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ABSTRACT :

Predictability of the magnitude of stream changes
resulting from man-made works can be improved. This study
develops the MINRED method. The MINRED method utilizes (a)
the minimum rate of energy dissipation theory, (b) a
combination of Shield's diagram and Raudkivi's graphical
relation, and (c) the direct step method of determining the

" gradually varied flow profile. This method calculates

equilibrium bankfull values of the dependent variables
(stream depth, width, and sediment size) in reaches of
gravel-bed alluvial streams having gradually varied flow and
low sediment discharge. The MINRED method's accuracy is
evaluated through application of the method to two Alaskan
streams, Copper River tributary and Brooks Creek tributary.
Results of this application indicate poor reliability when
compared with measured values and trends in values predicted
in the literature. This study supplies a rationale for the
low reliability and offers suggestions for future work.
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" CHAPTER 1
INTRODUCTION

Alluvial streams are self—adjusting; Through the
processes of scour and deposition, the physical con-
figuration and flow characteristics in a réach of an
alluvial stream can be modified by changes in conditions
imposed at a particular location. These imposed.conditions
are the independent variables. A stream's physical
configuration and flow characteristics are its dependent
variables. When values of the independent variables change,
it is desirable to estimate values éf the"dependént
variables in eguilibrium with the modified values of the

‘independent variables.

Establishment of the Problem

Hey (1975b) considers it important to know whaf‘impacts

L | SR S T

imposed human activity will have on alluvial channels. With-

this information, appropriate measures can be taken to
sustain channel stability, to.prevent destruction of
riparian land, to maintain channel flood flow capacity, and
- to retain recreational appeal. Hyra (1978) expounds that
instream recreational acti&ities have specific water

velocity and depth reguirements. Furfher, Bovee (1978)
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emphasizes that some fish~spécies have specific instream
habitat requirements for water velocity, depth, and mean
"sediment size.

Regardless of the degree of equilibrium attained by a
stream, localized human activity may produce major changes
in values of a streamis dependent variables both near the
activity and throughout an entire reach (Simons, 1979).
Conversely,.alteration; in values of a streém's dependent
variables may impact human activities. Knowing that a
speqific human activity will be imposed on a stream, it is
desifable to estiméfe values of the'déﬁendent variablés that
will be in equilibrium with the modified values of the
independent variables. Theée'estimated'values can be
compared to the existing values to predict impacts from the
human activity on (a) channel flood flow capacity; (b)‘
riparian land use; and (c) various instream activitieé such
as aquatic habitat, recreation, and commerce. With this
information, appropriate measures could be taken to minimize
negative impacts. For example, estimates cbuld indicate
that a séecific human activity would modify.the stream mean
sediment size so as to make it unusable to an important fish
specieé during spawning. This information could be used to
modify‘thé human activity té minimize this negative impact.

Trends in values of a stream's dependent-variables due
to a specific human activity can be predicted with a high

degree of reliability. However, methodé currently available
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to water resources engineers are inadequate to predict the

magnitude of these changes.

Minimum Rate of Energy Dissipation Theory

By determining the values of a stream's dependent
variables before and after a humaﬁ activity is imposed, the
magnitude of changes in these values can be predicted.
Values of a stream's dependent variables can be calculated
by the simultaneous solution of relationships which link the
independent and dependent variables. Thié solution method
réquires that one such relationéhip is used for each
dependent variable. However, alluvial streams have more
dependent variables thaﬁ relatipﬁships available to link
them to independent variables. - Also, many human activities
imposed on streams create a considerable length of gradually
varied flow. The availability of another relationship
usablé in alluvial streams with gradually varied flow
increases the ability of .engineers to predict the magnitude
of stream chénges resultiﬁg from human activity.

The minimum rate of energy dissipation theory hag
recently been proposed for use with alluvial streams. This
theory states that, provided ceftain conditioné are met,
equilibrium values of the dependent'vériables are adjusted
so that alluvial streams flow with the minimum rate of
energy dissipation that is compatible with the independent:

variable values.
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Alluvial sfreams with no impoéed human activity
experience conditions approaching uniform flow. Although
not correét, this . study considers such streamé to have
uniform flow conditions. The terms gradually varied flow
and rapidly.varied flow are uéed in the traditional éénse.
Recently, investigators ha&e used the minimum rate of

energy dissipation theory as a relationship to link the

indepéndent and dependent variables of alluvial streams with

no imposed human activity. Results of the simultaneous
solution of this with other relationships indicate values of
the calculated dependent variables agree with published data
.measured in flﬁmes and streams which have low sediment

discharges and uniform flow.

Objectives

The first objective is to develop a method that uses

the minimum rate of energy dissipation theory to calculate .

equilibrium bankfull values of the dependent variables in
reaches of gravel-bed alluvial streams having gradually
varied flow. The second objective is to answer the
qﬁestion: Given a gravel-bed alluvial stream which
satisfies certain cqnditions, with what reliability can the
above method be used to calculate equilibrium bankfull
valuesrof the'dependént variables in reaches having
gradually varied flow imposed by a highway culvert?

The first objective will be addressed by developing .a -

L

b}
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method which solves three relationships to calculate
egquilibrium bankfull-values of the_dependent va;iables in
reaches of gravel-bed alluvial streams having gradually
varied'flow. The three relationships used by this method
are the direct step method of determining fhe gradually
variedlflow'profile, a combination of Shieids diagram and
Raudkivi's graphical rélation, and the minimum rate of
enefgy dissipation theory. The dependent variables of
gravel-bed alluvial streams are the stream width, stream
depth, and mean size of the sediment that is stationary on
the bed.  Because this method uses the miﬁimum rate of -
energy dissipation theory, it is named the MINRED method.

Two gravel-bed streams are studied. Each has rapidly
and gradually varied flow imposed by a highway culvert at
the bankfull water'discharge{. The second objective will be
addressed by evaluating the reliability with which the
MINRED method can be used to calculate equilibrium bankfull
"values of the dependent variables in-the gradually varied

flow reaches of the two streams studied.
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CHAPTER 2
LITERATURE REVIEW

Ihis litefature review provides the background for
developing the MINRED method and fOr evaluating the
reliability with which it can be épplied to.feaéhés of
gravel-bed alluvial streams having gradually varied flow.
The literature review is divided into five sections
discussing: the time period required for equilibrium to be
developed between the independent and dependent variables,
the independent variables of gravel-bed streams for the
required time period, the deﬁendent variables of gravel-bed
alluvial streams for the required time period, the trends in
values of the depeﬁdent variableé expected after values of
the independent variables are changed by the installation of
a culvert, and the minimum rate of energy dissipation thebfy
as applied to-alluvial stréams;'including its use to

estimate equiiibrium values of the dependent variables.

Adjustment Time Periods
Independenf and dependent variables of a stream are
considered to be in équilibrium if values'of‘the dependent
variables are adjusted in response to values of the

independent variables. - Such a stream may be defined as

WA A
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7
"graded" (Mackin, 1948), "in regime"i(Bleﬁch,1196§), or
"poised" (Simbns, 1979). 1In this study, the term |
equiiibfium is used exclusively.

The time periods which can be considered in a study of
stream response to independent variables are short tern,
long term, and very long term (Vanoni, 1975). Short term
time periods are days, weeks, or months. Streams seldom if
ever achieve equilibrium in the short term. This is because
after values of the independent variables change, the time
regquired for the dependent variables to change to the new
equilibrium Vaiueé is greater than the length of the short
term time period. Therefore, the short term is too brief
for studying stream equilibriqm. The long term is required
for an equilibrium condition to be créated between the
independent and dependent variables (Vanoni, 1975).
Alluvial streams with 10 to 100 yvears to react to a change
in an imposed condition can be considered to be adjusting
toward equilibrium (Santos-Cayade and.Simons, 1973). . The
very long term is a geologic time period (Vanoni, 1975).

The long term time period is considered in this study.

Independent Variables
For the long term time period, the independent
variables of alluvial streams are sediment density, fluid
molecular viscosity and density, acceleration due to

gravity, water discharge, and sediment discharge (Vanoni,
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1975). "Man-made Qorks“ are independent variables in the
very long term (Vanoni, 1975). In this study, however, man-
" made wo;ks are considered to be independentvvafiables in the
. long term time period. This is because man—-made works are
known to cause major impacts on streams in the short term
and long ternm time periods ahd are beliéVed to have only a
negligible influence on stream morphology in the very long
ternm. |

The number of independent vériables to be considered
herein is reduced below that given by Vanoni (1975). Simons
and Senturk (1976) and Steélczer (1981) indicate that when
low density particles of volcanic origin can be neglected,
:the sediment specific gravity.can be considered equal to a
constén£ 2.65. The measured data indicafe that this is true
for the study streams. Thérefore, the sediment density is
constant. Daily and Harleman (1966) and Olson (1966)
indicate the water molecular viscosity and dénsity depend on
the temperature. - In this study, a constant water tempéra—
ture.is approximated to represent the temperatufe'fluctua~
tions in streams. Therefore, the water moieqular viscosity

and density are constant.

Water Discharge

.Acéording to Prins and de Vries (1971) and Bray
(1982b), river sfudies frequenfly assume that dependent

variables are adjusted in response to a constant discharge

I N S SO
N
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rather than to the discharge fluctuations. This constant,
channel forming.flow'réte is called the dominant discharge.
Wolman and Leopold (19567), Wolman and Miller.(1960), and Hey
(1975a)~studied nétural channels and laboratory flumes.
These studies conclude that compared to any othef single
discharge, the bankfull flow rate transports the most
sediment in the long term and hence is the dominant
discharge. Hey (1975b) concludes that for alluvial channels
in equilibrium, the average bankfull dimensions that are
formed in response to a constant bankfull discharge are
similar to those formed in response fo~discharge
fluctuations. Ackers (1982) studied meandef wavelength in
laboratory flumes at a constant discharge concluding that
the bankfull flow rate provided the best correlation with
the results than any othgr discharge. Therefore, the
dominant dischérge is the bankfull flow rate.

Consider two streams in equilibrium differing only in
the imposéd water discharge. The first stream has a
constént water discharge and the second stream does not.
- The average bankfull dimensions of these two streams are
similar if the constant discﬁargé imposed on the first
stream equals the bankfull discharge of the second stream.

Wolman and.Leopold (1957), Wolman and Miller (1960),
Hey (1975a5, Williams (1978), and others have studied
streams in the United States, United Kingdom, aﬁd India.

These studies show the recurrence interval of the bankfull
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diséharge to be oné to'two years for many streams flowing in
diverse climatic and physiographic environments. These
stﬁdies also show that a recﬁrrence interval of 1.5 years on
the annual maximum series is a good average, although some
localities diverge greatly ffom this value. Dunne and
Leopold (1973) indicate that for streams with limited
discharge information, the best approximation of the
bankfull flow rate is the discharge with a recurrence
interval of 1.5 years .on the annual maximum series. This
recurrence interval of the bankfull discharge is widely

accepted in the literature.

Sediment Discharge

The sediment discharge can be divided into the wash
lJoad and the bed maferial load. The wash load is that part
of the sediment discharge which remains in suspension at any
water flow raté and is composed of particle sizes finer than
those found on the stream bed. Therefore, the wésh load is
determined by the upslope supply rate and can not be
predicted by the transport capacity of the stream (Shen,
1971). Wash load can be imposed on streams by glacial
runoffi huiman activity, or erosion from the drainage basin.
The study streams presented in Chapter 3 are not fed by
-glacial runoff. There is no human activity nor is there any

exposed so0il in the drainage basins upstream from the

highway culverts in question. The latter because vegetation
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ranging from grass to spruce and willow completely coﬁer the
ground. For these reasons, there .is a limited source of
wash load to the sites of interést in the study streams and’
hence the wash load is not considered further.

Lane (1947) indicates the bed material load is that
part of the-sediment'discharge transported as either bed
load or suspended load énd is composed of partiﬁle sizes
which can be found on the stream bed. Shen (1971) indicates
the'bed maferial load equals the sediment transport
éapability of tﬁe f;ow. According to Leopold, Wolman, and
‘Miller (1964), the bed load is that part of the bed material
load which moves on or very-neaf the bed. Dunne and Leopold
(1978) indicate that the sﬁspended load is that part of the
bed material load which is supported by the fluid column.
?hey also indicate that fhe sediment grains of the suspended
load are nearly always less than 0.5 mm in diaﬁeter. Lane
(1947) indicates that gravel-bed streams have a mean grain
- diameter larger than 2 mm. ' For the gravel-bed study
streams, therefore, suspended load is low; hence, most
sediment transported must move as_bed load.

Bray (1982a) indicates that initiation of motion of a
'gravel—bed occurs near bankfull stage. This infers that the
sediment discharge and the-bed load is low in'grével-bed
streams at .the bankfull water flow rate. Also, Hey (1982)
indicates that tracer experiments at a variety of gravel-bed

rivers in the United Kingdom found bed loads low at the
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bankfull flow rate.

Vanoni (1975) indicates that bed load samplers collect
betweén roughiy-45% and 70% of the material transpbrted as
bed load. He also compares various analytical sediment
discharge relationships and concludes that.predictions vary
by roughly two orders of magnitude. Therefore, accurate
sediment discharge information cah not be determined by
either direct measuremeﬁfs or calculations.

