY. CO~PLErENESS, RELIABILIT¥, USABILITY, OR SUITABILITY fOR AN~ PARTICULAR PURPOSE 01
INfORMATION AND DATA CONTAINED IN THIS PROGRAM OR FURNISHED IN CUNNECTION THERE~ITH, AND THE DE'

-----SHALL --BE UNDF.R N-oL:r ABILITl wHATSOEVER TO ANY PERSO'N--BY-REAsoN-or-A'in -USE -M ADE- THER-gOF.

Tl SANTA CRUZ RIVER
---12 E XI STING- coffD ft IONS WITH CAP

-- --- - -- --- - - --- --

1'3 100-YEAR fLOOD
Gl 4.10 30.00 600.00 2.00 0.50 0.00 0.03 18.1)0 0.00 2-4.00-- -- G2 70.00 9~00 - - - -0;00------0.00-- -(r~OO----

- -_._- - - --0.-0-0 -- --6--: 0-0 --
0.00 0.000.00

G2 4000.00 3.00 27000.00 7.20 70000.00 15.00 80000.00 17.80 80000.00 18.20
G2 bOOOO.OO 21.50 30000.00 25.00 3000.00 37.00 1000.00 50.00
G1 0.0-0 - -0:-00-- 0.00 0.00 o-~()i) --- --- ----0:-00- -- -0:-00- ---0:00 - - -

0.00 25.00
G4 3.00 26.00 27.00 0.00 ·J.OD 0.00 0.00 0.00 0.00 0.00
GS 0.14 0.15 0.37 0.20 0.74 0.20 1.~O 0.20 5.30 0.25
GS 0.14 o-:n - -----0--;;-17-----0;10 -- 0.74 -- -O~1-<i ---;:-:-50 - - -0:20 5".30 0.25
Jl -10.00 7.00 0.00 0.00 0.00 0.00 0.00 0.00 1973.00 0.00
J2 -1.00 0.00 -1.00 0.00 0.00 0.00 -1.00 0.00 0.00 0.00
J3 38.00 i\J.O<J -5~OU--~T~1rO - -- -S-S:lTIJ- -- L-6. (fO - - 5b.OO -- -72:00 54.00 4.00
J3 1. flO 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
f\lC 0.04 0.04 0.03 0.10 0.30 0.00 0.00 0.00 0.00 0.00
Q'f -6.00 J 30-0-0 .-00- -19'2"(1)~1)lr--4OV01):'U1>05-00-0;-0-0 -7 00-0-0.00 "80000.00 0.00 0.00 0.00
Xl 9.97 21.00 19820.00 20528.00 0.00 0.00 0.00 0.00 0.00 0.00
x3 10.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.UO
GR 1983.90 1 8 4 7 tj. O-(}-- flJ7'~-. Olr ra-sn-; ('j~r- - r 975 .-50 18'572'.00 19'71.50 18785.00 19b9.00 18881.00
GR 1970.80 191.57.00 1969.00 19405.00 1970.10 19495.00 1968.10 19567.00 1970.60 19794.00
GR 1970.60 19820.00 1962.70 198-42.00 1962.50 20000.00 1962.70 20054.00 1968.10 20092.00
GR 1969.70 20248. -(YO- -r907:-50--20 274 • 0-0----191>7--; TO- -2041 0.00 1978.30 20528.00- 1976.90 20833.00
GR 1975.80 21316.00
Xl 10.09 15.00 19458.00 20267.00 600.00 650.00 640.00 0.00 0.00 0.00
X3 10.00 0.00 - -- -0-;-Cfo- - -- --0 .-cro-- - --- --0 .-0-0'- - 0.00 - 0.00 0.00 O~OO 0.00
Gf< 1984.30 1 7 _~ 9 0.00 1980.10 18493.00- 1973.50 18616.00 1972.iO 19037.00 1973.30 19458.00
GR 1~b4.10 19738.00 196-4.10 19931.00 19b6.fll) 20000.00 1965.70 20039.00 1970.80 ~0084.00

GR 1970.80 20180-.00 1-98'"1 .2'J':ro '2 6 T~ 0-0 1981.2-0 20350.00 198 L 00 20466.00 1978.70 20701.00



---- ---------------
X1 11 • 0 8 25 • 00-1 778"3 • 00 -io 599 • 00- - f, 0-0 • 00 -9 50 • 0 0 95 0 • 00 0 • 60 0 • 0 0
X3 10.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
GR 1~96.50 17099.00 199b.00 17783.00 1990.60 17953.00 1983.10 18586.00 1983.10

--GR -1987.90 IB761:(fO-f987-.-90T8854-~-OO---C989-:2-(r-19-600.00- f9--Sb.70 19f84.0-0 - 1987.90
GR 1983.10 19199.00 1985.40 19413.00 1982.90 19697.00 1984.50 19983.00 1982.90
GR 1981.10 20256.00 1985.60 20271.00 1984.90 20355.00 1983.10 20410.00 1981.80
c;f( 19&8.50 20599.00-f989.702fI4<f;oo-- 1991.-00--22C41.06 -1989~-40 22969.00 i993.30
Xl 11.27 25.00 17764.00 20568.00 1300.00 750.00 980.00 0.00 0.00
X3 10.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

-- ---\;R --2<l12. 70 15120.00· -- 2010-.60--T585T.-ocj" - 2010":40-i6094 ~ 00 1998. 90 -16532~-OO 1999.50
GR 1991.70 17425.00 1994.90 17764.00 1993.10 17965.00 1986.10 18316.00 1986.30
GR 1990.10 19474.00 1990.80 18814.00 1989.00 19250.00 1989.90 19606.00 1986.30

------c;-fr 1987-.20· 2 007f(f~-OO-----T98-4:702(n 56. 00 1985.20-20283.00 1988.50-ic»0)-:oo - 1986.10
GR 1989.40 20520.00 1994.40 20568.00 1996.00 21469.00 1995.30 22865.00 1994.60
Xl 11.39 30.00 18345.00 20382.00 800.00 450.00 660.00 0.00 0.00
X3- 10.00 - --- -o.(fO ----0. 0 --O:--OO--------O:-<YO-------O~OO - --- 0-.-00 -- ----o.O(J-- -- 0:-00
GR 2009.50 16143.00 2003.40 16536.00 2000.70 17025.00 2001.20 17516.00 1994.90
GR 1992.80 18126.00 1992.80 18345.~0 1988.30 18363.00 1988.30 18479.00 1993.00
GR- 1992.1 0 18-!r50~(rO-- 1992. 401"9T60. 00-----r993-:60--194-S3. 0-0 - f990. 30 1~f51-2-~00--T991. 00
GR 1990.10 19785.00 1992.10 19837.00 1989.90 19887.00 1990.80 19962.00 1987.40
GR 1987.20 20001.00 1986.30 20262.00 1992.10 20278.00 1993.30 20382.00 1991.20

----Gtf 19-9-2~40 20740;-0\) 19"9B.90 20795.00 1997."l3()2195T.oo I996.(023)-33;O() -r994.e-O
Xl 11.51 30.00 18435.00 20471.00 600.00 610.00 610.00 0.00 0.00
X3 10.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
G1< 2016.50 15104.00 -2UT5:Tuf5"898.0o--2014:50-16299;OO -20-00.30 167,-g.OO - -1999.80
GR 1994.20 17949.00 1994.60 18435.00 1988.80 18475.00 1988.80 18530.00 1989.90
GR 1994.40 18608.00 1993.70 19081.00 1994.40 19484.00 1992.80 19530.00 1994.40
GR 1991.70 t9592.(f(J r9~~<JT9-bS-8-;;-0-O -TI~~21Jr9'20.00 -1991.9-0- 19814~-OO· 1995~10

GR 1969.40 19929.00 1989.40 20000.00 1989.40 20181.00 1992.60 20191.00 1991.20
GR 1994.40 20356.00 1993.30 20434.00 1995.50 20471.00 1993.90 20735.00 2000.90

-A1 11.62 - 25.01> 1-g-53~UL0190.un-- -5~nJ;{f0 -5"90.00 -S90.-UO 0.00 0.00
Xl 10.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
GR 2016.90 15495.00 2015.40 16069.00 2011.30 16443.00 1999.10 17787.00 1996.40
GR 1994.80 18326.00 1~r9'i-~Y<lr803-T.lTO-Tg8--g-."9-(J18-649.00 198-9.9018727.00 1994.20
GR 1996.00 19060.00 1997.10 19347.00 1997.80 1.9520.00 1994.40 19616.00 1995.70
GR 1994.20 19797.00 1989.20 19806.00 1989.20 19974.00 1993.50 20000.00 1996.20
GR 1995.70 20674-:0-0----ZCTOT;D0--TOTO-6;QIJ----r-q-gg:gO 2176"9.00 1""999-.3022747.00 2000.50
Xl 11.73 20.00 18749.00 201~0.00 600.00 600.00 600.00 0.00 0.00
X3 10.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
G~ 2007.20 17621.00 2-0l12-;70 -nnn~oo - -2-o-tJT;4D 18000.0li 1998.40 18147.00 1996.20
Gk 1996.90 18749.00 1995.50 18910.00 1991.20 189~3.00 1991.50 18986.00 1995.30
GR 1998.40 19238.00 1999.80 19522.00 1997.30 19627.00 1990.60 19639.00 1991.50

L _

0.00
0.00

18664.00
19238.00
20000.00
20539.00
23164.00

0.00
0.00

11250.00
18450.00
19786.00
2046b.OO
24026.00

0.00
0.00

11697.00
18501.00
1963b.OO
19978.00
20419.00
24638;00

0.00
0.00

17389.00
18574.00
19564.00
19914.00
20267.00
20766.00

0.00
0.00

1800~.00

18762.00
19714.00
20190.00
23670.00

0.00
0.00

18403.00
19014.00
19828.00



-------------------
Xl 16.37 28.00 19686.00 20161.00 450.00 510.00 510.00 0.00 0.00 0.00--GR - 2092.30 19169.{f(Y -1fJ7T;JO --1 97UT:"U-o-~ {f6T.TO 19723.00- -20-64.00 19314.00 2070.90 19382.00GR 2071.00 19440.00 2070.90 19502.00 2066.20 19536.00 20b5.50 19686.00 2059.40 19716.00
GR 2058.50 19879.00 2060.30 20000.00 2062.10 20110.00 2065.10 20161.00 2064.60 20362.00GR- 206T.I0 20-423.0-0-- TOb-S: S'C1 -"2lfs-5"3 ~ U1J- --- '1 (f06 .IJ02""O 6 8-3 • 00 2068:40 20146.00 2068.90 20992.00GR 2066.90 21015.00 2068.10 21032.00 2070.00 21282.00 2069.30 21133.00 2068.70 21991.00
GR 2010.00 22013.00 2070.00 22045.00 2077.40 22099.00
Xl 16.50 25.00 19568.00 19845.00 650.00 650.00 650.00 0.00 0.00 0.00
GH 2010.10 19058.00 2075.20 19081.00 2073.60 19326.00 2068.20 19343.00 2066.20 19432.00
GFi 2066.60 19568.00 2059.90 19586.00 2059.90 19662.00 2059.90 19781.00 2065.50 19845.00
GR 2066.20 19960.00- -20-6-4 ~ 20--20000.00 20-66.60 20063.00 2059.90 20101.00 2065.70 20112.00
GR 2067.50 20278.00 2066.00 20523.00 2069.80 20608.00 2068.40 20673.00 2010.70 21144.00
GR 2069.80 21514.00 2069.80 21922.00 2071.60 21944.00 2071.60 21971.00 2082.20 22012.00
Xl 16.61 32.00 -19-313:60 -19-84-4 • 00- -600~00 -- 550.00 600.00 0.00 0.00 v.oo
GR 2103.90 17841.00 207b.40 17966.00 2073.30 18050.00 2071.90 1(;22b.00 2069.70 18337.00
GR 2069.00 18406.00 2069.80 18601.00 2069.40 18743.00 2069.10 18841.00 2069.40 19015.00

----c-~
.