Sediment discharge is low and can nﬁt be accurately
determined in gravel-bed streams at the bankfull water flow
. rate. For simplicity and poséibly fdf accuracy, the
sediment discharge is assumed to be constant at the bankfull

discharge for the gravel-bed study streams.

Dependent Variables

Values of the dependent‘variables are determined in
response to valﬁes of the independent variables. Accdrding
to Yang and Song (1979), in genefal, the dependent variables
describe the physical:configuration and flow characteristics
of stfeams. There is éome disagreement in the literature
regarding which parameters are the dependenf variables Qf
alluvial streams. Vanoni (1975) indicates much of the
disagreement stems from not making adequate distinctions
between the beﬁavior of streams. in the short term, long

term, and very long term.

Al
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For the long term, the dependent variables of alluvial

streams are:

b = stream width,

d = étream depth,

ds = mean size of sediment stationary on the bed,

£ = Darcy-Weisbach friction factor,

Pf = planform,

R = hydraulic radius,

S = slope of the energy grade line,

v = mean velocity of flow,

wg = fall velocity of the bed material, and

o . = geometric standard deviation oflthe bed material size

dist;ibution (Vanoni, 1975).

Some parameters not on Vanoni's list are considered to
be dependent variables by other investigators, for example:
sinuosity, wetted perimetér, and bed form height. Theée
,parametérs are less important than those givén by Vanoni
because, for gravel-bed alluvial'streams at the bankfull
discharge, these parameters are either constant, negligible,
or functions of the dependent variables given by Vanoni

(1975).

Functional'Rélationships

Table 1 presents functional relationships between the
independent and dependent variables and the references from

which these were determined. These relationships reduce the




14

Table 1. Functional relationships for dependent variables.

Variable . Function of References
o Constant ¢,h

ds Q c,h,m

d Q, dg b,ik,1

b Q, dg b,i,k

S Q, dg, 4, b b,e,f,h,1
Pf Q, dg, d, b a,j

R Q, dg, 4d d,g,h,o0

v Q, dg, d, b h,i,k,1

Wf ' ds c,0

£ Q, dg, d, b n
jgggg. References are as follows: (a) Ackers (1982), (b)

Ackers and Charlton (1970), (c) Bathurst (1982), (d) Bray
(1982a), (e) Bray (1982b), (f) Fahnestock (1963),v(g)'Hey
(1978), (h) Hey (1982), (i) Leopo;d and Maddock (1953), (3j)
Leopold and Wolman (1957), (k) Leopold et al. (1964), (1)
Schumm and Khan (1972), (m) Simons (1971), (n) Simons and

Richardson (1966), and (o) Vanoni (1975).

i
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dependent variables of gravel-bed élluvial streams to
functions of the mean sediment size that is stationary on
the bed, stream depth, and stream width. Independent
variabléswere omitted from these relationships if their
impacts on the dependent variables are constant or can not
be predicted in general. Therefore, the water discharge, Q,

was the only independent variable conéidered.

Cross Sectional Shape

Vanoni (1975) indicates that there have been many
successful studies that assume channel cross sections are
wide and rectangular. Presumably this means.the width is at
least several times the depth. Bray (1982b) adds that this
generally results in an error of less fhan 3% 'in the value
of the hydraulic radius, even for sma11 channels near
bankfull stages. Further, Leopold et al. (1964) show that
the assumption of a rectangular cross section is accurate
for a wide variety of streams in thé United States and
Europe. Therefore, channels in which the‘width is at least
several times the depth can be considered_rectanguiar, and

the cross section defined by the width and depth.

Depth, Width, and Velocity

Leopold and Maddock (1953), Leopold et al. (1964), and
others indicate stream depth, stream'width, and mean

velocity of flow are exponentially related to the water
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discharge. These investigators aiso show the discharge
exponent for each of these vayiables is constant for flumes,
canals, and streams that are in equilibrium, Qith no imbbsed
human activity, and flowing in temperate climates.
Therefore, the equilibrium condition of a stream satisfying
these criteria can be.evaluated by comparing its discharge

exponents to those given in the literature.

Parameter Value Trends

The independent variables of gravel-bed streams are the

~bankfull water discharge and man-made works. A culvert

placéd in a stream is a man-made work. Values of the
dependent variables respond to chanées in the independent
variable values. Therefore, after the "installation of a
culvert, bankfull values of the dependent variables change
until eguilibrium is established.

A culver{ placed in a stream creates a graduaily'varied
flow condition upstream whgn its discharge capacity is less
than that of the stream. Schumm (1971) and Simons (1979)
indicate thaf this’causes’an increase in the depth and a
decrease in the slope of the energy grade line and sediment
discharge. Because of this reduced sediment discharge, .
subreaches upstream of the culvert with gfadually varied
flow can not transport the larger particles and thus ex-
perience sediment deposition. The moving sediment particles

are smaller than the stationary bed sediment. Thus, the
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mean sediment size of the sediment deposited in the
graaually varied flow reach during a certain water discharge
is smaller than the mean sediment size of the:pre—cﬁIVert
bed maférial which was stationary during the same Qéter
discharge. Consequently, thé mean sediment size on the
stream bed upstream of the culvert decreases as a result of
the culvert. ‘ |

The culvert reduces sédiment discharge and the mean
sediment size transported into the reach downstream of the
culvert to below the pre-culvert condition. Degradation
occurs downstream of the culvert increasing the sediment
discharge and compensating for the reduction in thé impésed
sediment dischérge (Simons, 1979). As a result of. this
degradation, stream depth increases downstream of the
culvert reducing the velocity head and the rate of head
loss. Therefore, the slope of the energy grade line
decreases (Schumm, 1971 and Simons, i979). This increased
stream depth and reduced slope of the.energy grade line
decreases the sediment discharge of the stream. In'time
this condition will equal the imposed sediment'discharge.
Similar to upstream of the culvert, the mean sediment size
oﬁ the stream bed downstréam of the culvert decreases as a
result of the reduced sediment diséhafge (Simons, 1979).

For the above conditions, channel width will decrease
if the stream trénsports a significant amount of'fiﬁe

material (Santos-Cayade and Simons, 1973). This does not
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océur in gravel-bed streaﬁs, hence the width remains
unéhanged as a result of-fhe culvért.

A_culvert placed in a Qravei—bed streaﬁ may impose
gradually varied flow réducing its sediment discharge. Thié
causes no change in tﬁe width, an increase in the depth, and
a decrease in the slope of the energy grade line and the
mean sediment size stationar§ on the bed. This occurs both

upstream and downstream of the culvert.

Minimum Rate of Energy Dissipation Theory
Discussion of the minimum rate of energy dissipation
theory is divided into two subséctions. The first
subsection stétes the theory and the donditions where it can
be applied to .alluvial streams. The second subsection
discusses a method which uses the theory to estimate
equilibrium vélues of the dependent variables for alluQial

streams with uniform flow.'

Statement for Alluvial Streams

A development of the minimum rate of energy dissipation
theory is summarized in Appendix C. The developmént
considers three velocity vectors. Provided certain.
conditions are met, the flow described by a velocity vector
satisfying the equation of motion necessarily results in a
'leéser rate of energy dissipation than the flow deécfibed by

a velocity vector not satisfying the equation of motion.




[0 R O Ny 3 TR 2 S

19
Fluid flows must satisfy the eqﬁation of moéion. Thus, the
floﬁ with the least rate of energy dissipation necessarily
sétisfies the equation of motion and the real flow
situation.

The energy grade line is a line connecting values of
the total energy in the flow at various locations. The
difference in the energy grade line at two locations” is the
difference in total energy (Chow, 1959). Assuming no
external energy is added to or rémovéd from the'fluid,'this
energy difference is the amount of energy dissipated by the
. flow. The average rate with which energy is dissipated by
the flow is determined:by dividing'the change of total
energy by the distance between thé two locations. This is
equivalent to the slope of the energy érade line.
Therefore, to flow with the least rate of energy dissipation
is to necessarily flow.with the least slope of the energy
grade line. Thus, the minimum rate of energy dissipation
theory, as it applies fo alluvial streams, is as stated
. below. Provided certain conditions are met, eqﬁilibrium
values of the dependent variables are adjusted so aliuvial'
streams flow wifh the'miﬁimum slope of the énérgy grade line

that is compatible with the imposed independent variable

values (Chang, 19879). .The above conditions require alluvial

streams to have a constant water temperature with steady
uniform or gradually varied flow and negligible sediment

discharge.
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Application

Chang (1979, 1980a, 1980b), presented a method which
solves three relationships to calculate the eguilibrium
values of the stream width, stream depth, and slope of the
energy grade line for alluvial streams with uniform flow.
This method uses'a speéific water discharge, sediment
discharge, mean sediment siée, watgr temperature, and
trapezoidal cross séctipnal shape. Chang's method usés
three relationships: an émpirical sediment transport
eguation, an empirical flow resistance equatidn, and the
minimum rate of energy dissipation theory represented by a
minimum slope of the . energy grade line. The steps used Ey
Chang's method are: .

1. Input dgta.

2. Assign a value to the stream‘width.

3. Assign a'yalue‘to the stream depth.

4. Calculate the slope of fhe energy grade line using
the sedimenf transporf equation. | o

5. Calcuiate the water discharge'using-the flow
resistanée equation.

6. If the calculated water discharge does not equal
the input water discharge, modify the stream depth and go to
item 4;

7. If the calculated slope of the energy grade line
does not equal the global minimﬁm slope,iﬁodify the stream

width and go to item 3.
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8. Output stream width, stream depth, and slope of the
energy grade line.

ChanQ's 1979 study used a mean sediment size of medium
sand and the method given. Calculated valugé of the minimuh
energy grade line slope and of the associated stream width
and stream depth were found for six different sediment
discharge values. With a low sediment discharge, one
minimum value of the slope was found. For a higher sediment
discharge two minimum values of the slope were found; each
at different values of the width and depth. One minimum’
slope was found in the lower flow regime and the other in -
the'upper flow regime. The slope in the lower flow regime
had the lower value,'the global minimum; Therefore; Chang
(1979) determihed a minimum value of the slope can be
found. He did not explain, however; why the physical
processes produce this minimum slope. These results were
compared to published river and canal data; conclusions
related planform to the water discharge and slope.

For low sediment diééharges, both of Chang's 1980
studies yield calculations similar to his 1979 work. In one
stuéy (1980a) he used a mean sediment si;e of medium sand
and compared the calculated values to published data
describing the equilibrium values of alluvial sand- and
gravel-bed canals with uniform flow. In his subsequent
study, Chang (1980b) used a mean sediment size of coarse

gravel to large cobbles and compared the calculated values
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to published data describing the equilibrium’values of
alluvia} gravel- and cobble-bed streéﬁs with.uniform flow.
The values of the width and depth compared were those
associated with a sediment discharge which produced a
minimum slope equal to thé measured slépe. The calculated
valﬁes of the width and depth in both studies compared
favorably to the published data. Chang concludes that a
method using the minimgm rate of energy dissipation theory
in combination with 6ther relationships can aécuratelyl

calculate equilibrium values of the dependent variables for

" alluvial streams with uniform flow and low sediment

discharge.

The mean sediment size is a dependent variable. 1In the
above studies, howe?er, Chang assigns this Qariable a
constant value for each stream studied. This practice is
acceptable for‘stream reaches with uniform flow because.
values‘of the dependent variables are relétively constant
with location. For stream reaches with gradually varied
flow, however, values of the dependent variables Changelwith
location. Hence, for the gradually varied flow feaches

under study herein, values of the mean sediment size can not

"be considered coﬁstant for each study stream.

Summary
Alluvial streams with 10 to 100 years (a "long-term

period") reaction time to a change in the value of an

i
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independent variaﬁle are considered to be adjusting toward
equilibrium. The independent variables ofngravel—be&
streams are the bankfull water discharge and man-ﬁade

works. The dependent variables of grave;—bed alluvial
streams are the mean size of the sediment that is statiopary
on the bed, stream depth, and stream width. After a culvert
is placed in a gravel-bed stream, the étream width does not'
change, the stream depth increases, and the siope and mean
sediment size decrease from the pre-culvert condition.

The miniﬁum rate of energy dissipation theory states
that provided certain conditionsiafe met, eqﬁilibrium values
of the dependent variables adjust so alluvial streams flow
with the minimum slope of the energy grade line compatible
with the imposed-independent variable values. These
conditions require alluvial streams to have a constant water’
temperature with steady uniform or gradually varied flow and
negligible sediment discharge. A method using the minimum
rate of energy dissipation theory in combination with other
relafionships accurately calculates equilibrium values of
the dependent variables‘for alluvial streams with uniform
flow and low sediment discharge.

Information‘presented in this chaptef provides the
background for developing the MINRED method and for
evalﬁatiﬁg the reliability with which it can be applied to
reaches of gravel-bed alluvial streams having gradually

varied flow. Information in Chapter 3 describes the data
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collection and presents measured data from two gravel-bed
streams haviﬁg gradually varied flow imposed by a highwéy
culvert. The MINRED method is-presented in Chapter 4. The
application of the MINRED method to the study sfreams is
discussed in Chapter 5 along with theAresﬁlting calculated
data. The results of applying the MINRED mefhod to. the

study streams is presented in Chapter 6.
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- CHAPTER 3
FIELD INVESTIGATION AND MEASURED VALUES

Preliminary study sites were chosen where long term
U.s. Geologicél Survey (U.S.G.S.) annual maximum water
discharge records are available and where gradually varied -
- flow has been imposed by a single highway culvert. Eleven
streams located in the southcentral and the interior
portions of Alaska meet these criteria. Each stream was
visuall?linspected prior to continﬁing the study; nine were
discarded. To simplify the analysis, study of four streams
was discontinued becéuse man-made works other’than the
culvert appeared to have significantly altered the dependent
variable values. The MINRED method utilizes the minimum rate
of energy dissipation theory which is not Qalid for rapidly
varied flow:. Study of three streams was discontinued
because'the bed was composed of boqlders equal to .or greater
than the bankfull depth, creating rapidly varied flow at the
bankfull dischérge. Study of two streams was discontinued
because the‘meén sediment size on the bed was significantly
smaller than gravel.

The two streams selected for'study are located‘in

Alaska as shown in Figure 1. The 9.5 foot diameter culvert

Ll
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in the Coppgr River tributary is located in southcentral
Alaska at mile 51.8 of the Glenn Highway, or about nine
miles wesf of Slana. U.S.G.S. water resources bublications
indicate this has a drainage afea of 4.32 sguare miles. The
five foot diameter culvert in the Brooks Creekrtribﬁtary is
located in the Alaskan interior ét mile 84 of the Elliotf
Highway; or about 15 miles southwest of Livengood.
' U.S.G.S. water resources publications indicate this has a
drainage area of 7.81 square miles. These‘culverts were in-
stalled in the mid 1950s.

Both streams flow thfough forests composed mainly of
spruce and willow. The banks are held nearly verfical, by
roots of the adjacent vegetationf This gives further
jﬁstification for using the rectangﬁlar_cross section
discussed in Chapter 2. Most ofzthe spruce trees near thé
streams.are small suggesting much of the ground surrounding
these trees is frozen all yeér. Both streams flow in soils

of discontinuous permafrost (Hartman & Johnson, 1978).

Data Collection

Independent Variables
Provided the sediment deﬁsity is constant, the
independent variables of gravel-bed streams are the bankfull

water discharge and man-made works.
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Sediment Density

There is no evidence of volcanic activity near the
sites studied. For such streams, the sediment specific
gravity can be considered equal to 2.65. Therefore, the

sediment density for the study streams is constant.

Water Discharge

Each study stream has a small drainage area ét the
culvert of interest and hence the time of concentration for
each is small. Both study streams are remotely locatéd.
The travei time to each site from any population center is
much greater than the time of concentration. Therefore,
direct measurement of the bankfull wéter discharge is
impractical and was not done.

The baﬁkfull water discharge can be apprqximéted as the
discharge having a 1.5 year recprren&e interval on the
annual maximum series. The study streams have long term
U.S.G.S. annual maximum water discharge records at the
culverts of interest. The\bankfull water discharge was
obtained from,these'records. The method and the resulting

discharges are presented in Appendix D.

- Man-Made Works

See Appendix E, Table 11 for the measured data
describing the culvert that is_impdsing gradually varied

flow on each study stream.




|) Ll ) - [0 3 L.l Ll

29

Dependent Variables

The dependept variables of gravel-bed alluvial streams

are the‘mean‘size of the sediment that is stationary on thé'

stream bed, stream depth, and stream width. As discussed in
Chapter 2, channeis in which the width is at least several
times the depth can be considéred-rectangular and the cross
section defined by the width and depth. A preliminary
inspection of the study streams found that the width was
approximately five to ten times fhe depth and the cross
sectional shape was approximately rectangular. Therefore,
values of the width gnd depth are thg only data that need be
collected to describe the cross sections of the study
streams.

The discharge of interest is the bankfull value.
Therefore, the bankfull values of the dependent variables
are those of interest. However, because data were collected
during low flow fates,.some estimation was required to
obtain values representing the dependent variables  at the

bankfull discharge.

Method and'Eguibment

The study streams were divided into subreaches; Cross
section lines define the subreach boundaries. The cross
section. located in‘the stream, adjacent to the upstream end
of the culvert is designated créss section 0OU. Moving

upstream, cross sections are designated 1U, 2U, 3U, and so

1Ll
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forth. Similarly, the cross.seéﬁion located in the stream,
adjacent to the downstream end of the culvert is designated
cross section 0OD. Moving'downstream, the cross sections are
designafed iD, 2D, 3D, and so forth.

Measured values were determined with a Hilger and Watts
SL 9060-2 automatic level, level rod, and Lietz-Eslon 165
foot4tape., There were no bench marks near the streams. A
temporary bench mark of elevation 106.00 feet was

arbitrarily assigned to each upstream culvert invert.

Mean Sediment Size

| The sediment discharge is low at the bankfull water
discharge. However, soﬁe of the smaller particles
stationary on the bed at low flow rates are transported at
the bankfull discharge. Gravel-bed rivers usually have a
marked sorting of bed materials with sections composed of
the largest sizes spaced about every five to seven channel
widths (Mercer, 1971). Tﬁis was found in the study
streams. For these two reasons, at a low water flow rate it
is difficult to determine fhé mean sédiment size that is‘u
stationary on the bed at the bankfull discharge.

The bed sediment at each cross section was visually
examined. A location was selected such that thé mean
sediment size at that location is representative of the
cross section.' At this location, the finer material on the

stream bed was assummed to be in transport during bankfull
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flow. The infrequeﬁtly'occurring sméller and-larger sizes:
were excluded ‘and the mean of the remaining sizes was
measured. This-is the value éf the mean sediment size
recorded. |

Although the above method to determine the mean
‘sediment size at the bankfull discharge is crude, other
méthods are prohibitively expensive and/or would not yield
results of higher quality. For example, sophisticated bed
load samplers are very expensive and do not collect
representative samples. Also, a shovel or similar device
coﬁld be used to collect samples for iater.analysis but the
water velécity~would not allow the smaller sizes to be
retained. Further, unless these samples were collected at

bankfull flow, the results would have to be adjusted for

'A this anyway. Finally, to collect samples at bankfull flow

would create both logistical and operational problems.
Therefore, the measured values describing the mean sediment
‘size are as represéntative qf the bed as values which could
have been determined by other, more sobhisticated methods.
Lane (1947) sténdardizes the terms for a particle
diameter as follows: grével: 64 mm - 2 mm (0.21 ft - 0.0067
ft), sand: 2.0'mm - 0.250 mm (0.0067 ft - 0.0008 ft), and
fine sand:'O;ZSO'mm - 0.125 mm (0.0008 ft - 0.0004 ft).
Nearly all of.tﬂe study cross sections have a mean sediment

size in the range of gravel.
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Stream Depth

’ For st;eams in eéuilibrium} the différénce between the
elevations of the bank and the thalweg is.equal to the
stream aépth‘at the bankfull discharge. Dunne andﬁLeopold
(1978) and others provide guidelines to help field locate
the stream bank at low flow rates. Although these
guidelines were used, field'determination of the stream Bank
was difficult. For this reason, some variation in measured

values of the stream depth is anticipated.

Stream Width

. The stream width at the bankfull discharge was
measured. Because field location of the stream bank was
difficult, some variation in measured values of the stream

width is expected.

Thalweg Slope

For. both unifqrm and gradually varied flow in prismatic
channels, thé slopeé of the energy grade liﬁe, stream bed,
and hydraulic grade line are similar. For an open channel,
the hydraulic grade line coincides with the water surface.
For streams in equiiibrium, the water surface at the
bankfull discharge coincides with the stream bank. By
approximating the study streams to be prismatic, the
measured slope of the stream bed and/or stream bank

represents the slope of the energy grade line during the

Ll
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bankfull dischérge; Because field determination of the
stream bank was difficult, the measured thalweg slope is
used.

Coilecting data to determine the thalweg slope was no
simple task. Mercer (1971) indicates gravel-bed streams
form a series of riffles and'poois; this was found in the
study streams. Hence, the thalweg slopé fluctuates. The
MINRED méthod does not éccount for pools and riffles and
therefore calculates the average slope oflthe energy grade
line. To allow for valid comparisons between the measured
and calculated data, measurements were not collected near
gither the top of.riffles or the bottom of pools. Thﬁs,
attempts were made to collect data representing tﬁe average
thalweg slope. Becauée this was difficult to do by evye,

some variance of'the thalweg slope is expected.
~Presentation and Discussion of Measured Values
Measured data are prgsented in Appendix E. These

describe each culvert and study streanm.

Average Measured Values

Because streamé rarely flow in homogeneous soils, it is
not surprising thét the measuréd values fluctugte somewhat
with location. .In spite of thié fluctuation, the measured
data presented in Tables 12 through 15 and Figures 9 through

12 indicate, for most parameters, the values in the
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subreaches near the culverf are different from those in the
subreaches farther away. Values of the dependent variables
in the subreaches near the culvert are changed as a result
of the culvert installation. Therefore, subreaches near the
culvert are altered by the culvert and subreaches. farther
away are unaltered. Crosstsections approximating the break
in the measured.data are given in- Table 18. Subreaches
between the culvert and these cross sections are considered
to have been altered by the culvert. Subreaches fﬁrther
from the culvert than these cross sections are considered to
have been unaltered by the culvért.

The minimum rate of energy dissipation theory is valid
" for uniform and gradually varied flow. However, rapidly
varied flow occurs in the subfeacﬁes adjacent the culvert at
the bankfull discharge. For valid coﬁparisons between the
méaéured and calculated data,.values measured in the
subreaches adjacent the culvert are not considered further.

The measured values fluctuate with location. For
simplicity, average measured values from the subreaches
altered by the culvert are used rather than using measured
values from each altered subreach. Similarly, average
measured values from the subreaches unaltered by the culvert
are used. These average measured values are presented in
Table 2. |

For the portion of the.Copper‘River tributary not

altered by the culvert, the data presented in Table 2 are
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Table 2. Average measured data.

Copper River Brooks Creek

tributary tributary
Parameter Not Altered Not Altered

altered altered
Cross Upstm 5U-14U 1U-4U 6U-14U 10-5U0
sections Dnstm 7D-12D 3D-6D 5D-12D 3D-4D
Width, Upstm 7.10 15.88 7.80 8.48
£t Dnstm 11.08 23.25 8.19 12,15
Depth, Upstm 1.66 1.96 0.84 1.42
ft Dnstm 1.60 3.70 1.29 1.37
MSS, Upstm 0.0312 0.0048’ 0.0290 0.0419
ft Dnstm 0.0660 0.0417 0.0451 "0.0208
Thalweg Upstm 0.0267 " 0.0115 0.0184 0.0095
slope Dnstm 0.0378 0.04716 0.0234 0.0278

Note. MSS

= mean sediment size.
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averages from 10 cross sections upstream and six cross
sections downstreanm. ’Fpr the portion of thé Coppér River
tributary altered by the culvert, the data éresented are
averageé from four cross sections upstream and four cross
sections downstream. |

For the portion of the Brooks Creek tributary not
altered by the culvert, the data presented in Table 2 are
averages from nine cross sections upstream and eight cross
sections downstream. For the portion of the Brooks Creek
tributary altered by the culvert, the data preéented‘are
averages from five cross sections upstream and two cross

sections downstream.

Subreaches Not Altered by the Culvert

The bankfull water discharge at each stream has
probébly been constant for many years. Also, the culvert
is the only man-made work having any;éignificant impact
on the study streams. Therefore,; the independent variable
values imposed on thg study streams were probably cpnstant
for many yearé prior to the culvert instaliation.l For this
reéson, the study streams are presumed to have attained
equilibrium before the culvert was installed. For the
subreaEhes unaltered by the culvert, this equilibrium
has not been changed; hence, the measured values describe

the pre-culvert equilibrium.

o L Y.
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Subreaches Altered by the'Culvert
The culverts in the stud?nstreams_were installed
approximately 30 years ago. These stréamé shpuld be
adjusting toward equilibrium. Thus, values of the dependent

variables in subreaches altered by the culvert should be

- adjusting toward equilibrium with post-culvert values of the

independent variables. This trend is examined by comparing
the measured bank elevation just upstream of the culvert to
the elevations at the same location estimated for both the

pre-culvert and post-culvert equilibrium conditions.

Pre-Culvert

Subreaches unaltered by the culvert have attained

equilibrium unchanged by culvert installation. For these

subreaches, measured values describe the pre-culvert
equilibrium condition; the pre-culvert equilibrium slope is
equal to the measured slope. The pre-culvert equilibrium
bank elevation at cfoés section OU is approximated by
extending this measured slope.i For determination of the
pre-culvert equilibrium bank elevation, see Appendix F,

Table 19. The results are given in Table 3.