2069.40 -19156.0<)" 2069.50 193-73.00 --2 068~To-i9-s 46-:-00 -- 2-06 f. 80 195-66.00 2061.10 19649.00
GR l060.50 19782.00 2070.60 19844.00 2068.10 19924.00 2068.10 20000.00 2068.10 20277.00
GR 2070.10 20631.00 2011.70 2090B.00 2073.30 20929.00 2072.60 20983.00 2069.90 21016.00
GF< 20TO.60 21230.-00 - -207(f~BO----Ir56-8-:00-20rC-50 2f754:00- 2072.20 21779.60

-
2072.20 21815.00

GR 2010.60 21862.00 2076.90 21911.00
NC 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
)( 1 16.73 32.00 19-6(>1 .00-20000.00 050'-00

-
60b.60 600-.00 0-.00 0.00 0.00

GR 2089.60 16450.00 2018.60 16671.00 2078.10 17020.00 2019.20 17428.00 2015.40 17452.00
GR 2078.60 17469.00 2075.00 11958.00 2073.4f) 18035.00 2075.90 18107.00 2079.20 18357.00
GR -2071.40 184r5.00 --- 20Tf--=-90-1 "588-:-0---0-20 f C"<j tj 18878.00 2071.90 19040.00 2071.90 19154.00
GFc 2071.90 19486.00 2011.80 19601.00 2063.30 19625.00 2062.10 198~8.00 2070.90 19970.00
GR 2071. 60 20000.00 2069.60 20209.00 2069.60 20427.00 2068.20 20466.00 2071.80 20498.00
GI< 2012.50 20723. 00-207-3-:4020995-: 00-207(J-~-90 -211-05.00 2072.90 21128.00 2073.20 21344.00
GH 2074.50 21822.00 2011.90 21836.00
Xl 16.89 27.00 19872.00 20b13.00 600.00 950.00 880.00 0.00 0.00 0.00
GR 2075.60 17880.00 .-- -2 0 8 0 .-ro- 1 "7 8 9"r-:tib- -- 261-8.8-0 17965.00 2077.20 18316.00 2074.30 U154~.00

Gk 2075.40 18634.00 2072.90 18b99.00 2070.50 1A725.00 2079.90 16754!.00 20BO.00 ld7<j8.00
GR 2080.00 19022.00 2080.00 19357.00 2080.00 19747.00 2081.50 19872.00 2070.90 19901.00
G~- 2068.10 19983.00 . -2-6 6 4-:-g?f-T9"9-9T~ 00 206( .tH5-20000. 00 2<564.80 20101.00 2010.50 20129.00
GR 2071.60 20300.00 2014.70 20613.00 2072.90 20739.00 2010.70 20773.00 2073.20 20807.00
GR 2074.30 21186.00 2075.20 21762.00
R"C 0.04 0.04 -O.-~n - 0.10 0.10 O-~OO 0.00 0.00 0.00 0.00
£J 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



.- - - - - - - - - - - - - - - - - - -
TIM~::; 11.03 HRS DT::; 600 SEes TI/ooIE STEP::; 48

SEC. NO. W.S.F.LE". -WIDTH-- - DEPT-H--- - Q
FEET FEET fEET CFS

SLOPE 050
~M

FR SED. YIELD
C. Y.

9.91
10.09
10.21

11)-.32
10.52
10.12

----10-.90
11.08
11.27
11.39
11.51
11.62

-rr.71 -
11.85
11.96

- 12.0,
12.19
12.30
12.42
12.53
12.64
12.76
12.81
12.99
13.07
13.26
13.39
13.51
13.62
13.74
13.85
13.96
14.07
14.19
14.31

1913.<'f6 ['rb-1.94 10.56 -48088.0 - 6.15 - 0-:-6027)- --1.0-1 50.11 0.52
1974.78 1610.79 11.26 48088.0 6.40 0.00276 1.19 46.85 0.52
1916.74 2058.60 12.29 4A088.0 5.10 0.00261 1.55 31.33 0.50
1978.01--- 22BT:61- 10.75 48088.0--4-:-73- 0.00161 0."9-2 -28:9T--O~40

1979.49 2568.60 8.82 48088.0 3.96 0.00103 0.46 23.77 0.32
1981.11 2456.87 9.37 48088.0 5.46 0.00285 1.03 61.51 0.51
1984.14- 2109.79 9.-40 8088.0-- --6.·25 -0:00365----0-:78- 80.31-- 6.58-
1987.72 2009.23 1.91 48088.0 6.57 0.00403 1.26 69.76 0.61
1991.67 2498.26 7.22 48088.0 5.84 0.00365 1.13 63.4B 0.51
1994. 25 :r8i7~-~r4--9;n- -48 o1fa. 0 - -5-~ 73 --0 '-OQ·rf2- r;46 -64 '-48 -- 0.59
1996.55 3046.37 1.14 48088.0 5.13 0.00308 0.86 59.14 0.52
1998.35 2848.63 B.52 48088.0 5.25 0.00305 0.89 59.45 0.52
'20 (j (j ~ 1 6 -- ~~4-8--- ~. 6 8tnnr;o--5. 21\-o:oc)""2-cn- ~-4--- 0-0.BO----"lr~51

2001.92 2818.54 1.29 48088.0 5.22 0.00294 0.87 63.35 0.51
2003.&9 2175.83 9.32 48088.0 6.56 0.00447 1.38 66.68 0.63
200-6.5I-flJ--O-b;b2- .~ 4808B.O --i-;-Cff;-- -o-;1Jlf477- -~6- - o4.3g- --0.-66
2009.30 2807.93 11.04 48088.0 5.31 0.00310 0.92 50.14 0.52
2011.04 2917.76 11.48 48088.0 4.88 0.00246 0.81 40.82 0.41

-20 12 .58 --)""CrJ3 :b9---1 0-;21)-4~-:-O-- ---4~-B-g -- O-~lHr2"5 9-- -0:"94 - 36-; 52 0 • 48
2014.10 2943.47 12.30 48088.0 4.88 0.00250 1.19 36.33 0.47
2015.63 3514.99 10.73 48088.0 4.49 0.00239 1.31 33.30 0.45
2017 ; 3 (1-- -2 6T5•ro- r;J2~ffOlrg-;-o-- - 5 ~-8 3-- ~lm-rrc-~-;-O1 - "3 4 • 89 0 ~ 58
2019.64 3155.56 12.19 48088.0 4.69 0.00302 1.88 24.40 0.50
2020.85 3482.93 13.12 48088.0 3.41 0.00095 0.61 14.16 0.30
20'21.3"2 ~3g-a-;n 14.-ZU---,nW88-.lJ - -S:"10 O;OOZ5r - U-;[jq- J7.22 0.48
2024.00 743.80 12.57 480&8.0 10.39 0.00496 2.93 22.31 0.13
2027.61 4502.14 17.43 48088.0 2.55 0.00051 0.34 5.70 0.22
2028.29-"6nr; 9""9- --rlf;75- 41J 0-8"8.0 3. S:l1 - O. 0-0-2"9S 1 .9-9 35-.20 0.47
2030.34 1194.86 11.16 48088.0 3.89 0.00385 1.24 54.48 0.52
2032.4B 7188.40 10.44 48088.0 3.43 0.00280 0.19 47.28 0.45
20 34.1 4 ,TEr5~ 69-----TU :9b-41rOl31r:-o - 3 .~ B 0; tT(J2T6 -0. 19 47. 62 O. 45
2035.66 S3~1.92 9.89 4808~.O 3.88 0.00260 0.16 50.99 0.45
2037.38 6228.43 11.09 48088.0 3.96 O.0033~ 1.11 53.24 0.50
2039.32 -6111"1;-0- T(J.-ff 4fflra-s.0 3.12 0.00277 0.80 49.89 0.46
2041_00 5525.00 9.75 480B8.0 3.96 0.00288 0.80 54.98 0.41

0.4039E+05
0.3955E+05
0.30blE+05
-O~2168E+05

0.1749£+05
0.6380£:+05

-- 0.-6399£:+05- -
0.1272E.05
0.6109E+05

-0.5684£:+05
0.4496£.05
0.4636E+05

-0. 4b8~-E+05---
0.5053E+05
0.6021Et05

--U:-So")9E+0S---
0.4081E+05
0.3804£+05
-0.3983E+\)5
O.4503E:t05
0.4099E.+05
O. 3853£t~
0.2029£t05
0.5545£+04
0.2691£+05
O.3134E.+05
0.3762E+04
O.6303Et05
0.4648E.... 05
0.3614£+05
O.3850£"t05
0.3917E+05
O.452flE+05
0.3912£.05
0.4261£+05



-------------------
10
21 SEC NO 13.39 TIME = 11.03 HRS WSEL =2027.61 WIDTH = 4502.14

Z OZ TOZ z DZ Tf)Z y z DZ TDZ y.

-- --2 () 2 7 • 6 :3
2021.47
2020.84

--- 2-0 J 7 • 34
2027.19
2017.89

- 2012.44
2020.48
2025.74
2025.10

0.00
0 .• 01
0.02
0.02
0.00
0.1')2
0.02
0.02
0.01
0.01

0.00
0.07
O. tH
2.24

-0.01
2.09
3.64
0.48
0.04
0.10

18252~-O--2027.50 -0-:00- 0.00-18792.0
19461.5 2023.27 0.01 0.08 19495.0
19571.8 2021.47 0.02 0.07 19835.0
20000~-O- 2017.34- (f. 02 -2.-24 20091.0
20217.0 2v25.1b 0.01 -0.04 20351.9
20477.0 2020.00 0.02 1.50 20750.0
2(j~lY.-O---20~09-O-~-ot 2-:-59 2-0973~O

21129.5 2026.13 0.01 0.03 21182.0
21811.0 2025.94 0.01 0.04 22050.0
23035 :1- - ~2'. 50 -0.-00 -0.00 2 3dQ 1. I)

2021.90 0.00
2023.27 0.01
2017.89 0.02
2 0 (~f • 5-03 -- 0.02
2011.39 0.02
2010.20 0.02
21H6;09 0.02-
2026.13 0.01
2025.26 0.01
2021 • 8 1 -0 .-60

0.00
0.08
2.09
0.63
1.39
4.30
2~59

0.03
0.06
0.00

19171.0
19547.0
19957.0
20198.5
20394.6
20824.0
21025.0
21494.0
22574.0
231B5.0

SEC NO

Z DZ TDZ y z OZ TDZ y z DZ TDZ 'i

2046.10
2025.20
-20-27~0

2014.23
2011.82

- - 2024.30
2025.40

a.oo
0.00
0.00

-0.04
-0.05
0.00
0.00

0.00 16161.0 2047.30 0.00 0.00 16902.0
0.00 17954.0 2026.10 0.00 0.00 18933.0
0: 00- 1~ 474--:0 ---70~o;rO '--0:0 tJ -O-~ -0 0- -r~n~S • 0

-2.47 19849.0 2011.38 -0.05 -3.02 19897.0
-2.78 20090.0 2021.03 -0.03 -0.57 20116.0
o. 00 2(j ·f9-4-:0 - -2()25: ro---~-;-oo' O~ 00 1 1.r5 8 4 • 0
0.00 21473.0 2026.60 0.00 0.00 21677.0

2041.00
2025.40

'TOI7 ~06
2011.38
2023.34
2025.40

0.00
0.00

-0.03
-0.05
-0.01

0.00

0.00
0.00

-1.44
-3.02
-0.06
0.00

17562.0
19j51.0
19145.1
20000.0
20429.0
210bl.0

10
3 SEC l-JO 10.21 TIME = 11.03 HRS WSEL =1976.74 WIDTH = 2058.60

z DZ TOZ y-". z DZ TDZ y z DZ TDZ 'i

1985.70
1975.91
1972.93
1971.99
1965.28
19~O.70

0.00
-O.vl
-0.05

0.00
-I).OS
0.00

0.00
-0.09
-2.67
-0.01
-1 .32
0.00

17770.0
1877-5.1
19506.0
1~901.0

20161.0
20bOO.0

1979.60 0.00
197T.-Z9 '-"0.-01
1972.20 -0.01
1964.51 -0.03
1 96 B.-65 - 0: I) 1

0.00
-0.11
-0.20
-1.19
-1).15

17952.0
19209.1
19544.9
19933.0
20239.7

1.976.61
1972.57
1971.40
1964.41
1982.30

1).04
0.00

-0.03
-0.04

0.00

0.21
1.27

-0.60
-1.29

0.00

18215.1
19400.1
19757.0
20000.0
20272.0



-------------------
TIME = IB.03 HRS D1' = 600 SECS TIM~ STEP = 90

SEC. NO. W.S.ELEV.
FEET

WH)'1'H--1>EPTH Q

FEET FEET CFS
V

FPS
SLOPE 050

MM
- ---OS

CFS
FR SED. YIELD

C. Y.

9.97 1975.11 f931.37 12.61--S000,-r:o--6.Q(f 0.O<Y22-9- 1.21- -82.18 0.50
10.09 1970.49 1643.27 13.63 8000Q.0 7.40 0.00233 1.69 78.20 0.51
10.21 1978.18 2029.00 15.17 80000.0 6.65 0.00218 1.80 71.80 0.48
10.32r~79-.42-- 2457.88 11.86 80000.0--- 5.86 ~00184 ---0-:96--'0.38--- 0.44
10.52 19R1.25 2703.86 10.34 80000.0 5.22 0.00142 0.54 69.64 0.39
10.72 1983.02 2541.44 9.94 80000.0 6.25 0.00231 0.84 107.68 0.49