Post-Culvert

For determination of the post-culvert water surface
elevation at the bankfull discharge and at stream cross

section 0U, see Appendix F, Tables 20 and 21. This
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Table 3. Bankfull elevations at cross section 0U.

Condition Copper River Brooks Creek
tributary tributary
Equilibrium 99,27 ‘ '100.25

pre-culvert
Measured 101.18 101.32

Equilibrium 102.17 _ 102.65

post-culvert

Note. Elevations are in feet.calculated water sufface
elevatioh is the estimated post-culvert equilibrium bank
elevation. These elevations for cross section OU are

presented in Table 3.
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calculated water surface elevation is the estimated post-
culvert'equilibrium bank elevation. These elevations for

cross section 0U are presented in Table 3.

Conclusion

. The measured bank elevation at Eross section 0U is
between the estimated pre-culvert and the estimated post-
culvert elevation. For this reason, the bankfull water
surface elevations are probably adjusting toward their post-
culvert equilibrium values. It is assumed that all values
of the dependent variables in subreaches altered by the
culvert have not attained equilibrium with the post-culvert
values of the independent variables, but are adjusting

toward this condition.l

Gradually Varied Flow

Upstream

Values in Table 2.show that upstream of each culvert,
the average meésured depth in the unaltered subreaches is
less than the avefage measured depth in the altered
subreaches. Also, values in Tables 2 and 21 show that the
depth at cross éection OU required to pass the bankfull
discharge fhrough the culvert is greater than the depth in
the unaltered subreaches upstream of the culvert. At the
bankfull discharge, an Ml gradually varied flowjprofile is

created in those subreaches with subcritical flow that have

TN I O | N S Jot
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been altered by the culvert. This is shown in Figure 2.

Downstream

Values in Table 2 show that downstream of each culvert,
the average measured depth in the altered subreaches ‘is
greater than the average measuréd depth in the unaltered
éubreaches. Further, values in Tables 12 and 14 show that a
scour hole is created downs?ream of both culverts. At the
bankfull discharge, an A2 gradually varied flow profile is
created at the downstream end of the scour hole. This is

shown in Figure 3.
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" CHAPTER 4
MINRED METHOD

The MINRED methéd was de?eloped for this study. .This
method uses the minimum rate of energy diésipation theory
and two other relationships. Results should describe the
equilibrium bankfull values of the dependent variables in
reaches of gravel-bed alluvial streams having gradually

varied flow and low sediment discharge.

Development

The MINREb method uses measured_vélues describing the
independent and dependent variables for the subreach and.the
downstream cross section. The independent vafiabiés 6f the
gravel-bed study streams are the bankfull water discharge
and the culvert (man-made works)} The dependent variables
of the gravel-bed study streams are the mean’éediment size
that is stationary on the bed, stream depth, and stream
width. The downstream end of the stream subreach is
designated the downstream cross section. The upstream
end of this subreach is designated the upstream eross
éection. The MINRED method uses a trial and error soclution
of three relationships linking fhe independent and dependent

variables: (a) the direct step method of determiningAthe
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gradually varied flow profile, (b) a combination of Shields
diagram and Raudkivi's graphical relation, and‘(c) the
minimum rate of energy dissipation theory. These
relationships have not been previously coupled in 'the
literature. Results of the MINRED method are values of the
dependent variables at the upstream cross section.

The MINRED method uses measured values from the
subreach and the downstream cross section to calculate
values at the upstream cross section. Because stream
subreaches flowing subcritical have downstream control,
calculations must start downstream and work upstream.
Conversely, calculations for stream subreaches flowing
supercritical must work downstream. Therefore, the MINRED
method can only be used for streanm subreaches with
subcritical flow.

Figurss 2 and 3 are control volume diagrams showing a
typical stream with a culvert creating gradually varied
flow. Parameters‘Shown in these figures are the stream
width, stream depth, mean sediment size, and subreach length
(distance between the upstream and downstream cross
sections). Some parameters appearing in equations used by
the MINRED method sre not shown in Figures 2 and 3 because
tnese parameters do not have a demonstrable physical
. significance. These figures do, however, show all the
dependent variables.‘ The parameters not shown can-best be

understood as mathematical combinations of, or functions of,




—at L | P Ll LY

45
the dependenf Qariables and the water dischargevas given in
the following equations. Recall that the cross section of
the study streams can be considéred rectangular and thus

defined by the width and depth.

General

The MINRED method assumes many values for the stream
width at the upstream cross section.. For each assumed
width, a value is calculated for botﬁ the stream depth at
the upstream cross section and the mean size of sediment
that remains stafionary on the stream bed at the.upstream
cross section. With this information, the slope of the
energy grade line at the upstream cross section is alsé
determined for each assumed width. Therefore, the MINRED
method determihes many sets of values for the stream width,
depth, mean sediment size stationary on the bed, and energy
grade 1ine slope compatible with the independent variable
values. |

The minimum rate of energy dissipation theory states
that of all these sets of dependent vafiabie values, the one
set that descéribes the stream equilibrium condition is the
set associated with the smallest slobe of the energy gradg
line. As discussed in Chapter 2, Chang (1979, 1980a, |
1980b) studied streams with uniform flow and concluded that
a minimum slope satisfying the independent variable values

can be found. These studies, however, did not state any
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reasdn'why this should occur. Chang also concludes- that the
dependent variable valﬁes associated with this minimum slope
describe the stream's eQuilibrium condition.

The MINRED method determines the one set of dependent
variable values (width, depth, and mean sediment size)
associated with the smallest calculated slépe of fhe energy
grade line. If the MINRED method finds the minimum slope of
the energy grade line that satisfies the independent
variable values, the results should be the dependent
variable values describing the post-culvert eguilibrium
condition. Details of the MINRED method are given in this

chapter and in Appendix G.

Preliminary

The MINRED method uses the bankfull water discharge,
the measured distance between the upstream énd downstream
cross sections, and the measured thalweg slope between the
upstream and dowhstream cross sections. The MINRED méthod-
also uses measuréd values of the stream depth, width, and
mean sediment size at fhe downstream cross section. The
latter value is used to determine. the Manning roughness
coefficient. |

Chow (1959) iﬁdiéates tﬁe Manning roughness coefficient
can be calculated by:

n = (ﬁo + n, + n, f n., + n4) m (4-1)

3 5°
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The above symbois are as follows:

n = Manning roughness coefficient;

ng = the value for a sfraight, uniform, smooth chahnel in
the natural materials and thus is due to the effect
of grain roughness;

n, = correction for the effect of surface irregularities;

n, = correction for the effect of variations in channel

) cross section size and shape;

n, = correction for fhe effect of obstfuctions;

-n4 = correctiop for the effect of‘vegetation; and

m = correction for the effect of channel meandering.

The determination of the Manning roughness coefficient for

the study streams is given in Appendix G, item 6.

Direct Step Method

Tﬁe'MINRED method uses the direct step method to
" determine the depth of flow at the upstream cross section.
The depth in a stream vafies with location when gradually
varied flow is imposea.‘ Chow (1959) gives several methods
for calculating the stream depth in gradually varied flow.
One of these is the direct step method. - This method divides
the gradually varied flow reach into subreaches and
considers each to have uniform flow.

The stream cross sectional shape is considered

rectangular, see Chapter 2. Therefore:
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A=bd, (4-2)

R = bd/(b + 2d), and (4-3)
vV = Q/A. (4-4)

The symbols are as follows:

= cross sectional area of flow,
= stream width,

= stream depth,

hydraulic radius,

= mean velocity of flow, and

o0 < ™ o To>
I

= water discharge.
The specific energy, E, and slope of the energy grade
line, 8, are calculated for the downstreanm Eross section.

The equations used are:

E=d4d + V2/2g . and . " (4-5)

(vn/(1.49r%-%7 12, (4-6) -

1]
]

The symbol g represents the acéelerafion due to gravity.
Equation 4-5 is the definition of specific energy and
equation 4-6 is derived from the Manning uniform £low

equation,

LI_dl
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The MINRED method temporarily assumes values for the
stream width, dépth, and mean sediment size afzthe upstream
cross section. Equations 4-1 throuéh 4-6 are recalculated
for the upstream cross section? The distance between the

upstream and downstream cross sections, X, is calculated by:
X = (Ey = E;)/{Sy - [(Sq+ Sp)/21}. (4-7)

The subscripts 1 and 2 represent the upstream and downstream‘
cross sections, respectively. The symbol Sg represents the
measured thal@eg slope between the upst:eam and downstream
cross secfions. " Equation 4—7 is given in Chow (1959) and is
‘derived from the energy eéuation.

The MINﬁED method uses a trial and error procedure that
modifies the value of the depth at the upstream cross
section until the calculated distance between the two cross
sections equals the measured distance. Details of hOW‘the‘
MINRED method uses the above equations are given later in

this chapter and in Appendix G.

Shields Diagram and Raudkivi's Graphical Relation

The MINRED method uses a combination of Shields diagram
and Raudkivi's graphical relation td determine the mean size
of the sediment that remains stationary on the,streém bed at
the upstream cross section. This is the mean sediment size

associated with both the calculated depth and assumed width
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at the upstream cross section from the direct step method.

Shields Diagram

Shields diagram is an empirical curve propoéeﬁ by Rouse
from data obtained by Shields and other workers from
experiments in flumes with fully déveloped turbulent.flows
of noncohesive sediments. This diagram is given by Vanoni
(1975) and is shown in FigureA4. The'left portion of the
curve is the laminar flow region,.the‘right portion of the
curve is the turbulent flow region, and the central portion
of the curve is the transition between the two.

Critical conditions are said to exist when the
hydrodynamic force acting on a sediment grain has reached
its maximum value for which no sediment movement occurs
{Vanoni, 1975)._ The critical value of a variable is defined
as that occurring at the critical conditions. These terms
are used below.

Shields diagram is used by the MINRED method to
determine the critical value of one parameter. Knowing the
boundary Reynolds number, Shgelas diagram is used-to
determine the critical value of the dimenéionless-shear
stress. This value is used by the MINRED method to
determine the critical value of other_parameters, including
tﬁe mean sediment size that is stationary on’the stream bed
during bankfull conditions. |

The original work to develop Shields diagram was

|| EHl R I Y L N




0
1]
1)
-
+
(V)] T
= o
4—’&(‘-; —
w0 >
05) |
0 0)
3 w0
e <
§°’ ger,
=5
§ %
—~
- =
(O )] I
e
PR
R
Qe =
Figure 4.

0.50
N
N
AN
0.20 S
\
N
0.10 I
N
N
~
\\
0.05 Pr=e
~_] -
Q.02
02 .5« 120 5 10 50 100 500 1000
Boundary Reynolds Number, Re, = U*ds/\)

Shields diagram.

TS




— URPA | WSS FOOR [ty SRR o 9 1

52
published in 1936. Some workers since then have reported
slightly different results for portions of the curve.
Shields diagram is the standard By which these new results
are evaiuated. Therefore, Shields diagram is the most
widely accepted means for determining the critical
conditions.

The results from Shields diagram are approximate. The
reason for this is described below. Shieldé diagram uses
meaﬁ parameter values to deﬁermine the critical conditions.
For turbulent flow, howevér, there is no single'mean
parameter wvalue for which sediment motion begins or énds
suddenly. Rather, near crifical conditions, the motion of
sediment grains occurs randomly in both time-and space. The
incidence of such movement increases as the mean shear
stress increases. for this‘reason,.to describe the
initiation of sediment movement by mean parameter values
requires a range of such values corresponding to a low to
.high incidence of sediment movement. Vanoni (1975)

indicates that one researcher found the results of Shields

'diagram correspond to a high incidence of sediment movement

for turbulent flow.

The.MiNRED method assumes values for the stream width
and mean sediment size at the upstreém cross section. With
these, the direct step method calculates values for the
étfeam depth and energy épade line slope at the upstream

cross section. The MINRED method approximates a water
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temperature and usés-these.above values to determine values
for the shear velocity, U,;, and the boundary Reynolds
number, Re; at fhe upstream cross section. The eqﬁations

used to make these calculations are given by Vanoni (1975)

as follows:
u, = (grs)?® . and (4-8)
" Rgg = U dg/v. ‘ (4-9)

The symbol Vv represents the kinematic molecular viscosif?.
The sediment specific gravity for the study streams
equals 2.65. Using this value, the value for the boundary
Reynolds number just calculated, and equations for the curve
in Shields diagram, the MINRED method calculates the
-critical value of the 'dimensionless shear stress,t, ., at
the upstréam crbss section. The equationé used fo make this
calculation are discussed in the next paragraph. The MINRED
" method uses‘this vaiue and the equation given by Shields
diagram to calculate the critical value of the‘bed shear
stress,rc, at the upétream cross section. 'This is done as

follows:

- -~ (4-10)
TC‘ T*C(YS Y)d‘s .

Previously undefined symbols are:

. (]

Lod
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sediment spécific weight and

<
[}

fluid specific weight.

=2
n

Shields diagram is_empirical and the iiteratgré does .
not give equations for the curve. Eguations were developed
by using program 1415 € from the Hewlett-Packard Users
Library. This program, run 6n a Hewlett-Packard 41CV
calculator, uses data points from the curve and the method
of least squares to determine second order through ninth

order eguations of the form:
Y=A +A X+ AX"+ ... BAyxX". ‘ {(4-11)

For each equation, this program calculates the coefficient
of determination, rZ. The lowest order equation with the
largest coefficient of determination is used by the MINRED
method. Curve eguations for Shields diagram and the

coefficients of determination are given in Appendix H.

Raudkivi's Graphical Relation

Two‘relationships given in the litérature can be used
to correlate the depth and mean sediment size of gravel-bed
streams. These are given by Raudkivi (1967, 19871) aﬁd Chang
(1980b). Both are empirical.

Empirical relationships have limited applicability:
therefore, care should be exercised to ensure they are

applied only to the conditions for which they were
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developedf ‘Both the'Raudkivi and the Chang relationship
were devéloped'from information similar to but'not
completely representative of all the measured data.
Raﬁdkivi's relationship is used‘in‘this study because it wasA
developed from data more c;osely resembling the study
streams than.the data used to develop Chang's relationship.
Tﬁe relationship developed by Raudkivi is known in fhe
literature as Raudkivi's graphical relation.

Raudkivi's graphical relation is a set_of empirical
éurves that relate the mean velocity of flow to the shear
velocity and mean sediment size. This relation”is presented
in Figure 5. Raudkivi developed this relation by using data
from his own flume experiments and data reported by others
from large rivers to laboratoryffiumes. " The data cover a
sediment size from 0.0003 ft to 0.016 ft (very fine sand to
very fine gravel).

The left pértion of the curves in Raudkivi's graphiﬁal
relation corresponds to the initiation of sediment movement
and the development of dﬁnes on gravel-bed streams. Vanoni
(1975) stateé that left of this portion of the curve
corresponds to flows with velocities just above the critical
value for the initiation of mofion.‘ It is this portion of
the curves that is used by the MINRED method. The ééntral
pdrtion of the curves corresponds to a moderate sediment
discharge, grosion of the dunes, and the development of a

flat bed. The right portion of the curves corresponds to a




100

70
50
Fine Sand|,
30 | Upper
— N \ Flow Regife
s ~
= £ N
! 20 \ 1 : NS
* / \ [ S
e \ Gravel —
S \ B O g b 4 o3
s \\——“ / Fine Sanfd
] \ 1 ’
o \ Sand \—\‘\y \ Transitibn
w4 4// N
/ = e e
7 =0
‘L'Fine Jand, lower Flpw |Relgimg
5
0.03 0.06 0.10 02 0.5 -0 2

Dimensionless Shear Stress, T, = U*p/[(ys = Y)ds]

Figure 5. Raudkivi's graphical relation.

99




— L { ) 1100 R Y 2. [}

57
high sediment discharge and the development of antidunes on
the stream bed.
The left portion of the cur&es in RaudkiQi's graphical

relation is used by the MINRED method to determine the

(N 15 T e T

critical value of the mean velocity. This value is used to

correlate the stream depth and mean sediment size. Details
of this proceéure are described below.

Results from Raudkivi's graphical relation must be
considered approximate for the following three reasons.
First, Raudkivi (1976) indicates there is appreciable
scatter of theﬁdata points from which Raudkivi's graphical
relation was developed. He adds that extensive systematic
investigation to check or modify the curves is necessary
before results from the relation can be considered to be
more thén approximations. Second, the measured values of
thig stﬁdy are not identical to the data from which'this
empirical relation was developed. Third, the left portion
of the curve for gravel in Raudkivi’'s graphical relation has
a moderately steep'slopé. When using the steep portion of

the curve, the accuracy of the results depends a great deal

on the accuracy of the input data. Inaccuracy in the input‘

data can adversely effect the accuracy of the results
obtained.. For the above three reasons, some inaccufacy in
the results of the MINRED methodAis anticipated from the use
of Raudkivi's graphical relation.

The MINRED method determines the critical wvalue for
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the shear velocity, U*c' and the dimensionless shear stress,
Ty at the upstream cross section. The equétions used to

make these calculations are given by Vanoni (1975) as

follows:
Upo = (TC/D)O'S . and _ C (4-12)
T, =0 /L, - Nal. , . (4-13)

The symbol p represents the fluid density. The MINRED
method. uses values for T, , ds, Uy s andU*_C and the equations
representing the curves in Raudkivi'slgraphical relation to
determine the critical value for the mean velocity, Ver, at
the upstream cross section. This is the maximum mean
velocity value for which the assumed size of the mean
sediment will not move. The equations used to make this
calculation are discussed in -the next.paragraph.

Raudkivifs graphical relation is empirical and the
literature does not give equations for the curves. These
equafions were developed in the same manner as previoﬁsly
explained for Shields diagfam.' CurQe equations and the
coefficients of aetermination are given in Appendix H.

The MINRED method modifies the assgmed valqe for the
mean sediment size ahd reexecutes Shields diagraﬁ and
Raudkivi's grapbical relation.until the critical value of

the mean velocity is equal to the value of the mean velocity

LI PSS S I
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found by the direct step method. . This is done by a trial
and error procedure.

~ The value of the mean sediment size. last used by the

) T A |

direct step method may not be the same as that determined by'

Raudkivi's g:aphical'rélatidn. The MINRED method
simultaneously solves the direct step method and the
combination of Shields diagram and Raudkivi's graphical
relafion until the mean vélocity'and the Manning rouéhness
coefficient used by both are the same. The calculated value
of the mean sediment size is therefore aésociated‘with,the
éritical value of the ﬁean velocity. A sediment particle
smallér than this is associgted with é critical value of the
mean velocity smaller than that calculated; hence, will not
remain stationary on the bed. For this reason, the result
éf this procedure is the value of the mean sediment size
that will remain stationary on the stream bed at the
upstream cross section. Recall that this value is
associated with an assumed value of the stream width and
with calculated values of the stream depfh and energy grade
line slope:. Details of fhe calculation procedure used to
determine these values are given later in this chapter and

in'Appendix G.

Minimum Rate of Energy Dissipation Theory
The MINRED method uses the minimum rate of -energy

dissipation theory to determine the values of the mean
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sediment size, depfh,vand width.that should describe the
. equilibrium condition at the ﬁpétream créss section. The
literature presents studies that use the minimum rate of
energy dissipation theory to'calculate equilibrium values of
the dependent variaBles in stream reaches with uniform
flow. However, this theory has not been used to calculate
equilibrium values‘of the dependent variables in stream
reaches with gradually varied flow.

Many values af the stream width at the upstream cross
section.are assumed. For each assumed value, the MINRED
method determines values of the mean sediment size
stationary on the bed, depth, and energy grade line slope at
the upstream cross section as discussed earlier. ‘Many sets
of values are obtained. The minimum rate of energy
dissipation theory is used to determine which set of values
describe the post-culvert equilibrium condition. Values of
the width are selected in an attempt to calculate a smaller
value of the énergy gradelline slope than previously found.
The output of the MINRED method is the smailest calculated
slope-of the energy grade line and the associated values of
the mean sediment size stationary on the stream bed, stream
depth, and.stream width. Details of the calculation
procedure used to determine these Qalues are given later in
" . this chapter and in Aépendix_G. The procedure of finding
this minimum slope can be called "minimizing the slope of

the energy grade line."
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The'minimum rate of energy dissipatioﬁ theory states
that the set of dependent variable values describing a
stream's equilibrium condition is the set assoéiated with
the smallest slope of the energy grade line‘compatible with
the independent variable values. The following discussion
indicates that the values calculated by the MINRED method
are compatible with_the‘independent variable values. The
bankfull water discharge and the culvert are the independent
variables of the study streams. The condition imposed by
the culvert is manifested in the values of the dependent
variables. To calculate values of the dependent variables
at the upstream cross section, the MINRED method uses the
bankfull water discharge and measured values of the
dependent vafiables at the downstream cross section. As
.discussed in Chapters 2‘and 3, these measured vé;ues either
describe the post-culvert équilibrium condition or are
changing toward these values. Hence, measured values can be
used to represent the condition imposed by the culvert.
Therefore, by starting'célculations with the bahkfull &ater
, discharge and these measured values, the MINRED method uses
values representing the impésed independent variables.
Thus, valueé calculafed by the MINRED method are necessarily
compatible with the values of the independent variables.
For this reasoﬁf if the MINRED'method cal;ulates.fhe
smallest possible slope of the energy grade line, the

associated values of the dependent variables should describe

LWL
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the post—culVert eduilibrium_condition.'

The calculatea values depend only on the input data and
the relationships linking the independent and depgndent
variables. Thé inpuf data used in the calculétions for each
upstream cross section do not depend on the input data used
to make the caléulations for other chss sections.
Therefore, the values calcﬁlated for any one cross section
are independent of the values calculated for any other cross
éection.

A possible misinterprefation of the MINRED method and
the minimum rate of eﬁerg& dissipation theory could raise
the following guestions. Where is the slope of the
energy grade line minimized? Does minimizing the slope
of the energy grade line at‘one location necessarily
require that the slope is not minimized at other
locations? The answers to these questions follow from the
previous discussion. fhe:slope of the energy grade line
is minimized at every location considered to be an upstfeam
cross section. Minimizing the slope does hot mean reducing
it belbw its pre-culvert value. Also, minimizing the slope
at one location does not preclude minimizing the slope at
other locations because the calcﬁlations'for each upstream
cross section are done independentl? of the calculations fér

other cross sections.
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Description
The MINRED method uses a trial.and-error procedure
executed by a computer program written ih FORTﬁAN ahd run oﬁ
a HoneyWell series 60 computer. The MINRED method is
divided into three iteration loops. These are named D loop,
DS loop, and B loop. D loop uses the direct step method and
DS loop uses a combination of Shields diagram and Raudkivi's
graphical relation. The MINRED method assumes a value for
the stream width at the upstream cross section. This method
then simultaneously solves D loop and DS loop to calculate
values for the stream depth, energy Qrade line slope, and
mean sediment size stationéry on the stream bed at the
upstream cross section. These values are compatible with
the independent variable values. B loop assumes many values
of the stream width. For each assumed value, the MINRED
method simultaneously solves D loop and DS loop. Many sets
of values are calculated for thé‘dgpendent variables and
energy grade line slope. The result of the MINRED method is
the set of dependent Vapiable values associated with the
minimum calculated slope of the energy grade‘line.: If the.
minimum slope is found, the minimum rate of energy
dissipation theory states that these dependent variable
values should describe the equilibrium‘coﬁdition. A summary
of the MINRED method is given in Appendix G and a flow chart
of this procedure is given in Figure 6. A description of |

the MINRED method follows.




64

( > MODIFY
START (:::>—' DEPTH., d "'<:::>‘——“

D LOOPt COMPUTE VELOCITY. V.
INPUT SLOPE. S. AND DIST.
BETWEEN CROSS SECTIONS

HAS
DS LOOP
BEEN

EXECUTED

COMPUTE
MANNING'S n

HAS

d =
d LAST

HAS B LOOP
Daéng BEEN TIME IN
o b Exsqyrsn DS %oop

b =
b LAST
TIME IN
DS %OOP

DS LOOP:
COMPUTE V

GLOBAL NO
MINIMEM B Hﬂ%ﬁl MODIFY
SLOP fob
FOUND MODIFY MEAN

SEDIMENT SIZE. d,

?

YES

/ OUTPUT END §G°4T°}

Figure 6. Flow chart of the MINRED method.
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The channel cross sectional shape is considered

rectangular and the sediment specific gravity is considered .

equal to 2.65. Also, the MINRED method approximates the
water témperature to be 38 degrees F. Prior to each
execution of the MINRED method, the bankfull water discharge

is specified. The measured distance between the upstream

and downstream c¢ross sections and the measured thalweg slope

. between the upstream and downstream cross sections is

given. Also input are the measured values of the stream

depth, stream width, and mean sediment size at the

downstream cross section. The Manning roughness coefficient.

at the downstream cross section is calculated using the

latter wvalue.

D Loop

The MINRED method temporarily éssumes values for the
stream width and mean sediment size at the upstream cross
section. The firét time through Dﬁloop, the MINRED method
temporarily assumes these values equal the values measured
at thé downstream cross section. During reiterations of D
loop, the MINRED method uses the values of the stream width
and mean sediment size for the upstream cross section
éssigned at last exit from B loop and DS loop,
respectively. For each of these mean sedimept size values
used, a value is calculated for the Manning fqughness

coefficient at the upstream cross section. D loop uses a

|
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trial and e;ror modification of the stream depth.
Calculations determine a value for the stream depth, élope
of the energy grade line, and mean Qelécity at the ﬁpstream
cross section. This loop also calculates the distance
between the upstream andvdownstream cross sections.
‘Execution of this loép ends when thé calculated distance
between the upstream and downstream cross sections equals

the measured distance.

DS Loop

This loop begins calculations with values of the stream
width, depth, and mean sediment size stationary on the |
stream bed assigned at last exit from D loop. DS loop uses
a trial and error modification of the mean sedimeﬁt size."A.
value is calculated for the mean sediment size stationary on
the stream bed and %he critical value of the méan yelocity
at the ubétream cross section. Execution of tﬁis loop ends
when the critical value of the mean velocity calculated in

DS loop equals the mean velocity at last exit from D loop.