- -10".9(') --- f9SS:-S2--- 2148:- 6 11.64 aoooo.o- -'.29--0-:-0(r3f6-~93 124-.39-- 0.57
11.08 1988.97 2~84.11 10.65 80000.0 7.49 0.00421 1.50 124.39 0.64
11.27 1993.01 2844.85 7.97 80000.0 6.81 0.00367 1.23 118.59 0.59
11 • 39 t 995 .·42 - 3025: 67---1 o.-9T--fnro 00:-0- -6~-6 ,-----<r.-o (:>:)f1- -- L 33TI6-. 74-' o. 59
11.51 1997.63 3169.98 6.42 80000.0 6.29 0.00325 0.99 114.95 0.55
11.62 1999.70 3741.13 9.16 80000.0 5.96 0.00338 1.03 114.84 0.55
11 .73 20·01:-4S--2819-:TJ 8.00 80000. 0 -----"6~TB-O. 002-69--0.97 To 6-.7-8- 0 ~5i

11.85 2003.15 2932.05 6.47 80000.0 6.33 0.00300 1.06 108.81 0.54
11.96 2005.04 2371.07 11.24 80000.0 7.61 0.00417 1.84 111.29 0.64

- --r2.<f7 - --~(j07.2r------rbof-;;-U-- 1 .77 80000.0--~45--o:-0(r~b7- -2:-071"03:&7-----0.62
12.19 2010.00 3135.59 11.36 80000.0 6.67 0.00389 1.37 103.37 0.60
1~.30 2012.10 3139.07 12.08 80000.0 5.91 0.00261 1.05 80.89 0.50
12.42 -201J.~T -4T8l-. B 12.~O-----aoOOO.O 5~14-o.TI02-R~ - -1. 46-S:-6"S 0.50
12.53 2015.62 5029.66 13.32 80000.0 4.89 0.00260 1.30 67.79 0.48
12.64 2017.26 6769.78 11.73 80000.0 4.30 0.00252 1.35 63.46 0.46
12.76 - 2-(]n,.-8-8----~-s5~n- 4-;o-o-lJO<rO~---S_;S-7 (J~-()Cf351 --2.-3"3--6"8.9-8 - 0.55
12.87 2020.86 4486.27 13.77 80000.0 5.17 0.00268 1.93 62.99 0.49
12.99 2022.28 4830.06 14.31 80000.0 4.29 0.00159 0.73 58.20 0.38
13.07 2(JTT:05 - 4T93.14 -r6;4"r--g-00lT0-.-cr- --S_:4g--· O.-OOI99"· 1.53 60~20 0.52
13.26 2026.90 3b74.71 17.8~ 80000.0 6.99 0.00564 3.04 53.01 0.70
13.39 2029.13 4893.08 17.87 80000.0 3.42 0.00076 0.23 31.51 0.28
13.51 2029.86 tr430-;5"3 l-S-.l)1)--g(JO-OO.O 3.60 O.OOU" 0.46 75-.69 0.39
13.62 2031.21 8252.57 12.22 80000.0 4.17 0.00295 0.92 106.48 0.48
13.74 2033.08 8089.32 10.77 80000.0 4.26 0.00308 0.76 119.83 0.49
13.85 2034~a7 TF:06.2T-- n:z-g-"-gOTiOO.O 4.23 0.t'P'J21l7 ·0.70122.45 0.48
13.9b 2036.44 5448.32 9.3& ROOOO.O 4.84 0.00278 0.72 128.25 0.49
14.07 2038.19 6716.11 11.90 80000.0 4.bl 0.00313 0.93 129.93 0.50
14.19 2040.12 6"94-9.7"'1 f1Y~0\J-- 801)1)0.-0 4.52 0.00301 0.73135.13 0.49
14.31 1041.94 6995.04 9.36 80000.0 4.48 0.00301 0.74 131.92 0.49
14.42 2043.69 5915.87 10.18 80000.0 4.82 0.00306 0.85 140.46 0.51

0.1463£+06
0.1391~tOh

0.1174E+06
0.9992l+05
0.8941E+05
0.1934Et06
0.2217EtOo
0.2243£t06
0.1982£+06
0.1908£t06
0.1784E+06
0.1792Et06
o .1795E-t06
0.1832Et06
0.1950£+06
0.1842E+06
0.1535E+06
0.1306£t06
0.1209£+06
0.1209E.t06
O.1103Et06
0.1121£+06
0.8287£+05
0.6025E+05
0:913-4£+05
0.8499E:+05
0.2583£+05
0.1408£+06
0.1091£+06
0.1619£+06
0.1642£+06
0.1730E+06
_0.179YE+06
0.1778£t06
0.1874Et06
0.1983E+06



-------------------
14.53
14.04
14.76
14.88
14.99
15.10

-15.22
15.33
15.41
IS.56
15.67
15.78

- 15.88
Ib.02
16.17
10.28
16.37
16.50
16.61
Ib.73
16.89

- 204J5. 7 2- --SS4J~--g- -12 :;7J7 -trm)(fO-;:-O 5.37 () ~-O-O 40 ~ 1.5"1 14-2.51 0.58
2047.98 4709.25 12.06 800~0.0 5.51 0.00353 1.19 143.79 0.55
2050.00 5831.58 10.04 80000.0 4.67 0.00272 0.67 137.45 0.48
2051.89 -b"n--r;tr1 -T2--:;fT---gl>lrlJU-;O- 4l.-e 2- -o.-(}(fJ"22 -1.0 g -f41. O-e 0.52
2053.77 5099.29 10.89 80000.0 5.25 0.00336 0.82 145.89 0.54
2055.77 5065.73 13.18 80000.0 5.29 0.00340 1.19 141.04 0.54
l<YS • 7T 503-9. 85 iT. -gO----g-(J7JTHf;-IJ----s-~\J-8 - ~r;0-O-2g-6 - ----0-: ~B -T4<J.-gy---o;-5T
2059.41 4641.35 13.89 80000.0 5.08 0.00205 0.75 137.67 0.49
2060.91 4500.86 11.17 80000.0 4.90 0.00225 0.52 139.73 0.45

- 2-062 • 0-9 ---701b~ 1 0 I4:T8 '80 () 0 IT;\)- - -S--;r7 - 0--;-01r230-- -().- 8 S- 1 4-5-;'-"8"9- 0 • 49
2063.51 3047.03 9.58 80000.0 5.45 0.00191 0.45 138.31 0.44
2064.65 2486.61 11.70 80000.0 6.32 0.00239 1.02 147.26 0.49
2066. Of> - ")-U7T.-O-4 --rT;zg-----g-OlJU"O-;-O--- -o-~ O-S -o~-OU 2-7 3-- 1.00 1'52.03 0 ~ 51
2067.95 2657.88 12.70 80000.0 6.24 0.00251 0.85 149.04 0.50
2009.85 2485.35 12.22 80000.0 6.16 0.00219 0.70 147.52 0.47
2071.0-S----Z000. 55 ~-s_s__g-mTOO-;U------s_;8V--0. -OUT 9-0- --{r~.5"J.4-S-;T4 - -- 0.44
2072.06 2857.38 11.19 80000.0 5.51 0.00182 0.35 147.21 0.43
2073.23 2656.30 11.31 80000.0 5.70 0.00185 0.35 153.73 0.44

._ _ • 4 __ · • • ~ _

2074.54 3890.80 10.23 AOOOO.O 5.11 0.00213 0.35 164.84 0.45
2075.91 3697.61 12.30 80000.0 5.61 0.00273 0.49 199.94 0.50
2078.47 2566.01 13.67 80000.0 7.12 0.00370 0.88 243.47 0.60

- - - --- - - - - _.

0.2117Et06
0.1938Et06
O.1787Et06
0.1928E+06
0.1885Et06
O.1923E+06

- 0-. 1T7 gE'" 0 6 - -
0.1741E+06
0.1713E+06
o• 1 B4-0 Et 0 6
0.1188E+06
O.2150Et06
O.2123Et06
0.1994Et06
O.1962Et06
-0.1936Et06
0.1970E+06
0.2097E+06

0.2279E;t06
O.3215~+06

0.3953E+06

1D
56 SEC NO 16.73 TIME = 18.03 HRS WSEL =2075.91 WIDTH = 3697.61

207"tr:1iO-- 0.00 -0.0-0- f66 71.-0
2075.46 0.01 0.08 17452.0
2073.83 0.01 0.43 IB035.0

--- -1 oi-l:9 g- --0.-0 f 0.5 Q 1 B<\ 3 5. 0
2072.45 0.01 0.5~ lQ046.0
2072.36 0.01 0.56 19601.0

- 2071:-55 -0--.-01-- 0.65 19970.0
2070.42 0.02 0.82 20427.0
2073.01 0.n1 0.51 20723.0
10-7-3-. 3-& - 0'-01 - f). 4 B 211 2 Ei • 0
2077.90 0.00 0.00 21836.0

z

--20-B9~60

2079.20
2075.16
207CJ.20
2072.45
2072.45
2063.63
2070.42
2012.36
2071.56
2074.76

02

0.00
0.00
0.01
0.00
0.01
0.01
0.02
0.02
0.01
0.01
9.01

TDZ

0.00
0.00
0.16
0.00
0.55
0.55
1.53
0.82
0.56
0.66
0.26

y

16450:-0 
17428.0
17958.0
fR357.0
18878.0
19486.0
19898.0
20209.0
20498.0
21105.0
21822.0

z DZ TOZ y Z DZ TDZ '(

-207B.I0 0.00 0.00 17020.0
207~.60 0.00 0.00 17469.0
2075.90 0.00 0.00 18107.0
2072.46 0.01 0.55 1858B.0
2072.45 0.01 0.55 19154.0
20b4.77 0.02 1. 47 19025.0
2072.17 0.01 0.57 20000.0
2069.25 0.02 1.05 20466.0
2073.83 0.01 0.43 20995.0
2073.65 0.01 0.45 21344.0



-------------------
10
55 SEC NO 16.61 TIME = 18.03 HRS WSEL =2074.54 WIDTH = 3890.80

Z DZ y z DZ TDZ 'i

2103.90 0.00 0.00 17841.0 2076.40 0.00 0.00 17966.0 2072.32 -0.02 -0.98 18048.7
-2012:-25 -<f. 02 - 0:3518225-.5-----2072-'18 0.05 -2.48-I"Brr7~o---2071-:-68 -0:06- -"2-:6s-i8406.(j --
2072.18 0.05 2.38 18601.0 2071.96 0.06 2.56 18743.0 2071.73 0.06 2.63 18841.0
2071.96 0.06 2.56 19015.0 2011.96 0.06 2.56 19156.0 2072.03 0.05 2.53 19373.0
2~71.00 0.()"6 --2.90 19546:0·- - 2065.50 0.-08 -~-70 --f95f.>6~O 2064.89 --b~-b~---3:19 19649.0
2064.39 0.08 3.89 197B~.O 2069.98 -O.Ql -0.62 lQ844.0 2009.95 -0.01 1.B5 19924.0
2069.96 -0.01 1.86 20000.0 2069.94 -0.01 1.84 20277.0 2069.97 -0.01 -0.13 20631.1
2-070.03 -0.01 -1-~-o7-~M()~-T07~.32-o:o2- ..(r;"9""8~092"9~O---2071.fi--';;0.02 -T~43 20982.7
2069.95 -0.01 0.05 21015.6 2069.98 -0.01 -0.62 21230.0 2070.03 -0.01 -0.77 21568.1
2010.45 -0.01 -1.05 21754.1 2071.19 -0.02 -1.01 21779.0 2071.19 -0.02 -1.01 21815.0
7069-;99 ,;;o.'51--o:62-21863~- (11)."90-o-.(fO-o-:Oo 21911.0----------- - - ------

10
54 SEC NO

DZ TOZ 'i z DZ TDZ y z DZ TOZ y

2073.35
2066.52
2061.95
2066.46
2066.52
2068.67
20b9.34
20b9.80
2082.20

0.00
-0.02

0.()1

-0.02
-0.02

0.05
0.05

-0.03
0.00

0.00 1905&.0 2075.20 0.00 0.00 19081.0 2073.60 0.00 0.00 19326.0
-1.68 19341.2 2066.52 -0.02 -1.68 19432.0 2000.47 -0.02 -0.13 19567.~
2. (J5 -19"5""Bb:lf -·-"21r6T~"94-0 ~-O,--~o-4 -f906'-~-"O -----20 61. 94 0-' 0"-- t. 64 -19787.0
0.96 19~45.0 2066.49 -0.02 0.29 19960.0 2065.89 0.06 1.69 20000.0

-0.08 20063.0 2061.93 0.07 2.03 20101.0 2067.16 0.06 1.46 20172.0
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MODELING OF RIVER CHANNEL CHANGES

By Howard H. Chang,' M. ASCE

A8STRACT: A computer-b~sed flood- and sediment·routing model which sim
ulates river channel changes is described together with its application in the
case study of a disturbed river. Simulated results of this study are supported
by field observations and measurements. This model incorporates the interre
lated changes in channel bed profile, width, and lateral migration in channel
bends. These changes reflect, in part, a river's adjustments in power expend
iture. The interrelation of changes in channel bed profile and width is illus
trated by a physical example and explained by the river's tendency to establish
equal power expenditure along the channel. Such power transformation as
sociated with river channel evolution tends to restore the dynamic equilibrium
in sediment transport, that is, equal sediment load along the channel. The case
study demonstrates that in the case of severely disturbed rivers, flood-level
computation using a fixed-bed model may be quite inaccurate and improved
accuracy can be provided by an erodible-bed model.

INTRODUCTION

River channel changes generally include channel-bed aggradation and
degradation, width variation, and lateral migration in channel bends.
These changes may occur naturally or as a result of a change in the
environment. Man is also regarded as a geomorphic agent with certain
activities such as sand and gravel mining, bridge construction, river con
trol schemes, etc., having contributed to river channel changes. Lang
bein and Leopold (12) maintained that the equilibrium channel repre
sents a state of balance with a minimum rate of energy expenditure or
an equal rate of energy expenditure along the channel. Changes induced
by nature or men's activities distort the channel equilibrium and there
fore result in river channel changes.

The three types of river channel changes in channel-bed elevation,
channel width, and lateral migration are closely interrelated to each other
and may occur concurrently. Changes in channel-bed elevation are often
inseparable from width variation because a channel tends to become na,r
rower during degradation, and it tends to widen during aggradation.
Earlier versions of the FLUVIAL model have considered channel-bed ag
gradation and degradation (3,4,5) and width variation (4,5). The current
version FLUVIAL-ll which simulates all three types of changes has been
formulated, developed and applied in a case study. This paper describes
this model and its application in the case study. Special attention is given
to the nature of energy (or power) transformation in alluvial rivers as
sociated with river channel evolution.

ANALYTICAL BACKGROUND

This mathematical model has five major components: (1) Water rout
ing; (2) sediment routing; (3) changes in channel width; (4) changes in
channel-bed profile; and (5) lateral migration of the channel. This model

'Prof. of Civ. Engrg., San Diego State Univ., San Diego, Calif.
Note.-Discussion open until July 1, 1984. To extend the dosing date one month,

a written request must be filed with the ASCE Manager of Technical and Profes-
sional Publications. The manuscript for this paper was submitted for review and
possible publication on November 2, 1982. This paper is part of the Journal of
Hydraulic Engineering, Vol. 110, No.2, February, 1984. ©ASCE, ISSN 0733-9429/
84/0002-0157/$01.00. Paper No. 18578.
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employs a space-time domain in which the space domain is represented
by the discrete cross sections along the river reach and the time domain
is represented by discrete time steps. In water routing, the time and
spatial variations of the discharge, stage, velocity, energy gradient, etc.,
along the reach are obtained by an iterative procedure. At each time
step, sediment discharge at each cross section is computed; changes in
channel width, channel-bed profile and lateral migration are obtained
and applied to each cross section. The bed-material composition is up
dated at each time step. Water routing is assumed to be uncoupled from
the sediment processes. The five components are described.

Water Routing.-Basic equations for water routing include the conti
nuity and momentum equation of flow, these are

aQ aA
- + - - q = O (1)
ax at

g aH + 2. aQ + 2. ~ (Q2) + gS - Q
2
q = 0 (2)

ax A at A ax A A

in which Q = flow discharge; x = distance in the longitudinal or flow
direction; A = cross-sectional area of flow; t = time; q = lateral inflow
rate per unit channel length; g = gravitational acceleration; H = stage
or water surface elevation; and 5 = energy gradient. Eqs. 1 and 2 con
stitute a system of partial differential equations; they may be written in
finite difference form in the space-time domain. With the prescribed ini
tial and boundary conditions, time and spatial variations of Q and H
along the reach may be obtained by an iterative procedure. This tech
nique for water routing can be found elsewhere (6).

If the temporal terms in Eqs. 1 and 2 are ignored, water routing may
be simplified by computing water-surface profiles at successive time steps.
This option is available in the model. Computation of the water-surface
profile at each time step is based upon the standard-step method using
techniques similar to the HEC-2 computer model (9). For many cases,
spatial variation in discharge due to channel storage is small and this
technique produces closely similar results as the previous one.

Sediment Routing.-The sediment routing component has three ma
jor features: (1) Numerical solution of the continuity equation for sedi
ment in the longitudinal direction; (2) computation of bed-material load
using a formula suitable for the physical conditions; and (3) accounting
of bed-material composition.

The continuity equation for sediment in the longitudinal direction is

aA r aQs
(1 - >..) - + - - qs = 0 (3)at ax
in which>.. = porosity of bed material; Ar = cross-sectional area of chan
nel bed within some arbitrary frame; Qs = volumetric sediment rate; and
q, = lateral inflow rate of sediment per unit length. The change in cross
sectional area dA.. for each section at each time step is obtained through
numerical solution of Eq. 3. Techniques for numerical solution can be
found in the literature (3,4). The area change dAr is applied to the bed
and banks following the techniques of corrections of channel-bed profile
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and channel width described in the following sections.
Sediment rate is computed separately for cases of erosion .lnd dCpll

sition using different size fractions of the bed material. For .1 pilrliculeH
size, transport capacity is obtained from a sediment equation. In the case
of deposition, sediment rate is controlled by the transport capacity but,
in the case of erosion, sediment rate is availability controlled. Simulation
of sediment transport and accounting of bed-material composition by
tracking river channel evolution are similar to those developed by Ben
nett and Nordin (2). Materials eroded from the channel banks, excluding
that portion in the wash load size range, are included in the accounting.
Bed armouring develops if bed shear stress is too low to transport any
available size.

Changes in Channel Width.-Simulation of width variation is based
upon the concept of minimum stream power. At a time step, width cor
rections for all cross sections are such that the total stream power (or
rate of energy expenditure) for the reach is minimized; these corrections
are subject to the physical constraint of rigid banks and limited by the
amount of sediment removal or deposition along the banks within the
time step. Total stream power of a channel reach is

p =i-yQSdx .................•................................ (4)

in which P = total stream power of the reach; L = length of the reach;
and -y = specific weight of water and sediment mixture. Written in finite
difference form, this equation becomes

N-I 1

P = L --y(Qi S, + Qi+ISitl)~Xi""""""""""""""""'" (5)
i- I 2

in which N = total number of cross-sections for the reach; i = cross
section index counted from upstream to downstream; and ~Xi = distance
between Sections i and i + 1. Previous studies (5,12,13) have established
that minimum stream power for an alluvial river is equivalent to equal
power expenditure per unit channel length, that is, constant -yQS along
the reach. A river channel undergoing changes usually has uneven spa
tial distribution in power expenditure or -yQS. Usually the spatial vari
ation in Q is small but that in S is pronounced. Total stream power of
a reach decreases with the reduction in spatial variation in QS (or S if
Q is nearly uniform) along the reach. Adjustments in channel widths
are made in such a way that the spatial variation of QS is minimized
subject to the constraints and limitations aforementioned. An adjust
ment in width reflects the river's adjustment in flow resistance, that is,
in power expenditure. A reduction in width at a cross section is usually
associated ,·"ith a decrease in energy gradient for the section whereas an
increilse in width is accompanied by an increase in energy gradient. Us
ing these guidelines, a technique for width correction has been devel
oped as described in a previous publication (5).

Width changes in alluvial rivers are characterized by the formation of
small widths at degrading reaches and widening at aggrading reaches
(4,5,11,13,15). This type of width formation represents the river's ad-
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justment in resistance to seek equal power expenditure along its course.
A degrading reach usually has a higher channel-bed elevation and en
ergy gradient than its adjacent reaches. Formation of a narrower and
deeper channel at the degrading reach decreases its energy gradient due
to reduced boundary resistance and lower bed elevation. On the other
hand, an aggrading reach is usually lower in channel-bed elevation and
energy gradient. Widening at the aggrading reach increases its energy
gradient due to increased boundary resistance and higher bed elevation.
These adjustments in channel width reduce the spatial variation in en
ergy gradient and total power expenditure of the channel. Since sedi
ment rate is directly proportional to -vQS (1), these adjustments also fa
vor the establishment of channel's equilibrium in sediment load, that is,
equal sediment rate along the reach.

Changes in Channel-Bed Profile.-After the banks are adjusted, the
remaining correction for ~Ac obtained in sediment routing is applied to
the bed. Erosion and deposition at a cross section have different pat
terns. Generally speaking, deposition tends to be more uniformly dis
tributed in that it tends to build up the channel bed in horizontal layers.
This process of deposition is often accompanied by channel widening.
On the other hand, channel-bed erosion tends to be more confined with
greater erosion in the thalweg. This process is usually associated with
a reduction in width. These channel adjustments reduce the spatial vari
ation in power expenditure as the river seeks to establish a new equi
librium. In the model, deposition at an aggrading section starts at the
lowest point, and it builds up the channel bed in horizontal layers. For
a degrading section, the change in area is distributed in proportion to
the effective tractive force, T - Tn' along the bed, where T is the local
tractive force and Tee is the critical tractive force.

Lateral Migration.-In a river bend, erosion on the concave bank and
deposition on the convex bank results in lateral migration of the chan
nel. This river channel change is attributed to the transverse currents in
the river bend. In the present model, the mechanism for lateral migra
tion is provided by transverse currents, transverse sediment movement
and the continuity equation for sediment in the transverse direction.
Bottom filaments of stream current in a bend have a component in the
transverse direction toward the convex bank. The role of transverse ve
locity consists in moving the bottom layers of the stream away from the
concave bank. Erosion of the concave bank occurs under the action of
the transverse velocity which, being directed down the slope and added
to the gravitational force, scours particles of the material on the concav.e
bank. As particles are scoured from the concave bank, they tend to be
deposited on the convex bank, resulting in a shift in channel course.
Rozovskii (14) studied the angle of deviation of bottom filaments from
the direction tangent to the centerline of a bend. Kikkawa, et al. (10, p.
1332) developed an analytical relationship for the angle of deviation [)
of mean particle path from the tangential direction. In the relationship,
[) is expressed as a function of the flow direction of bottom filaments,
transverse bed slope, and flow and sediment characteristics. With this
relationship, the transverse sediment rate is related to the longitudinal
sediment rate as

160

9



I
I
I
I
I

I
I
I
I
I
I
I
I
I
I
I
I
I

q~ = tan [3q, (6)

in which q; = transverse sediment rate per unit channel length; and q,
= longitudinal sediment rate per unit width. Erosion of the concave bank
is simulated by the removal of sediment and bank collapse due to the
combined effects of velocity and gravitational force. Because bank sta
bility depends on a large number of factors including bank height, slope
angle, drainage state, cohesion, etc. (17), the rate of bank erosion given
by Eq. 6 is multiplied by a coefficient of bank erosion which is deter
mined based upon river data. The change in channel-bed elevation at a
point along a section is obtained from the continuity for sediment in the
transverse direction, or

az 1 a
(1 - >..) - + - - (rq;) = O (7)

iJt r iJr

in which z = channel-bed elevation at a point; and r = radial or trans
verse coordinate. With a forward difference in r for the spatial derivative
as suggested by Chang and Hill (3), the change in channel-bed elevation
Ilz for a time step III due to transverse sediment movement is

III 2 rk+lq;HI - rkq;,
Ilz k = ----- ~ (8)

1 - >.. rk + rk+1 rk+1 - rk

in which k = radial coordinate index counted from the convex bank to
ward the concave bank.