Simultaneous solution of'D Loop and DS Loop

The Manning roughness coefficient at the upstréam cross
sectiﬁn is calculated again using the value of the mean
sediment size assigned at last exit from DS loop. This
value of the Manning roughness coefficient is'compared to

the value of the Manning roughness coefficient last assigned
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‘in D loop for the upstream cross section. If fhe two values
are identical, program execution pfocee@s to B_loob. If the
two‘yalues are different, D loop is reexecuted using the new
value of the Manning roughness coefficient. After
reexecution of D loop, the new calculated value of the
stream debth is compared to the value of the stream depth af
last exit from DS 100p. If the two values are identical, ‘
program execution proceeds to B loop. If the two values are
different, DS loop is reexecuted, using the new value of the
stream dépth. Simultaneous solution of D.loop and DS loop
" éndS‘wheﬁ‘two conditions occur. First, the mean velocity
found in D loop equals.the critical value‘of the mean
_veiocity found in DS loop. Sedond, the value of the Manning
roughness coefficient at the upstream cross section last
assigned in D loop equals the Manning roughness coefficient
found using the value‘of tﬁe mean sediment size at last exit

from DS loop.

B Loop

fhis loop assumes many values‘for the sfream width.
For each assumed value, D loop and DS loop are solved. Many
‘sets of values compatible with the independent variable
values are obtained fbr the stream width, depth, mean
sediment size statiohary on fhé stream bed, and energy grade
line slobe. The‘minimum rate of energy dissipatioﬁ theory

states that the equilibrium values of the dependent
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variables are as$oéiéted with the minimum'slope of thé
energy grade line comﬁatible with the independent variable
values. The result of the MINRED‘ﬁethod is. the sef‘of
dependent variable values associated with the minimum
calculated slope of the energy grade line compatible with
the independent variable values. If the minimum slope is

found, these dependent variable values should describe the

stream equilibrium condition.

Summary

A deQelopment‘of the MINRED method and a description of
the procedure used for its application are presented. The
MINRED method. solves three relationships to calculate the
dependent variable values that should describe the'
eduilibrium condition in reaches of gravel-bed alluvial
streams having gradually vafied flow and low sediment
dischapge. The debendent variables are the stream depth,
stream width, and mean sediﬁent size that remains stationary
on the stream bed. This method uses the'bankfull water
discharge, a wéterltempérature of 38 degrees F, a sediment
specific gravity of 2.65, and a rectangular cross sectional
shape. The three relationships used'by thé MINRED méthod:
are (a)- the dirgct“step method of determining the gradually
varied inW‘profile, (b) a combination of Shields diagram
and Raudkivi's graphical relation, and (c) the minimum rate

of energy dissipation thebry represented by a minimum slope
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of the energy grade line.

' The steps used by the MINRED métﬁod are:

1. Input daté.

2. Calculate the Manning roughness coefficient.

3. Determine the stream depth, energy grade line
slope, and mean’vglocity at the upstream cross section.

This is done by using the direct step method and an
iterative procedure that modifies the value of the
stream depth.

4. Détermine the mean sediment size associated with a
critical value of the mean velocity that is similar to the
mean velocity‘found in.ifem 3. This is done by using
Shields diagram, Raudkivi's graphical relation, and an
iterative procedure that modifies the'value of the ﬁean
 sediment size.

:5. Calculate the Manning roughness coefficient, using
the value of the mean sediment size found in item 4. If
this valﬁe is not similar to the value used last time by the
direct step method in item 3, go to item 3.

6. If the minimum value of the energy gradenline slope
has not been found, modify the stream width and go to item
3.

7. Output. stream width, depth, mean sediment size, and
energy grade line slope at the upstream cross section.

As discussed in‘Chapter 2;.Chang (1979, 1980a, 1980b)

developed a method that calculates the equilibrium values of
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the dependent variables in alluvial streams. The

differences between Chang's method and the MINRED method are

.as follows:

1. Chang's method uses a trapezoidal cross sectional -
shape, whereas the-MINRED method uses a rectangular shape.

2. Chang's-method is for streams with uniform flow.
The MINRED method is for streams with gradually véried flow.

3. The sediment discharge is calculated by Chang's
methqd, but the MINRED method assumes it is constant.

4. Botﬁ Chang's method and the MINRED method use three
relationships to éaiculate the dependent variable values.
The only relationship used by both‘methods is the minimum
rate of energy. dissipation theory.

5. Chang's method uses a constant mean sediment size
whereas the MINRED method considers this parameter to be a
dependent variable.

6. Chang's method uses the depth, width, and energy
grade line slope as the dependent variébles. However, the
MINRED method considers the dependent variables to be the

depfh, width, and mean sediment size.
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- CHAPTER &
CALCULATED VALUES

The application of the MINRED method to the study
streams is discussed in this chapter along with the

resulting calculated data.

Application

The reliability with which the MfNRED.method calculates
bankfull values of the dependent variables is evaluated by
applying the method to reaches of two gravel-bed sfreams
having gradually varied flow imposed by a highway culvert.
‘The minimum rate of energy dissipation theory is valid for
uniform and gradually varied flow. However, rapidly varied
flow occurs in the subreaches adjacent each culvert at the
bankfull discharge. Therefore, the MINRED method is not
applied to subreaqhes adjacent the culverts.

The MINRED method can only be uséd for stream .
subreaches with subcritical flow, sée Chapter 4. Tables 16

and 17 present the Froude number at bankfull discharge

LI I\ 7

calculated from measured values for each cross section under .

study. Evaluation indicates some cross sections flow
supercritical at the bankfull discharge. The MINRED method

is not used between two cross sections if the calculated

L

Y




) Lol Ll LLY 4

72

Froude number for either cross section is above unity.

Presentation and Discussion of Calculated Values

. Slope of the Energy Grade Line

A review of values calculated by iterations of the
MINRED method indicates that as the stream width increases
with each iteration, the mean sediment size and stream depth
decrease occasionally énd the slope almost always
decreases. Further, the slope increases with some decreases
in stream debth and/or mean sediment size. However, the
slope almost always decreases with subséqﬁent iterations as
stream width increases with a constant stream depth and mean
vsediment size. |

When searching for the minimum slope, iterations of the
MINRED methéd do not consider all possible combinations of
dependent variable valuesi 'Thefefore, the'minimum
calculated‘slope of the energy gfade line may not be fhe
glpbal minimum compatible with the independent variable
values. If the MINRED method calculates the global minimum
slope, the calculated values of the dependent variables
associated with this slope should describe the'ﬁost-culvert
equilibrium condition at the bankfull discharge. However,
the calculated values of the dependent variables do not
necessarily degcribe-thiS‘equilibrium‘conditioﬁ-if the
glbbai minimﬁm slope is less tﬁan the calculated minimum

slope. From the iteration data discussed in the previous
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paragraph, it‘is concluaed that for this létter situation
.the calculated values . of the st;eam width should be smaller
~than the post—cul&ert equilibrium values. Also the stream
depth and mean sediment size should be larger than the post-

culvert equilibrium values.

Average Qélculated Values
" Results of the-MINRED method are presented in Appendik
I. Somé executions of the MINRED method EOntinued
indefinitely without calculating a minimum slope. For these
executions, no results are presented.

Measured values'presented in Chapter 3 are uséd to
estimate which subreaches in the study stfeams have been
altered by the culvert and which subreaches have been
unaltered by the culvert. The locations where the unaltered
and altered subreaches converge are the same locations‘wheré
no minimum slope was calculated by the MINRED method.

Table 2 presents average measured data for the
subreaches altered by the culvert ahd the subreaches
unaltefed by the culvert. Table 4 presents average |
calculated data for these same subreach groups. These
average calculated values are determined from the calculated
values (see Appendix I).

For the portion of the Copper River tributary not

altered by the culvert, the data presented in Table 4 are
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Table 4. Average calculated data.
Copper River Brooks Creek
tributary tributary
Parameter Not Altered Not Altered
altered altered
Width, Upstm 50.10 50.41 48.63 61.96
£t Dnstm 10.08 34.88 15.16 9.00
Depth, Upstm 1.21 1.84 1.23 0.96
ft Dnstm 0.84 2.12 1.10 1.13
MSS, Upstn 0.0383 0.0007 0.0056 0.0063
ft Dnstm 0.3820 0.0044 0-.1702 0.1082
EGL Upstm 0.00490  0.00005 0.00025 0.00035
siope Dnstm 0.05363 0.00011 | 0.02058 0.01480
Note. MSS = mean sediment size.

b~
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averages from six Cross sections upstream and_four cross
sections downstream. For the-portion of the Copéer,River
tributary altered by the culﬁert, the data presented are
averages from three cross‘sectioné upstream and foﬁr cross
sections downstream. | |

For the portion - -of the Brooks Creek tributary not
altered by the culvert, the data presented in Téble 4 are
from one cross section upstream and éeven cross'sections
downstream. For the portion of the Brooks Creek tributary
altered by the culvert, the data presented are from one

. cross section upstream and one cross section downstream.

Summéry
The application of the MINRED method to fwo.gravel—bed
streams that have had graduélly varied flow imposed by a
highway culvert is discussed énd the resulting calculated

values are presented.
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CHAPTER 6
RESULTS AND DISCUSSION

The minimum fate of energy dissipation theory is valid
for both uniform and gradually.varied flow in alluvial
streams with low sediment discharge and constant water
temperature. This theory can be combined with other
relationships to accurately calculate equilibrium values .of
the dependent variables for alluvial streams with uniform
flow and low sediment discharge. The MINRED method combines
this theory with two other relationships and is applied to
two gravel-bed streams with gradually varied flow and low
sediment discharge. Results of the MINRED method should
describe the equilibrium bankfull values of the aependent
variables for the study streams

This chapter'compares vélues calculafed’by the MINRED
method to both measﬁred values and to changes of these
values predicted in the literature. These comparisons
divide the‘chapter into two seétions. The first section
compares changes in calculated values resulting from culvert
installation to both changes in measured values resulting
from culvert installation and'to changes in these values
predicted in the literature. The second section compares

ratios of measured to calculated values from subreaches
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altered by the culVerf to ratios predicted in the
literature. Information ffpm these compariSohs is necessary
to evaluate the reli;bility of the MINRED method.

Thé MINRED method may not calculate the global minimum
slope of the energy grade line that is compatiblé with the
imposed independent variable values. When this may alter
the results, comparisons in this chapter are made
twice; once assuming the global minimum slope was calculated

and once assuming it was not calculated.

Parameter Changes Between Subreaches

Measured post-culvert values ffom subreaches unaltered
by the culvert describe the equilibrium condition existing
beforelculvert installation. The culvert is the only man-
made work altéring the study stfeams. ' Therefore, prior fo
the culvert installation, the independent vériables must
have been uniformly imposed on the study streams; hence, the
pre—culﬁért eqﬁilibrium conditiénrmust have'been.qonstant
with location. For these reasong, measured post-culvert
parameter values from subreaches unaltered by the culvert
equal the pre;culvert equilibrium values from subreaches
altered by the culvert. Therefore, comparing average post-
culvert parameter vglues from subreaches unaltered by the
cﬁlvert to avefage post-culvert pafameter values from
subreaches altered by theiculvert indicates the avérage

direction changes, or trends, of these parameter values
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resulting from culvert installation.

Measured Value Changeé

Average measured values (Table 2) from subreaches
unaltered by the culvert are-compared to average méasured‘
values from subreaches altered by the culvert and on the
same side of the culvert. The resﬁlts of these
comparisons are given in Table 5. These results
indicate the trends 6f’average measured paramé%er values
resulting from culvert installation. This is‘because values
from subreaches unaltered by the culvert fepresent‘the
pré—culvert condition and values from subreaches altered by

the culvert represent the post-culvert conditioﬁ.

Calculated Value Changes

Information in Table 4 is used to compare averége
calculated values from subreaches unaltered by the
‘culvert to average calculated values frém subreaches
'aitered by the culvert and on the same side of the
‘culvert. For the results of these comparisons, see
Table 5. Similar to the comparisons qf'the average
measured parameters, these resultS'indicéte the trends
of average calculated parameter values resulting from

culvert installatidn.
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Table §. Direction of average parameter value changes from

unaltered to altered subreaches.

Copper River Brooks Creek

tributar& tributary
Parameter Meas- Calcu- Meas- Calcu- Literature
ured lated ured lated prediction
Width Upstm + NC NC + NC
Dnstm + + + - NC
Depth Upstm + + + - +
Dnstm + + . + + +
MSS Upstm - - _ + + -
Dns tm. - - - - -
Slope Upstm - - - + -
Dnstm + - + - -

Note. No change in average parameter = NC. Widths are
considered unchanged if the average values change less than
10%. Increase in avefage parameter = +, Decrease in

average parameter = -, MSS = mean sediment size.
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Literature Predictions

The trends of parameter values resulting from culvert
installation as predicted in the literature are given in

Table 5.