MODEL DESCRIPTION

The mathematical model FLUVIAL-ll has been developed; its input
data, computing procedures and output parameters are described.

Input Data.-Input to the model include the initial cross sections,
channel roughness, initial bed-material composition, inflow hydrograph
and physical constraints such as check dams, rigid banks, bedrock out
crops, etc. The input data follow the HEC-2 (9) format.

Computing Procedures.-Major steps of computation in the model in
clude the following:

1. Enter input data.
2. Compute water-surface elevations and sediment loads at all cross

sections.
3. Set t = t + Ill.
4. Determine changes in channel cross-sectional area using techniques

for sediment routing.
5. Compute and apply changes in channel width.
6. Obtain new channel-bed profiles.
7. Compute and make changes in cross-sectional profile due to lateral

migration for those sections in channel bends.
8. Update bed-material compositions.

After step 8, the computation returns to Step 2 for another time step.
The ite.ration continues until the required time period is covered.
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Output Description.-Output of the model include initial bed-material
compositions, time and spatial variations of the water-surface profile,
channel width, flow depth, flood discharge, velocity, energy gradient,
roughness coefficient, median sediment size, and bed-material load. In
addition, cross-sectional profiles are printed at different time intervals.

CASE HISTORY OF RIVER CHANNEL CHANGES

The San Dieguito River at Rancho Santa Fe, California, went through
significant changes in a two-mile reach (see Fig. 1) during recent floods.
Measurements of river channel changes and flood hydrographs were made
by the County of San Diego (7,16), providing a valuable set of field data
for river studies.

Physical Conditions.-The study reach is about four miles from the
ocean and about five miles below Lake Hodges Dam. The channel has
a wide and flat natural configuration; the natural slope and bed-material
size decrease significantly in the downstream direction. Bed material of
the study reach varies from coarse sand (dso = 0.85 mm) at the upstream
end to fine sand (dso = 0.24 mm) downstream.

The natural channel configuration was distorted prior to recent flood
events by man's activities including sand mining and construction of the
Via de Santa Fe Road and bridge as shown in Fig. 1. As a result of sand
mining, several large borrow pits with a depth as great as 25 ft were
created. The natural wide channel was encroached upon by the road
embankment on each side of the bridge (Section 51). While the river
channel has an erodible bed and banks, the banks, however, are con
strained by the hills at the south bank of Section 51 and along the north

FIG. 1.-Topographles and Cross Section Locations
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FIG. 3.-Simulated and Measured Cross-Sectional Changes
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when Lake Hodges spilled. Hydrographs of these floods are shown in
Fig. 2. Prior to these events, Lake Hodges had not spilled for 26 yr.

River Channel Changes.-Significant changes in the river channel were
observed after the March, 1978, flood. Channel-bed scour occurred near
borrow pits and notably at the bridge crossing where measurements were
made as shown in Fig. 3 for Section 51. Deposition was observed in the
borrow pits. With limited flood discharge and duration, these borrow
pits were only partially refilled.

Major changes in the river channel occurred during the greater Feb
ruary, 1980, flood. These changes included channel-bed aggradation and
degradation, width variation, and lateral migration of the channel as
described below. These changes were recorded by photographs taken
during the flood, by a high water mark at Section 52, and by channel
bed measurements at selected cross sections after the flood as shown in
Fig. 3.

Major aggradation occurred in the borrow pits as they were largely
refilled after the flood. Major degradation occurred near the borrow pits
and at the bridge crossing during the flood. Failure of several bridge
piers as shown in Fig. 4 was caused by channel-bed scour, high velocity,
and debris accumulation on the piers.

Channel-bed aggradation and'degradation were accompanied by
changes in channel width. The initial channel width was highly uneven
along the reach primarily due to width encroachment by road embank
ments at the bridge crossing. Sand mining also contributed to the initial
uneven width variation. As shown in Fig. 3, changes in channel width
that occurred during the flood consisted of widening at the bridge cross
ing (Section 51) and other initially narrow sections (Sections 47, 49, 50,
57, 58, 59) and reductions in width at initially wide sections, notably at

FIG. 4.-San Diegulto River Near Via de Santa Fe Road on February 21, 1980
(Looking Toward South)
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FIG. 5.-Sand Bar Formation Near section 53 (Looking Toward South)

Sections 53 and 54. Widening was accomplished by erosion of the chan
nel banks subject to the physical constraints; reduction in width was due
to sediment deposition along the banks in the form of sand bars. At
Section 53, where the width showed a substantial reduction, the sand
bar formed along the south bank at the end of the flood (see Figs. 3 and
5) had a width of about 400 ft or one-half of the initial channel width.
The initial highly uneven spatial variation in channel width was grad
ually reduced during the flood.

Lateral migration of the river channel was pronounced along the chan
nel bend from Section 44 to 46 where the concave bank was on erodible

FIG. 5.-Channel Bank Scour Near sections 45 and 46 (Looking Toward North)
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farm land. The channel shifted laterally toward the concave bank for as
much as 200 ft, putting this part of the farm land into the river channel.
A picture of the new concave channel bank taken after the flood is shown
in Fig. 6.

SIMULATION AND RESULTS

The mathematical model FLUVIAL-ll was used to simulate river
channel changes in the San Dieguito River during the 1978 and 1980
floods. Grafs equation (8) for bed-material load was used in computing
the sediment movement. Channel roughness in terms of Manning's n
was selected to be 0.035 in consideration of the channel irregularity and
minor vegetation growth; it was estimated to be 0.04 at the bridge tross
ing. The combined duration of 140 hr for these two floods was computed
using 2,000 time steps.

Simulated results as presented in Figs. 1, 3, and 7-10 are described.
Changes in River Channel Configuration.-River channel changes,

including those in channel-bed profile, channel width, and lateral mi
gration, as simulated by the computer model, are described herein.
Changes in the longitudinal channel-bed profile (see Fig. 7) are char
acterized by aggradation in the borrow pits, erosion at higher grounds,
and the gradual formation of a more or less smooth channel-bed profile
at the end of the flood. In that process, considerable variation in the
longitudinal channel-bed elevation through the downstream portion of
the river reach is predicted at the peak flood as shown in Figs. 1 and 7.
The higher channel-bed elevations at Sections 45, 46, and 48 are asso-
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FIG. 7.-Simulated and Measured Results
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cia ted with large channel widths while the lower elevations at Sections
47 and 50 are due to their small widths.

Changes in channel width which occur concurrently with variations
in channel-bed elevation and lateral migration are simulated. Width
changes are characterized by the gradual widening at those initially nar
row sections, notably at Sections 47, 49, 50, 51, 57, 58 and 59 and re
ductions in width at initially wide sections, notably at Sections 53 and
54. Initial and simulated final cross-sectional profiles of these sections
are shown in Fig. 3 together with some measured profiles. Simulated
channel width at the peak flood (shown in Fig. 1) is highly uneven in
its spatial variation along the river. This variation is gradually reduced
during the flood as reflected by the simulated final cross-sectional pro
files in Fig. 3. By comparing the initial and final channel-bed profiles,
one finds that widening at a section is through bank erosion and that
the reduction in width is usually through sand-bar formation along the
bank(s). Simulated time variation of the cross-sectional profile for Sec
tion 53 shown in Fig. 8 shows the sand-bar formation and the associated
reduction in channel width. A picture of this sand bar taken at the end
of the flood is shown in Fig. 5.

That changes in channel width and channel-bed elevation are closely
related may be illustrated by the simulated time variation of the cross
sectional profile at Section 51 (see Fig. 9). Initially Section 51 is on a sand
ridge with borrow pits existing on both sides. Gully erosion through
this sand ridge during the first flood is simulated, followed by gradual
widening and lessening of the gully depth during the second flood. The
maximum scour depth is predicted to occur in the initial gully. The sim
ulated results correlate well with measurements at this section shown
in Fig. 3, in which the uneven final channel-bed profile as measured is
related to the removal of several piers during the flood.

Lateral migration of the channel at Sections 44, 45, and 46 in the river
bend as simulated is illustrated by the time variation of the cross-sec
tional profile at Section 46 (see Fig. 10). Lateral migration is through
gradual erosion of the concave bank and deposition on the convex bank.
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A picture of the eroded concave bank is shown in Fig. 6.
River Channel Changes in Relation to Power Expenditure.-Changes

in river-channel configuration are accompanied by changes in flow re
sistance and hence the rate of energy (or power) expenditure. The 'YQS
product represents the rate of energy expenditure per unit channel length.
Since the spatial variation of Q is small, the spatial variation of 'YQS may
be represented by the spatial variation of the energy gradient 5 shown
in Fig. 7.
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FIG. 10.-Simulated Cross-Sectional Changes at Section 46 Showing Lateral Mi
gration Toward the Concave Bank
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Simulated river channel changes are associated with the gradual re
duction of the spatial variation of energy gradient along the channel sub
ject to the physical constraint of rigid banks. That the adjustment in
river-channel configuration is closely related to the change in power ex
penditure can be illustrated by the sequential changes of cross-sectional
profile at Section 51 as shown in Fig. 9. Because it is an initial sand ridge
(see Fig. 7), the energy gradient at this section is initially much greater
than those of its adjacent sections. This pronounced spatial variation in
energy gradient is reduced through gully erosion at this section and
deposition at the adjacent sections. The gully which is small in width
and has a low channel-bed elevation provides the least possible flow
resistance and therefore lowest energy gradient at this section; it also
reduces the back-water effect on the upstream section where the energy
gradient is therefore increased. At subsequent time intervals, the energy
gradient at Section 51 becomes less than its adjacent sections. Cross
sectional changes at this section then include widening in channel width
and aggradation in the gully. These changes are accompanied by in
creases in boundary resistance and energy gradient at this section, fa
voring the establishment of equal energy gradient along the reach. This
pattern of river channel changes, characterized by the formation of nar
row ~hannel width during channel-bed degradation and widening dur
ing aggradation, is evident in nature and has been reported in the lit
erature (4,5,11,13,15).

Changes in Sediment and Hydraulic Parameters.-That flood- and
sediment-routing in erodible channels is closely related to river-channel
changes may be illustrated by the time and spatial variations of the ve
locity and sediment load shown in Fig. 7 at the peaks of the first and
the second flood. The pronounced spatial variations in velocity and sed
iment load at the first peak flood are associated with the uneven river
channel configuration dotted with borrow pits within which velocities
and sediment loads are substantially lower. Changes in the river channel
are such that they provide the mechanism to establish the dynamic equi
librium of sediment transport, that is, equal sediment load along the
river reach. As shown, the spatial variation of sediment load is gradually
reduced during the second flood. The same general trend may also be
stated for the spatial variations in velocity and energy gradient. The slightly
lower velocity at the bridge crossing is due to the additional flow resis
tance of bridge piers.

Variations of sediment size due to hydraulic sorting as simulated are
not pronounced for this river reach. Certain trends can still be recog
nized, including coarsening of the material during scour and reduction
in size during deposition. Channel widening through bank erosion brings
finer bank materials into the channel and hence contributes to a reduc
tion in sediment size.

Water-Surface Profiles.-The water-surface profile at the peak flood
obtained using the FLUVIAL-11 model is compared with that obtained
using the fixed-bed model HEC2 in Fig. 7. The HEC-2 profile which is
based upon the initial river-channel configuration indicates critical flow
at Sections 46, 51, and 60, and subcritical flow at remaining sections,
while the FLUVIAL-ll model predicts subcritical flow for the entire reach.
The HEC2 water-surface profile is highly uneven; the higher water-sur-
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face elevations immediately upstream of the bridge crossing are pri
marily due to the higher bed elevation of the sand ridge and channel
constriction at the bridge crossing. The FLUVIAL-ll water-surface pro
file is more uniform and its elevation at Section 52 is substantiated by
the measured high water mark.

SUMMARY AND CONCLUSIONS

The mathematical model FLUVIAL-ll has been formulated and de
veloped; it has been employed to simulate flood- and sediment-routing
and associated river channel changes in the San Dieguito River near the
Via de Santa Fe bridge. Simulated results using this model are supported
by field observations and measurements.

An alluvial river is the author of its own geometry; therefore it will
respond to any change imposed upon by nature or by men through self
adjustments. River channel changes may include channel-bed aggrada
tion and degradation, width variation, and lateral migration in channel
bends. These changes are interrelated as they may occur concurrently.
therefore, a mathematical model for erodible channels must include these
variables.

River channel changes in the San Dieguito River are characterized by
the trend toward a more uniform configuration from the initially dis
torted configuration. In this process, the river channel tends to become
narrower during channel-bed degradation and it tends to widen during
aggradation. This pattern of adjustments reflects the river's tendency to
seek equal power expenditure along the channel. River channel changes
also provide a mechanism with which the river seeks to establish the
dynamic equilibrium in sediment transport, that is equal sediment load
along the reach.

In severely disturbed rivers, flood-level computation using a fixed-bed
model can be quite inaccurate. Improved accuracy for flood-level deter
mination in such channels may be provided by an erodible-bed model.
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ApPENDIX 1I.-NoTATION

The following symbols are used in this paper:

A cross-sectional area of flow;
A, channel cross-sectional area within references frame;
o average flow depth;

dso median size of sediment;
g gravitational acceleration;
H stage or water-surface elevation;

1 cross-section index counted from upstream to downstream;
k radial (transverse) coordinate index;
L length of stream reach;

total number of cross-sections for stream reach;
11 Manning's roughness coefficient;
P total stream power of river reach;
Q flow discharge;

171

20



I
I
I Q,

q
q,

I q;
r
5

I t
x
13

I
-y
A
T

Tcr

I
I
I
I
I
I
I
I
I
I
I
I
I

sediment discharge;
discharge of lateral !nflow per unit channel length;
lateral inflow of sediment per unit channel length or longitu
dinal sediment rate per unit width;
transverse sediment rate per unit channel length;
radial or transverse coordinate;
energy gradient;
time;
distance along longitudinal (flow) direction;
angle of deviation from direction tangent to centerline of channel;
specific weight of water and sediment mixture;
porosity;
tractive force; and
critical tractive force.
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WATER AND SEDIMENT ROUTING THROUGH
CURVED CHANNELS

By Howard H. Chang,' M. ASCE

ABSTRACT: A mathematical model for water and sediment routing through
curved alluvial channels is developed and applied in a case study. This model,
which is for alluvial streams with nonerodible banks, may be employed to sim
ulate stream bed changes during a given flow, thereby providing the necessary
information for the design of dikes, levees, or other bank protection. This model
incorporates the major effects of transverse circulation, inherent in curved
channels, on the flow and sediment processes. In the simulation of the evo
lution in stream bed profile, the effect of transverse flow is tied in with the
aggradation and degradation development. River flow through curved chan
nels is characterized by the changing curvature, to which variations of flow
pattern and bed topography are closely related. Simulation of these changing
features is based upon the fluid dynamics governing the growth and decay of
transverse circulation along the channel.

INTRODUCTION

An important factor that affects the hydraulics of flow, sediment trans
port, and bed topography through curved alluvial channels is the spiral
motion or transverse circulation. Greater depths and higher velocities
near concave banks produced by the transverse circulation, in addition
to aggradation and degradation, are necessary considerations for levee
or dike design. The importance of transverse circulation was stressed in
a recent evaluation of mobile bed mathematical models by the National
Academy of Sciences (3). In this connection, research effort toward im
proved incorporation of the effect of transverse flow in modeling was
recommended.

A mathematical model for water and sediment routing through curved
alluvial channels is described herein. This model simulates time and spa
tial variations in water level, sediment transport, and bed topography.
In the prediction of stream bed profile changes, aggradation and deg
radation are tied in with the effect of transverse flow under the changing
channel curvature. Application of this model is limited to alluvial chan
nels with nonerodible banks, large width-depth ratio, and mild curva
ture, all characteristic of natural rivers with bank protection. A case study
using this model on the San Lorenzo River in California during a flood
event is presented.

Analyses of flow and bed topography in curved channels have been
accomplished by Yen (26), Engelund (13), Kikkawa et al. (19), Zimmer
mann and Kennedy (28), Falcon Ascanio and Kennedy (14), and Od
gaard (20), among others. Some of these analytical methods are used in
the model. However, such methods are generally for curved channels
with fully developed transverse flow. Because of the streamwise (lon-

'Prof. of Civ. Engrg., San Diego State Univ., San Diego, Calif. 92182.
ote.-Discussion open until September 1, 1985. To extend the closing date

one month, a written request must be filed with the ASCE Manager of Journals .
.The manuscript for this paper was submitted for review and possible publication
on November 30, 1983. This paper is part of the Journal of Hydraulic Engineering,
Vol. 111, 0.4, April, 1985. ©ASCE, ISSN 0733-9429/85/0004-0644/$01.00. Paper
No. 19656.
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WATER AND SEDIMENT ROUTING THROUGH

CURVED CHANNELS

By Howard H. Chang, 1 M. ASCE

ABsTRACT: A mathematical model for water and sediment routing through
curved aUuvial channels is developed and applied in a case study. This model,
which is for aUuvial streams with nonerodible banks, may be employed to sim
ulate stream bed changes during a given flow, thereby providing the necessary
information for the design of dikes, levees, or other bank protection. This model
incorporates the major effects of transverse circulation, inherent in curved
channels, on the flow and sediment processes. In the simulation of the evo
lution in stream bed profile, the effect of transverse flow is tied in with the
aggradation and degradation development. River flow through curved chan
nels is characterized by the changing curvature, to which variations of flow
pattern and bed topography are closely related. Simulation of these changing
features is based upon the fluid dynamics governing the gTOwth and decay of
transverse circulation along the channel.

INTRODUCTION

An important factor that affects the hydraulics of flow, sediment trans
port, and bed topography through curved alluvial channels is the spiral
motion or transverse circulation. Greater depths and higher velocities
near concave banks produced by the transverse circulation, in addition
to aggradation and degradation, are necessary considerations for levee
or dike design. The importance of transverse circulation was stressed in
a recent evaluation of mobile bed mathematical models by the National
Academy of Sciences (3). In this connection, research effort toward im
proved incorporation of the effect of transverse flow in modeling was
recommended.

A mathematical model for water and sediment routing through curved
alluvial channels is described herein. This model simulates time and spa
tial variations in water level, sediment transport, and bed topography.
In the prediction of stream bed profile changes, aggradation and deg
radation are tied in with the effect of transverse flow under the changing
channel curvature. Application of this model is limited to alluvial chan
nels with nonerodible banks, large width-depth ratio, and mild curva
ture, all characteristic of natural rivers with bank protection. A case study
using this model on the San Lorenzo River in California during a flood
event is presented. 1·

Analyses of flow and bed topography in curved channels have been'
accomplished by Yen (26), Engelund (13), Kikkawa et al. (19), Zimmer
mann and Kennedy (28), Falcon Ascanio and Kennedy (14), and Od
gaard (20), among others. Some of these analytical methods are used in
the model. However, such methods are generally for curved channels
with fully developed transverse flow. Because of the streamwise (lon-
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gitudinal) changing curvature, the developed transverse flow generally
occurs over short channel lengths. In addition, the transverse flow lags
behind the channel curvature pattern. It is clear that this changing cur
vature and phase lag have important effects on the flow and sediment
processes as pointed out by numerous researchers, e.g., Rozovskii (22),
Yen and Yen (27), Hooke (16), Bridge and Jarvis (6), Parker et al. (21),
and Dietrich and Smith (11). The changing curvature of flow is quanti
fied herein using a recently developed relationship for the growth and
decay of transverse flow (10).

ANALYTICAL DEVELOPMENT

The mathematical model, FLUVIAL-12, which utilizes analytical equa
tions governing the flow and sediment processes, has the following four
major interactive components: (1) Water routing; (2) evaluation of chang
ing flow curvature; (3) computation of sediment transport and sorting;
and (4) prediction of stream bed profile changes. It represents an exten
sion of the existing model FLUVIAL-14 (8) by incorporating the effect of
transverse flow on each of these components. Features common to these
models are therefore only briefly described.

The model employs a space-time domain in which the space domain
is represented by discrete cross sections, and the time domain is rep
resented by discrete time steps. Temporal and spatial variations in flow,
sediment transport, and stream bed profile are computed following an
iterative procedure. Water routing, which is coupled with the changing
curvature, is assumed to be uncoupled from the sediment processes.
These four components of the model are described as follows.

Water Routing.-For an inflow hydrograph, water routing provides
temporal and spatial variations of the stage, discharge, energy gradient,
and other hydraulic parameters in the channel. The water routing com
ponent has the following two major features: (1) Numerical solution of
the continuity and momentum equation for longitudinal flow; and (2)
evaluation of flow resistance due to longitudinal and transverse flows.
The continuity and momentum equations are

aA aQ
- + - - q = O (1)
at as

2. aQ + g aH + 2. ~ (Q2) + g5 _ Q
2
q = O (2)

A at as A as A A

in which A = cross-sectional area of flow; t = time; Q = water discharge;
s = curvilinear coordinate along channel center line measured from the
upstream entrance; q = lateral inflow rate per unit length; g = gravita
tional acceleration; H = stage or water surface elevation; and 5 = energy
gradient. Techniques for numerical solution of Eqs. 1 and 2 have been
developed by other researchers. This model employs the solution tech
niques and accuracy criteria developed by Fread (15) and by Amein and
Chu (2).

In a curved channel, the total energy gradient, 5, in Eq. 2 can be par
titioned into the longitudinal energy gradient, 5', and the transverse en
ergy gradient, 5", i.e.
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5 = 5' + 5" (3)

The longitudinal energy gradient can be evaluated using any valid flow
resistance relationship. This model employs the Manning formula for
flow resistance. The transverse energy gradient is evaluated using the
following equation for wide channels (9)

S' ~ (':6~: ~:f) (~)' F' (4)
in which f = Darcy-Weisbach friction factor; he = flow depth at channel
center line; re = mean channel radius; and F = Froude number.

Evaluation of Changing Flow Curvature.-Analytical relationships
pertaining to curved channels are often based upon the mean channel
radius, re . Because of the strearnwise changing curvature, application of
such relationships is limited to the fully developed transverse flow for
which the curvature is defined. Streamwise variation of transverse flow,
over much of the channel length, is characterized by its growth and de
cay. In order to describe this variation, the mean flow curvature defined
as the flow curvature along channel center line is employed. It is as
sumed that analytical relationships for developed transverse flows are
applicable for developing transverse flows when the mean channel cur
vature, re , is replaced by the mean flow curvature, rf. Upon entering a
bend, the mean flow curvature increases with the growth in transverse
circulation. In a bend, the transverse flow becomes fully developed if
the flow curvature approaches the channel curvature. In the case of ex
iting from a bend to the downstream tangent in which the channel cur
vature is zero, the flow curvature decreases with the decay of transverse
circulation.