Results of Comparisons

The MINRED method may not calculate thelglobal minimum
slope of the energy grade line that is compatible with the
imposed independent variable values. However, any error '
made in not calcula%ing the global minimum slope is similar

. for all runs. Conseguently, trends in calculated values are
not dependent én whether the MINREDlmethqd calculates the
global minimum élope. Therefore, comparisons of trends in
calculated values to both trends in measured values and to
trends predicted in the literature ére donelonly once.

The information in Table 5 is used to compare trends in
average calculated values resulting from culvert
‘installation to trends in average measured values resulting
from culvert installation . For the Copper River tributary,
six of the eight comparisons agree. Fof the Brooks Creek
tributary, three of the eight comparisons agree.

The information in Table:5 is used to compare trends in
average ﬁalculated values resulting from culvert -
installation to trends preaicted in the,literétﬁfe. For the

Copper River tributary, seven of the eight comparisons




e || R ) L Ll

M|

('

81
agree. For the Brooks Creek tributary, three of the eight

comparisons agree.

Parameter Changes At Subreaches
The ratios of average measured values to average

calculated values for subreaches altered by the culvert are

discussed in this section. These ratios are compared to the

ratios predicted in the literature. Such comparisons are

done twice.

Global Minimum Calculated
The MINﬁED method qalculétes values which should
describe the post-culvert equilibrium condition if tﬁe
global minimum slope of'the energy grade line is found. The
analysis in this subsection assumes the minimum slopé is

determined.

Literature Predictions

Culvert installations cén impose gradually varied flow
on streams, hence changing the equilibrium values of the
dependent variables and slope. The trends in the
equilibrium values of these parameters pesulting'from

culvert installations are predicted in the literature. The

-predicted trends include an increase in the equilibrium

values of the stream depth, a decrease in the equilibrium

values of the mean sediment size and slope, and no change in
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the equilibrium values of the stream width.

Ideal Ratios

Values of the measured pa;ameters ffom subreaches
altered by the culvert are adjusting toward post-culvert
equiiibrium. For subreaches altered by the culvert, the
value of each average measured parameter should be changing
in the direction predicted in the literature. For this
reason, measured values of the stream depth should be less
than the post-culvert equilibrium values, hence the ratios
of measured to calculated valuésfshould be somewhat less
than unity. Also, measured values of the mean sediment size
and slope should be greater than the post-culvert
eduilibrium values, hence the ratios of measured to
calculated values should be somewhat greater than unity.
Parameter values from subreaches unaltered by the culvert
représent the stfeam équilibrium condition. Because the
stream width is unchanged by the culvert, measured values of
the stream width should represent the post-culvert
equilibrium values; hence, the ratios of measured to
" calculated values should equai_unity. The idéal ratios

?

mentioned in this paragraph are presented in Table 6.

Actual Ratios

Table 6 pfesénts the actual ratios of average measured

values to average calculated‘ﬁalueé for subreaches altered
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Ratios of average measured values to average

calculated values for subreaches altered by the culvert.

Ideal, -

Parameter Copper Brooks Ideal,
River Creek minimum no
trib. trib. minimum
Width Upstm’ 0.32 0.14 =1 >1
Dnstm 0.67 1.35 =1 >1
Depth Upstm 1.07 1.48 <1 <1
Dnstm 1.75 1.21 <1 <1
MSS Upstm 6.86 6.65 >1 =1
Dnstm 9.48 0.19 >1 =1
Slope Upstm 230. 27.14 >1 =1
Dnstm 432, 1.88 >1 2]
Note. MSS = mean sediment size. Ideal, minimum = ideal

ratio assuming global minimum slope was calculated. Ideal,

no minimum = ideal ratio assuming global minimum slope was

not calculated.

WL
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by the culvert. These ratios are calculated from values in

Tables 2 and 4.

Results of Comparisons

Measured values used in this study are approximations
of the actual stream conditions. Therefore, ratios of
average measured values to average calculated values must
also be considered approximations. Actual ratios between
0.25 and 1.00 are considered to be somewhat less than
unity. Also, actual ratios betﬁegn 1.00Aand 4.00 are
;bnsidered to be somewhat greater than unity and actual
ratios between 0.67 and 1.50 are considered to be equal to-
unity.

For the Copper River tributary, the actual ratios and
the ideél ratios agree for one of the eight comparisons.
This is the downstream width. For the Brooks Creek
tributary, the two ratios agree for two of the eight
comparisons. ‘These are the downstream width and'downstream

slope.

Global Minimﬁm Not Calculated
The fdiiowing is a summary of information presented in
the pre&ious subsection. For sﬁbreaches altered by the
culvert, méasuréd values of the stream depth should be
smaller and measured values of the mean.sediment-size and

slope should be larger'than the post-culvert equilibrium
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‘valuesu Also for these subreaches, measured values of the

stream width should equai the post-culvert equilibrium

values.

The MINRED method does not calculate Values describing
the equilibrium condition if the global‘minimum slope of the
energy grade line is not found. The following‘is an
extension of information presented in Chapter 5. When the
minimum.sldbe is not determined, calculafed values of the
stream width sﬁould be smaller and calculated values of the
strean depth, mean sediment size, and slope should be larger

than the post-culvert equilibrium values.

Ideal Ratios

The information in the previous two paragraphs is
combined to yield conclusions valid for subreaches altered
by fhe culvert when the minimum slope is not found. Ratios

of measured to calculated values should be somewhat greater

-than unity for the stream width, somewhat less than unity

for the stream depth, and approximately equal to unity for
the mean sediment size and slope. These ideal ratios are

given in Table 6.

Actual Ratios

Actual ratios of average measured values to average

calculated values for subreaches altered by the culvert are

given in Table 6. These ratios are calculated from values
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in Tables 2 and 4.

Results of Comparisons

Meésured values are approximations of the aétual stream
conditions. For this reason, actual ratios betﬁeen 1.00 and
4.00 are considered fo be somewhat greater than unity and
actual ratios between 0.25 and 1.00 are considered to be
somewhat léss than unity. Also, actual ratios between 0.50
and 2.00 are considéred to be approximatély equal to unity.

For the Copper River tributary, the actual ratios and

the ideal ratios do not agree for any of the eight

Ly

comparisons. For the Brooks Creek tributary, the two ratios

agree for two of the eight comparisons. These are the

downstream width and downstream slope.

Summary

This chapter compares values calculated by the MINRED
method to méasured values and to changeé of these.values
predicted in the literature. A summary of these comparisons
is giveh in Table 7. For the Copper River tributary, 14 of
32 or 44% of the comparisons agreé;' For the Brooks Creek
tributary, 10 of 32 or 31% of the comparisons agree.
Assuming the minimum slope is found, 3 of 16 or 19% of the .
comparisons agree. .Assuming the minimum slope is not foundy

2 of 16 or 13% of the comparisons agree.
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Table 7. Summary of comparisons that agree.

Item Conditions Copper Brooks
River Creek
trib. trib.
i
” Parameter changes Calc to meas 6 of 8 3 of 8
between subreaches Calc to 1it 7 of 8 3 of 8
Parameter changes Minimum 1 of 8 2 of 8
at subreaches No minimum 0 of 8 2 of 8

Note. Calc to meas = comparisons of changes in average
calculated values to changes in average measured values.
Calc to lit = comparisons of changes in average calculated
values to changes predlcted by the literature. Minimum =
comparisons assuming global minimum slope was calculated.
No minimum =hcomparlsons assuming global minimum slope was

not calculated.
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CHAPTER 7

SUMMARY, CONCLUSIONS, AND SUGGESTIONS
FOR FUTURE WORK
Summary and Conclusions

1. This study develops a mefhod (referred to herein as
the MINRED methddi‘to calculate eqguilibrium bankfull values

of the dependent variables in reaches of gravel-bed alluvial
’streams which ha&e gradually varigd flow.

2. The MINRED method uses three relationships. These’
are (a) the direct step method of determining the gradually
varied flow profile, (b) a combination of Shields.diagram
and Raudkivi's graphical fglation, and (c) the minimum rate
‘'of energy dissipation theéry.

' 3. Data from two gravel—béd alluvial streams which
have gradually variéd flow imposed by a highway culvért afe
used‘to_evaluate the reliability of the MINRED method.

4. Values'of the dependent variables calculated by the
MINRED method are compared to measured values and to changes
. of these values resulting from the culvert installation, as
predicted’in the litérature. The results of‘these»
comparisons are similar whether or not the MINRED method
calculates the global minimum slope of the energy grade
line. ‘Therefofe,~conclusions do not depend on whether the

global minimum slope is found.
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5. Values calculated‘by the MINRED method compare
poorly to both measured values and to changes of these
values resulting from the culvert installation, as predicted
. in the literature. Thus, for the data available, the,MINRED
method calculates eqﬁilibrium bankfull values with a lﬁw
degree of reliability. |

6. The M;NRED method needs further refinement and/or
field testing before it can be recommended for ﬁse by

practicing engineers.

- Assumptions and Appfoximations
There is no evidencé to indicate that the MINRED method
. is not valid for use in gradually varied flow. Therefore,
the low reliability of the MINRED method must be due to the
assumptions and'approximations which are required to apply

this method to the gravel-bed study streams.

Assumptions

Following is a summary of the assumptions made in
applying the MINRED method to the gravel-bed study streams.

1. Sediment discharge is low and can not be accurately
determined in gravel-bed streams at the bankfull water flow
rate. For simplicity and possibly for accurécy, the
sediment discharge is assumed to be constant atlthe bankfull
water discharge for the gravel-bed study streams.

2, Streams with over ten yéars to react to a change in
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an imposed condition can be considered to be adjusting
toward equilibriunm. ‘The sfudy streams have héd
approxima&ely 30 years to react to the culvert. Just
upstream of the cﬁl&ert in each'study stream, .the bankfull
water surface elevation is adjusting toward post-culvert
egquilibrium. For these reasons, all stream locations
altered by the culvert are assumed to have not attained
post-culvert egquilibrium, but are assumed to be adjusting

toward this condition.

Approximations”

Following is a summary of the approximations made in.
applying the MINRED method to the gravel-bed study streams.

1. The discharge of interest is the bankfull wvalue. |
Therefore, the bankfull values of_the dependent variables
are those of interest. For practical reasons however, data
were collected during low flow rates. For this reason,
measured'Values r§presentin§ the dependent‘variablés at the
bankfull dischargelare appro#imafe. The procedures used to
obtain data representative of the bankfull ;onditions are’
discusséd in Chapter 3.

2. Subreaches near the culvert are altered by the’
culvert‘and subreaches farther away are unaltered. ‘Measured
data are used to determine which subreaches are altered and
which are unaltered by the culvert. However, because the

measured data are approximate and fluctuate somewhat with
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location, this determination is approximate.

3. As described in Chapter 4, values determined by

Shields diagram can only approximate the critical coﬁditions,

for turbuleﬁt flqw. . Therefore, results obtained from
Shields diagram must be considered approximate.

4, As discussed in Chapter 4, results from Raudkivi's
graphicel“relation must be considered approximate for the
following three reasons. First, there is some scatter of
the data points from which this relation was developed.
Second, the measured values of this study are not identical
to the data from which this empirical relation was develop-
ed. Third, the portion of the curve in this relation that
is used has a moderately steep slope, compounding any error’
in the input data. '

5.‘ There are no water temperature data for the study
_streams; The draihage area for both streams is in
discontinuous permaffost and therefore the temperature of
the groundwater influent to these streams is just above
freezing. Deta in Appendix D:show that the annual maximum
discharge for tﬁe Copper River tributary occurs primarily
~during June, July, and August and thus resulte from summer
rainstorms. Data in Appendix D alsorshow‘that the annual
maximum discharge for the Brooks Creek tributary occurs
primarily in May, June, and August. Although early May is
typically snow.ﬁelt season at fhis‘stream,'theee events are

mostly a result of summer rainstorms. The temperature of

{ L O A )
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the falling rain‘frém these storms is significantly above
' freezing.  The bankfull water‘discharge has a recurrence
interval of 1.5 years on the annual maximum series and thus
occurs at a similar‘timé of year as the anﬁual méximum
discharge. From above, the water temperature during a
typical bankfull discharge évent is not known exactly, but
must be somewhat above freezing. This water temperature is

approximated.to be 38 degrees F.

Suggestions for Future Work

Reliability of.the MINRED method could be improved by:

1. Developing a calculation method or measurement
technigue which can accuratel? determine the sediment
discharge in gravel-bed streams at the bankfull discharge.
This would eliminate the need to assume a constant sediment
discharge at the bankfull condition. This would also.ensure
that the minimum rate of enérgy dissipation theory and the
MINRED method are applied oniy to streams with a negligible
to low sediment discharge.'

2. Either waiting much longer after culvert
installation to study the streams or collecting data ovér
many years to determine changes in fhe variables. This
would eliminafe the need to assume that all the dependent
variables in the»stuay streams are adjusting téward'
egquilibrium with the poét—culQert independent variables.

3. Determining exponents of the stream width, depth,




el L {3 - e Ll LLL

93
and mean velocity that‘relate these variables to the
discharge, for streams in equilibrium with no imposed human
activity, and flowing in soils with discontinuous
permafrost. Such exponents are available for the above
conditions in temperate climates only. Determining these
exponents for streams flowing in discontinuous permafrost
would allow the altered and unaltered'subreachés in the
study-streama to be determined, rather than approximated.