The reason that the flow curvature lags behind the channel curvature
during circulation growth and decay is attributed to the internal tur
bulent shear that the flow has to overcome in transforming from parallel
flow into the spiral pattern and vice versa (22). From the dynamiC equa
tion for the transverse velocity, the writer (10) has developed an equa
tion governing the spatial variation in transverse surface velocity, v, along
channel center line. Details of this development are given in Appendix
1. In finite difference form, the change in v over the distance tis is given
by

v- = [v + fl (10 - ~ ~ fl) Qexp (t ~ fl tis) tis]
,+ 1 I 'Y 2 3 K 9 'Y 2 Pc he 'Y 2

exp ( - t i ~~ tis) (5)

in which v = transverse surface velocity along channel center line; K =
Karman's constant, which has the approximate value of 0.4; U = average
velocity of a cross section; i, i + 1 = s-coordinate indices; F = a function
of f and K; and the overbar denotes averaging over the distance between
i and i + 1. Eq. 5 provides the spatial variation in v, from which the

646

24



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

mean flow curvature may be obtained using the transverse velocity pro
file. Similar transverse velocity profiles have been established by differ
ent researchers (19,22,25). From the velocity profile developed by Kik
kawa et al. (19), the mean flow curvature, rf' is related to the transverse
surface velocity and other parameters, i.e.

rf=~;(~O -~~~) (6)

At each time step, the mean flow curvature at each cross section is ob
tained using Eqs. 5 and 6. Accuracy of computation for the finite dif
ference equation (Eq. 5) is maintained if the step size ~s :s; 2hc (10). Fol
lowing this criterion, the distance between two adjacent cross sections
is divided into smaller increments if necessary. Flow parameters for these
increments are interpolated from values known at adjacent cross sec
tions.

Computation of Sediment Transport and Sorting.-Sediment trans
port, in the presence of transverse flow, can be considered as consisting
of the longitudinal and transverse components. The longitudinal sedi
ment load is computed using a shear-stress type formula, because of the
transverse variation in stream bed configuration. For this purpose, the
Engelund-Hanson formula (12) is included in the model, but it may be
replaced by any other valid formula. The relation for the transverse vari
ation in shear stress developed by Kikkawa et al. (19) has the form

To = pgn2h-1
/
3a2

••..•••••.••....••.•..•..•••.•.••••.••.••.••••.•• (7)

in which To = local longitudinal shear stress; p = density of fluid; n =
Manning's coefficient; h = local depth; and a = depth-averaged longi
tudinal velocity.

Other investigators have developed analytical relationships for the
equilibrium transverse bed profile in alluvial channel bends (6,13,
14,19,20,28). In an unsteady flow, the transverse bed profile varies with
time, and it is constantly adjusted toward the equilibrium state through
scour and deposition. Sediment movement in the transverse direction
contributes to the adjustment of transverse bed profile. The transverse
bed load can be related to the longitudinal bed load by the direction of
near-bed sediment movement (17,19,21). Such a relationship developed
by Kikkawa et al. (19), which is employed in the model, can be written
in parametric form as

tan B = <I> (~) - l\J (~) ilz (8)
III. T* ilr

in which B = angle of deviation of sediment particle path from the lon
gitudinal (tangential) direction; <1>, l\J = functions; Vb = near-bed trans
verse velocity; Ub = near-bed longitudinal velocity, T* = dimensionless
shear stress acting on bed = u~/(ps - p)gd; u* = shear velocity; d =

diameter of sediment, Ps = mass density of sediment; and z = local bed
elevation. The near-bed transverse velocity, Vb, is a function of the cur
vature (19,22,25); it is computed using the mean flow curvature.
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Eq. 8 relates the direction of bed load movement to the direction of
near-bed velocity and transverse bed slope azlar. As transverse velocity
starts to move sediment away from the concave bank, it creates a trans
verse bed slope that counters the transverse sediment movement. An
equilibrium is reached when the effects of these counteractive factors are
in balance. Under this situation, the angle of deviation becomes zero.
In this model, transverse bed profile evolution is related to the trans
verse variation in bed material load. Since bed material load, excluding
wash load, is usually concentrated near the bed, it is assumed to follow
the direction given by Eq. 8, i.e.

q; = q, tan 0 (9)

in which q; = transverse bed material load per unit channel length; and
qs = longitudinal bed material load per unit channel width.

Unsteady sediment transport is complicated by sediment sorting.
Methods for estimating sediment rate by tracking variation in bed ma
terial composition and stream bed profile evolution have been devel
oped by Bennett and Nordin (4), Alonso et al. (1), and Borah et al. (5),
among others. To treat this time-d,ependent sediment transport, bed ma
terials are divided into five size fractions, and the size for each fraction
is represented by its geometric mean diameter. For each size fraction,
sediment transport capacity is first computed using a sediment transport
formula. Then the actual sediment rate is obtained by considering sed
iment material of all size fractions already in the flow and the exchange
of sediment load with the bed using the method by Borah et al. (5). If
the stream carries a load in excess of its capacity, it will deposit the ex
cess material on the bed. In the case of erosion, any size fraction avail
able for entrainment at the bed surface will be removed by the flow and
added to the sediment already in transport. During sediment removal,
the exchange between the flow and the bed is assumed to take place in
the active layer at the surface. Thickness of the active layer is based upon
the relation defined by Borah et al. (5). As a function of the material size
and composition, this thickness also reflects the flow condition. During
degradation, several of these layers may be scoured away, resulting in
the coarsening of the bed material and formation of a armor coat. How
ever, new active layers may be deposited on the bed in the process of
aggradation. These procedures for computing sediment rate and sedi
ment sorting are applied to the longitudinal and transverse direction.
They are also coupled with stream bed profile changes described in the
next section.

Prediction of Stream Bed Profile Changes.-Changes in stream bed
profile, at each time step, due to longitudinal and transverse variations
in sediment load are simulated. Changes along the longitudinal direc
tion, i.e., aggradation or degradation, are computed using the continuity
equation for sediment movement in the longitudinal direction. This is
explained in Ref. 7.

Changes in channel bed elevation at a point due to transverse load
are computed using the continuity equation

az 1 1 a
- +---- (rq;) = 0
at 1 - A r ar
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in which A = porosity. Written in finite difference form with a forward
difference for q; (7), Eg. 10 becomes

tlt 2 rj+lq;,.. - rjq;j
tlzj = 1 _ A rj + rj+l rj+l _ rj (11)

in which j = radial (transverse) coordinate index. Eg. 11 provides the
changes in channel bed elevation for a time step, tlt, due to transverse
sediment movement. These transverse changes, as well as the longitu
dinal changes, are applied to the stream bed at each time step. Stream
bed profile evolution is simulated by repeated iteration along successive
time steps.

SAN LORENZO RIVER STUDY

The FLUVIAL-12 model described herein was tested by simulating flow
and bed profile changes in the San Lorenzo River (see Figs. 1 and 2),
which drains into the Santa Cruz Harbor on the Pacific coast through
the City of Santa Cruz, California. A field study, sponsored by the San
Francisco District of the U.S. Army Corps of Engineers, was made dur
ing the February 1980 flood for the purpose of analyzing river bed scour
fill processes during the flood (23). This river reach, which has several
channel bends near the mouth, is protected by riprap on its bank slopes.

The lower two-mile reach of the San Lorenzo River was simulated us
ing the mathematical model for the February 1980 flood. Hydrographs
for this flood event and tidal variation at the harbor used in the simu
lation are shown in Fig. 3. The 90-hr flood duration was computed using
800 time steps. Initial bed materials in the river varied from very coarse
sand (median diameter = 1.05 mm) at the upstream end to coarse sand
(median diameter = 0.64 mm) at the mouth. Sediment load consisted
primarily of bed load during the flow period.

Selected results obtained from this simulation are shown in Figs. 4-6
for the curved reach where significant river bed changes are predicted.
These results are compared with measurements made at the gaging sta
tions (G2-G6 in Fig. 1) on February 19, 1980, around the time of 78.5
hr on the hydrograph. Simulated water surface profiles at the time of
the peak flood and at the time of measurement (time = 78.5 hr) are
shown in Fig. 4(b) with the simulated profile of minimum river bed el
evation at the time of measurement. These results compare favorably
with measurements. The simulated river bed profile is closely related to
the streamwise variation in the mean flow curvature shown in Fig. 4(c),
characterized by an increase in curvature as the flow enters a bend and
a decrease in curvature after leaving the bend exit. Upon entering a bend,
the rate of increase in flow curvature is more rapid initially and then it
slows down gradually. In a long bend, the flow curvature will approach
the channel curvature, and thus, the transverse circulation becomes fully
developed. Such a condition is predicted at Sections 10, 11, 19 and 22.
The transverse flow, as predicted, is not fully developed in other shorter
bends where the flow curvature remains less than the channel curva
ture. Upon leaving a bend, the flow curvature decreases following an
exponential decay curve, and it persists for a considerable distance
downstream, consistent with the experimental findings by Ippen and
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FIG. 1.-San Lorenzo River In Santa Cruz, California with Gaging Stations G2
G6

Drinker (18) and by Yen (24) on the decay of transverse circulation.
Simulated results shown in Fig. 4 indicate that river bed scour is re

lated to the flow curvature with the maximum scour occurring at the
bend exit. These results are consistent with previous experimental find
ings by Rozovskii (22) and Yen (26). Simulated cross-sectional profiles
at the five gaging stations are compared with measurements as shown
in Fig. 5, which indicates that the maximum scour depth is attributed
to the development of transverse bed profile. Simulated river bed to
pography through a bend is illustrated by the results from Sec. 9-Sec.
14 shown in Fig. 6. It shows increasing transverse bed slope and scour
near the concave bank in the downstream direction consistent with the
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FIG. 2.-San Lorenzo River in Santa Cruz: Looking Upstream from G2
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growth in flow curvature. Maximum scour is reached at the bend exit,
followed by a gradual decrease in transverse bed slope and scour depth
with the decrease in flow curvature.

While the scour depth is found to be generally in direct relation to the
flow curvature, river bed evolution is also affected by aggradation and
degradation which result from the longitudinal imbalance in sediment
load. For example, spatial variation in sediment load at the peak dis
charge shown in Fig. 4(e) has an increasing trend in the downstream
direction associated with a low tide in the harbor. This indicates a gen
eral trend of river bed degradation at this point in time, as more sedi
ment is removed from the reach than the amount supplied. At the time
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FIG. 5.-Slmulated Bed Topography through River Bend at 78.5 hr

of 78.5 hr, on the other hand, the sediment load has a decreasing trend
in the downstream direction associated with a high tide. River bed ag
gradation is predicted at this time as some sediment is stored in the
reach. In view of these fluvial processes, modeling of river bed changes
induced by transverse circulation also must be tied in with aggradation
and degradation.

SUMMARY AND CONCLUSIONS

A mathematical model for water and sediment routing through curved
alluvial channels is formulated, developed and tested with field data.
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This model, which is applicable to alluvial streams with nonerodible banks,
may be employed to simulate stream bed changes during a specified
flow, thereby providing the necessary information for the design of dikes,
levees, or other bank protection.

The model incorporates the major effects of transverse flow, inherent
in curved channels, on the flow and sediment processes. In the simu
lation of stream bed profile evolution, the effect of transverse flow is
tied in with aggradation and degradation.

River flow through curved channels is characterized by the changing
curvature, to which variations of flow pattern and bed topography are
closely related. These changing features are quantified using a relation
ship governing the growth and decay of transverse flow along the chan
nel. This relationship also provides the phase shift between transverse
flow development and the channel curvature pattern. In a bend, bed
topography simulated by the model is characterized by a transverse bed
slope with greater depth near the concave bank. The maximum depth
is found to occur near the bend exit and relatively large depths persist
for a considerable distance in the downstream direction. These analytical
results are consistent with previous experimental findings.

ACKNOWLEDGMENT

The San Lorenzo River was selected by the Committee on Hydrody
namic models, National Research Council, National Academy of Sci
ences as a test case for the evaluation of computer-based flood and sed
iment routing models. The Committee was chaired by Dr. John F.
Kennedy and assisted by Dr. T. Nakato.

ApPENDIX I.-STREAMWISE VARIATION IN TRANSVERSE VELOCITY

The dynamic equation for transverse velocity has the form (22,24)

av av av u2 a ( av)
u as + V ar + W az = -; - gSr + aZ E aZ (12)

in which u = longitudinal velocity component; v = transverse velocity
component; w = vertical velocity component; r = radius of curvature; z
= vertical coordinate; Sr = transverse water surface slope; and E = eddy
viscosity. Since velocity components v and ware small in comparison to
U, the terms v av/ar and w av/az are of the second order and are there
fore neglected. The simplified equation relates the spatial variation in
transverse velocity, av/as, to the centrifugal acceleration, transverse water
surface slope, and transverse turbulent shear. This equation will be eval
uated along channel center line at the water surface. Since wall effects
are not considered in this equation, it is limited to channels with a width
depth ratio greater than about 5 (Ref. 22, p. 73).

By assuming that, in the process of circulation growth or decay, trans
verse velocity profiles remain similar, Rozovskii (22) has shown that the
term for transverse turbulent shear in Eq. 12 evaluated at water surface
can be approximated as a function of channel roughness, i.e.
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:z (E ::) = -KF(j, K) ~~ :~ (13)

in which K = Karman's constant, which has the approximate value of
0.4; F = a function of f and K; U = longitudinal surface velocity along
channel center line; and v = transverse surface velocity along channel
center line. After substituting Eq. 13 into Eq. 12, the following equation
is obtained:

~: = ~ - g~r _ K F ~~ ~ (14)

The longitudinal surface velocity U in this equation can be related to the
mean velocity, U, as

uU= tP(f) (15)

in which <1> = a function of the friction factor, f (28). The transverse water
surface slope is closely approximated by the following relationship
(18,22,24)

U2

Sr = - (16)
grc

After substituting Eqs. 15 and 16 into Eq. 14 and rearranging terms, the
following equation is obtained:

~: + F~ ~~ v = ( <1> - ~) ~ (17)

The parameter <1> - 1/<1> is evaluated using the boundary condition of
developed transverse flow as described below. Similar profiles for de
veloped transverse flow have been established by various investigators
(19,22,25). From the velocity profile developed by Kikkawa et al. (19),
the following equation for transverse surface velocity is obtained

b= ~ ~ C30 - ~ ~ ~D (18)

From this equation and Eq. 17 with dv/ds = 0 for developed transverse
flow, the parameter tP - 1/<1> is evaluated. After substitution of <1> - 1/<1>,
Eq. 17 becomes

:: + F~ ~~ v = ~~ C30 - ~ ~ ~~) ~ (19)

This equation, in which v = the dependent variable and the coefficients
are functions of the independent variable, s, alone, is a linear differential
equation of the first order. The general solution, which can be found in
a standard text, has the form
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v = [c + J It (10 - ~ ~ It) ~-y 2 3 K 9 -y 2 rc

exp (J F~ ~~dS)dS] exp (-JF~ ~~dS)"""""""""" (20)

in which c = a constant. From the boundary condition at the initial up
stream point -where v = the initial transverse velocity, Vj, the value of
c is obtained, i.e.

c = Vi" .........•...•••..•..•....•.....•............•..•...... (21)

Eq. 20 provides the spatial variation of transverse velocity along channel
center line.
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ApPENDIX III.-NoTATION

The following symbols are used in this paper:

I
I
I
I
I
I

A
c
d
F
F

f
g
H
II

11.-

cross-sectional area of flow;
constant;
sediment diameter;
function;
Froude number;
Darcy-Weisbach friction factor;
gravitational acceleration;
stage or water-surface elevation;
flow depth;
flow depth at channel center line;
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n
Q
q

qs
q;
r

rc

rf
5

5'
5"
5r

s
t

U

Manning's coefficient;
discharge;
lateral inflow discharge per unit channel length;
longitudinal bed material load per unit channel width;
transverse bed material load per unit channel length;
radius of curvature or radial coordinate;
mean channel radius;
mean flow radius;
total energy gradient = 5' + 5";
longitudinal energy gradient;
transverse energy gradient;
transverse water surface slope;
curvilinear coordinate;
time;
mean flow velocity;
longitudinal surface velocity along channel center line;
longitudinal velocity component;
depth-averaged longitudinal velocity;
near-bed longitudinal velocity;
shear velocity;
transverse surface velocity along channel center line;
transverse velocity component;
near-bed transverse velocity;
initial transverse velocity;
vertical velocity component;
vertical coordinate or channel bed elevation;
angle of deviation of sediment particle path from the longi
tudinal direction;
eddy viscosity;
Karman's constant;
porosity;
mass density of fluid;
mass density of sediment;
local longitudinal shear stress;
dimensionless shear stress; and
functions.

I
I
I
I
I
I
I

Subscripts
is-coordinate index; and
j r-coordinate index.
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COMPUTER-BASED DESIGN OF RIVER BANK PROTECTION

By Howard H. Chang', Zbig Osmolski
2

, and David Smutzer3

ABSTRACT

A. study using the FLUVIAL-11 computer model was made fer t:,e
Rillito River in order to determine the design configuration for the
bank protecti on whi ch must contain the design flood and extenc below
the potential channel-bed scou!'. The computer model simulates sec
iment transport and associated river channel changes which, in a
curved reach, is also affected by the spi ral mati on or seconda ry
currents. Because of the streamwise variation in spiral moticD, ur:.
even bed topography is usually produced, characterizied by a lOaer bed
elevation near the concave bank. Such non-uniformity in bed topog
raphy is more pronounced at high flow when the spiral mot:on is
stronger; it becomes partially eliminated during the subsequer;t low
flow. This explains why an observer of the post-flood chanr,el may
fail to recognize the uneven bed scour under the muddy water at high
flow. The bank protecti on for the Rilli to River was designed based
upon the simulated pattern of channel-bed scour. Variable toe eleva
tions for the banks were used to provide an effective protection.

INTRODUCTION

Natural rivers through urban regions usually need to be stabil
ized in order to prevent channel migration. A common, eCOI:omical
practice in Arizona and elsewhere in the west ia to protect channel
banka while maintaining an alluvial channel bed. The soil cement bank
protection is popular because it is economical and it preserves the
natural soil appearance.

The Rillito River flows through the City of Tucson as s:hown in
Fig. 1; it has a total drainage area of 935 square miles at the con
fluence with the Santa Cruz River. The Rillito River underwent sig
nificant changes during the October, 1983 flood, which reached
100-year magnitude at certain places in Pima County. River channel
changes near the Dodge Boulevard bridge are shown in the aerial photo
in Fig. 2 taken right after the flood. Lateral migration and cr.a~~el

1professor of Civil Engineering, San Diego State University, San
2 Diego, California.
Manager, Flood Control Design Section, Dept. of Transportation and

FJ ood Control District, Pima County, Arizona.
3Manager, Flood Control Section, Dept. of Transportation and Flood

Control District, Pirr~ County, Arizona.

Included in Proceedings of Hydraulic Specialty
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Fig. 1.- Location and Drainage Basin of the Rillito River

Fig. 2.- Damages Causej by Oct., 1983 Flood near Dodge Boulev':' i
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widening resulted in the failure of one bridge abutment and endangered
other adjacent properties. The river reach for which bank protections

, were considered started from the La Cholla bridge at 2.75 miles up
stream of the confluence to the Craycroft bridge at 11.94 miles
upstream. A study was made to determine the appropriate designs for
channel g~ometry. slope, and bank protection for this river reach.
Certain portions of the river channel already had soil cement bank
protection. either along one bank or along both banks. These existing
structures would be utilized as much as feasible. Because of the
alluvial channel bed. the potential scour and fill (or long-term de
gration and aggradation) needed to be considered. Such information
was also essential for the design of bank protection which must con
tain the design flood and extend below the potential scour.

MATHEMATICAL MODEL FOR CHANNEL DESIGN

While the alluvial bed is subject to scour and fill that are in
duced by the imbalance in longitudinal (streamwise) sediment dis
charge. such channel-bed development may also be caused by transverse
sediment movement due to channel curvature. Despite the bank protec
tion. the channel still has certain freedom in width adjustment within
the constraints; particularly, the width between rigid banks varies at
different locations. Therefore, scour and fill due to longitudinal
sediment imbalance and curvature effects as well as width changes need
to be considered in the simulation study. The latest version of
FLUVIAL-11 for water and sediment routing through curved channels con
tains the necessary features for river channel changes during a
flood(1). Briefly, this model. for a given flood hydrograph. simu
lates time and spatial variations in flood level, sediment transport
and bed topography. In the prediction of river channel changes. scour
and fill are tied in with width variation and the effect of secondary
currents under the changing channel curvature. In the model. scour
and fill are computed on the basis of longitudinal imbalance in sedi
ment discharge. Through a curved reach. the effects of secondary
currents consist of moving sediment away from the concave bank until
the transverse bed slope balances such sediment movement. At the same
time, the variation in channel width is simulated such that the flow
moves in the direction of equal power expenditure, i.e. equal energy
gradient, subject to the physical constraint of rigid banks. If the
energy gradient is approximated by the water-surface slope, then equal
energy gradient is equivalent to the straight water-surface profile
along the ChaGClel. In responsE to any design or cor!+rol scherr.e, the
river c1:annel evolves in '3U,··, a way that uniformity in sediment
discharge and straight water-f~rface profile are approached subject to
the given const rai nts.

CHANNEL DESIGN CONFIGURATION

~~'? 100-year flood hydrcf:-",ph for the Rillito River as shown in
Fig. 3 has a peak discharge of ::'4,000 cfs. For this design ncod, the
final channel design configuntion was arrived at frem a prelimi!1.8.ry
assumed configuration defined 'J cross sections following the HEC-~

forma'; . For thf:! i ni tiel assu ,pi configuration. river cI,g,nne 1 changes
were evaluated using the FL' '::AL-11 Model. The simulated results
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Fig. 3.- 100-Year Flood Hydrograph for the Rillito River
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served as a feedback to be used as a guide in revl.sl.ng the design.
The final configuration was selected based upon the major design
considerations in flood control, flow velocity, river channel changes,
material balance, and economy. Except for certain existing bank
protections, the design channel cross section is trapezoidal in shape,
with a bottom width of 320 feet and 1 on 1 side slopes. At the
100-year discharge of 34,000 cfs, the average depth of flow is about
8.5 feet. Longitudinal alignment of the channel design consists of
straight reaches and simple curves as exemplified in Fig. 4 together
with the longitudinal profile of design channel bed. Because of the
slight decrease in sediment size from upstream to downstream, the
channel slope is designed to decrease gently downstream.
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SIMULATED RESULTS

In the FLUVIAL computation, the Manning coefficient of 0.03 was
used for the channel. Selected simulation results are shown in Figs.
4 and 5. The computed water-surface profile at the peak discharge
based upon the FLUVIAL program is shown in Fig. 4 together with the
respecti ve channel-bed profiles at the peak discharge and at the end
of flood. It is important to point out that the channel-bed profile
at the end of flood does not relfect the effect of extended low flow
which usually develops an incised small channel. The cross sectional
profiles shown in Fig. 5 include those of the design (the initial), at
the peak discharge and at the end of flood (again, excluding the
incised low flow channel). Within a river bend, the channel-bed
profile is characterized by a transverse bed slope, with greater flow
depth and scour near the concave bank as shown in Fig. 5 for Sections
6.35 and 6.66. The transverse bed slope as well as the scour depth,
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Fig. 5. - Simulated Results for Sample Cross Sections
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is di rectly related to the chllnnel cu rvature and water diecha rge. The
nonuniform channel-bed profile at the peak discharge shown in Fig. 4
is primarily att ributed to spi ral motion associated with the curva tu re
which grows as the flow enters 8 bend and decays after the bend exi t.
However, thie kind of scour is at least partially eliminated during
the falling limb of the hydrograph. This explains why an observer of
the post-flood channel bed may fail to recognize the severe scour
under the muddy flowing water at high flow.

The FLUVIAL profi le for the water surface is nearly a straight
line because it includes the river channel changes. The water-surface
profile computed based upon the HEC-2 program which is a fixed-bed
model is less uniform; it shows backwater effects upstream of bridges.
In reality, one would expect such bridge obstructions to. be at least
partially compensated by channel-bed scour.

TOP AND TOE ELEVATIONS OF BANK PROTECTIONS

The top and toe elevations of bank protections were selected on
the basis of the simulated results and other considerations described
below. The top elevations as shown in Fig. 4 are two feet atove the
peak water-surface profile based upon the FLUVIAL model, plus the
superelevation. The toe elevations as shown in Fig. 4 were de:erm.ined
based upon the computed maximum channel-bed scour plus one half of the
wave height for antidunes and a safety margin of about 6 feet. The
wave height for entid~nes was computed from the equa~ion(2)

: 1 )
\ '

in which h ~ wave height; V = mean velocity; and g gravitaticc,.c.l
acceleration. For the maximum velocity of 13 feet per second, t;he
wave height is about 2.3 feet.

An important feature of this design is the fact that. variable toe
elevations were used to account for the variation in scour depth be
tween the concave and convex banks as shown in Fig. 4. Needless to
say, this design scheme prOVides more effective protection against
channel- bed scou r.
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