4. Improving Shields diagram of developing soma other
method which more accurately determines the critical
conditions for turbulent flow. This would allow a better
estimate of the mean sediment size.

5. Improving Raudkivi's graphical relation or some:
other method which more accurately appiies to the gravel-bed
streams under study. This would allow a better estimate of
the mean sediment size.

6. ‘Developing a method which calculates the one water
temperature having the same influence on the depandent
variables as the combinéa effects of all the water
temperatures actually occurriag. " This would eliminate the
need to approximate such a water temperafure and hence
result in a more accurate determination of the mean sedimant

size.
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éross sectional aéea of flow;
sfréam width;
ekpénent in equatioﬁ D-2;
stream depth;
mean sediment éize;:
total eneré§ at a location;
specific energy at the upstream cross section;
specific énergy at the downstream cross section;
Darcy-Weisbach friction facfor;
Frpﬁde nuﬁber;
a;qeieration dué to gravity:
vertical direction;.
héad loss af culvert eﬁtrance;
uﬁit vector in the x-direction;
unit. vector in the y-direction;
unit vector in the z—difectidn;
co?rection of the Manning roughness coefficient
for the effect of ;hannel meandering;
Manning foughneés éoefficient;

Manning roughness coefficient due to the effect

- of Qrain roughness;

correctién of the Manning roughness~coefficient
for the effect of surface irregularities;
correction of the Manning roughness coefficient
for the efféct of variations in the channel

cross section size and shape;
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correction of the Manning roughness coefficient
for the effect of obstructions;
co;fectioﬁ of the Ménning roughness coefficient
for the effect of vegetation;
fluid pressure;
planform;
rate of energy dissipation due to the original
veloéity vector;
rate of energy dissipatioﬁ due to the
hypothetical velocity vector;
probability of exceedance;:
prpbability of n§hexcéedance;
wetted perimeter;
water discharge;
mean water discharge;
bankfull water discharge;
coeffiqient of determination;
hydraulic radius;
boundary Reynolds number;
slope of the energy grade line;
measufed thalweg élope between the upstream
and‘downstréam cross sections; |

slope of fhe energy grade line at the

upstream cross section; .

slope of the .energy grade line at the

downstream cross section;
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time;
recﬁrrance ihterval;
component of the original velocity vector in
the x-direction;
component of the velocity variation vector in
the x-direction;
shear Qelocit?;

critical value of thé shear velqcity;

component of the original velocity vector in

thé y-direction;

component of the velocity variation vector in
the y-direction;.

magnifude of the mean'velocity of flow;
velocity in the culvert at critical flow;
critical value of the mean velocity;

original veloéity vector representing the mean
velocity vector at a point;

hypﬁtheticél velocity vectbr;

velocity variation vector;

coﬁponent of the origiﬁé] velocity vector in
the z-direction;

component>of the velocity variation vector ;n
the z-&irection; |

fall veIocity of the bed material;

axis in the longitudinal étreamAdirection;

distance between the upstream and downstreém

L1t
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cross sections;
axis in the latefal stream éirectibn;
critical depth in the culvert;
normél depth in the culvert;
axis in the Qertical stream direction;
fluid volume;
fluid.specific weight;
sediment specific weight;
kinematic eddy viscosity;
dynamic eddy Viscosity;
dyﬁamic molecular viscosity;
kinematic molecular viscosity:
fluid density;
geometric standard deviation of the'bed
materiai size distfibution;
standard deviation of discharges;
stress tensor;
stress c;mponent;
critical value of the bed shear stress;

dimensionless shear stress;

critical value of the dimensionless shear

stress;

rate 6f energy dissipation per unit volume of
fluid due to the original velocity vector;

rate of energy'diséipatidn per unit volume of

fluid.due to the hypothetical velocity




vector; and

= rate of energy dissipation per unit volume of

flﬁid due to the velocity variation vector.
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APPENDIX C

DEVELOPMENT OF THE MINIMUM RATE OF
ENERGY DISSIPATION THEORY FOR
ALLUVIAL STREAMS
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A deveiopment of the mihimum rate of energy dissipation
theory applicable te/a11u§ia1'streams is given in condensed
form by Yang and Sohg (1979) and Song and Yang (1980). This
&eveiopment is summarized and expanded in this appendix.

The development shows that the theory is obtained from the
equation of motion. Therefore, provided the conditions of
the development are met, the minimum rete of energy
dissipation theory is an alternate way of stating the
egquation of motion. The discussion in this appendix is
divided into four sections. The first three sections
present the equatien of eontinuity, equafions deécribing the
étrees tensor, and equation of motion. The last section
develeps the theory from these equetions and determines the
conditions for which it is applicable to alluvial streams.
In order to develbp the theory from these equations, three
velocity vectors ere considered: the original velocity
vector, the hypothetical veiocity vector, and the velocity
variation vector. The equations to be developed by the
firsf three sections consider the original velocity vector
only, The hypothetical velocity vector and the velocity
variation vecfor are discussed in the last section.

The ﬁinimum rate of energy dissipation theory is -
developed from equetions written in rectangular co-
ordinates. The X, Y, and z axes represent the longitudinal,
lateral and verticel stream directions, respectively. The

symbols u, v, and w represent the components of the time
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évéraged or mean velocity vector at a point in the x, y, and
z directions, respectively. Therefore,

- -+ -+

-t
V = ui + vj + wk (C-1)

is the mean velocity vector at a point. This is named the
origihal velocify'vector. The symbols i, jﬁ and k represent
unit vectors in the x, y, and z directions, respectively.

An arrow superséript indicates a vector.

Eqﬁatidn of Continuity
Daily and Harlemaﬁ (1566) indicate tbat water can be
cdnsideréd an inéombressible fluid. For an incompressible
fluid, Bird, Stewart, ahd Lightfoot (1960) indicate the
equation of continuity is:
aﬁ . 9V aw

e \
x T 5yt VV=0. : (C-2)

<

Stress Tensor
Fox and McDonald {1978) statg that water can be
considered a Newtonian fluid. Eguations given by Bird et
al. (1960) §how.for laminér flow of Newtonian fluids, the
constént of proportionélity between the fluid stress
- comﬁonenté and thé velocity gradient is the d&namic molécu—
lar viseoéity.' Bird et al.. (1960) and Daily and Harleman

(1966) indicate eqﬁations describing the fluid stress
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components in tufbulént‘flow are similar to those in laminar
flow except the.constaht of proportionality is the total
fluid viscosity. They further indicate the total fluid vis-
cosity is the sum of tﬁe dynamic molecular viscosity and the
dynamic éady Qiscosity.

Equation C-2 and the t6ta1 fluid viscosity can be
substituted into the equations describing the fluid stress
components for laminar flow of Newtonian fluids. This
yields the fluid stress éomponents_fér laminar or turbulent

flow of incompressible Newtonian flulds. These are:

Tyex = -2p(v + e)g—} , | (C-3)
Tyy © -2p(v + e)%% , (C-4)
T,, = -20(v + e)%% . (C-5)
Ty " Tyx = PV r el 3, (C-6)
Ty T Tay t PVt e)(GE + gy) , and (c-7)
T T Ty T PVt ) (B ¢ 5E) (c-8)

The above symbals are as follows:

T = fluid stress component,
p = fluid density,
\Y = U/p = kinematic molecular viscosity,

Li —
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€ = n/p = kinematic eddy viscosity,

H dyhamic molécular viscosity, and

n = dyhémic edd? viscosity;

Thé sum_pf éli the fluid stress components acting on a watef
volume equals the stress tensor, T.

The wétér temperature is considered constant, hence the
molecﬁlar visco;ity is aléo constant. The eddy viscosity
aeéendé on the state of the turbulent motion,.thus varies
with location in the flow.

The sﬁbséfipt‘éonvention for the stress comﬁonents in
ééuations C-3 to C-8 can be beffer understood by considering
the cubic fluid volume shown in Figure 7. The first
subscfipt indicates the direction of the normal to the face
of the fluid Qolume on which the stress acts. The second
sﬁbséfipt indicates the direction in which the stress acts.

_A normal stress has identical subscripts and a shear
stress does not.' A stress tensor is symmetric.if the shear
étress compoﬁents with éubscripts differing only in their
order aré equal in magnitude (Bird et al., 1960). fhe shear

stress components given in equations C-6 to C-8 are

symmetric.

Equation of Motion
Bird et al. (1960) and Daily and Harleman (1966)

indicate the eguation of motion'fdr steady flow with
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gravitational body forces is:
a7, a0 . af >
D(u-a—x + v

-+ -> :
ay + WH) + VP + ‘Yvh = -Vo—r . (C"g)

Previously undefined symbols are as follows:

p fluid pfeséure,
¥ = fluid épecific weight, and

= vertical direction measured positive upward,

Bird et él. (1960) indicate the term on the far left of
eqwatibn C-¢ represents the rate of change of momentum per
unit volume of fluid. They further iﬁdicate from left to
right, the other terms in equation C-9 represent pressure
surface force per unit volume of fluid, gravitational body
fofce pef‘un;t volume 6f fluid, and viscous surface force
per ﬁnit volume of fluid. For forces per unit area applied

on a typical water volume between two cross sections in an

alluvial stream, see Figdre 8.

Rate of Energy Dissipation
This section states the minimum rate of energy
dissipation theory and the conditions for which it is

applicable. to alluvial streams.

Velocity Vécfor'Satisfyigg the Equation of Motion
The éuﬁstantiél time derivative of a variable despribes

its rafe of chahge with respect to both time and location




112

| — X
Yh

Profile

YX zy

;T T T2 T
¥y it vy

Txx XX
p—> - XY
{:- ..}T T;;; {:. ..Ff lTyz
Xy Yy o yz Lo D
Tyx 4J : szl :
A Yh
Plan Secticn A - A

Figure 8. Forces per unit area on a typical water volume

between two cross sections in an alluvial stream.
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for a path following the f£luid motion (Bird et al., 1960).
Fdr fiﬁid at a cqnstant temﬁerature ﬁnder steady flow with
gravitational body forces, thé substantial time derivative

of the total ehergy per unit.volumé of fluid is:

- - > > -+ g
= Yo aV avV vV
) =V [0(03; +.V§y + WEE) + VP + yvh] . (C-10)

*lm

D
pTl

This is deduced from Bird et al. (1960). Previously
undefined symbolé are as follows:
t = time
E = fotal energy at a lobation; and
¥ = fluid volume.

fhe right side of equation C-10 equéls the dot product
of the original velocity vector (given in gquation C-1) and
the left side of equation C-9. Combining equations C-9 and
C-10 and rewriting yields:

+ > >

%*f(g) = -Ve(TeV) + TV L C(C-11)

Equatidg C—li deécriﬁes the raté of change of energy per
unit volume of flﬁid for a path following the £luid motion.
This equafion ié valid for fluid at a_constant temperature
under steady flow with gravitational body forces.

Bird et al. (1960) indicate the first term on the right
of equatién c-11 describes an energy change due to viscous

surface forces which is reversible. Therefore, this term
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does not descfibe the rate at which energy is lost from the
fluia. |

Dunne and Leopoid (1978) posit most energy lost from a
stream is converted into internél energy and dissipated as
heat and a small part of energy 1ést from a stream is used
to transbort sedimehfu Bird et al. (1960) indicate the
second term on the fight of equation C-11 describes the rate
of i:reVefs;ble éonversion of ﬁinetic energy to internal
energy by viscous dissipation, per unit volume of fluid.
Bird et al. (1960) and Déily and Harleman (1966) show flow
in opén channels doés not cause aépreciable temperature
cﬁanges in the water, hence all the energy converted into
iﬁternal energy is lost,. .Tﬁus, when no energy 1s used to
transport sediment, the second. term on the right of equation
c-11 répresenfs the rété at which energy is lost from a
stream (Bird et al., 1960).

Enérgy dissipation is a loss of energy from a stream,
hence a negative change of energy. Therefore, the rate
of energy dissipation per unit volume of fluid equals
thé negative of the seéond term on the right of equation
C-11. Bird et al. (1960) expand the negative of the
secbnd term on the right of equation C-11 for symmetfical
stress tensors. Combining this with eguations C-3 to-C-B

yields:
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(V) = o(v+ e){2L(3D)s (274 ()% (c-12)
KRR RN A IR LR TS

The symbol ¢ represents the rate of energy dissipation per
unit volume of fluid. Equation C-12 is valid for
incompressible Newtonian fluids at a constant temperature in
steady, laminar or turbulent flow conditions under
grsvitstional body‘forces with negligible sediment
transpoft. The (§) on the left side indicates that_this
equetioh is_ﬁritten considering the original velocity vector
given in equation C-1. This velocity vector satisfies the
equation of motion; Similar notation is also used with

other velocity vectors.

Velocity Vector Not Satisfying the Egquation of Motion

The original velocity vector satisfies the equation of
continuity and the equation of motion. Also, this velocity
vector has a certain kinematic eddy viscosity and certain
boundary conditions. . Yang and Song (1979) consider a
hypothetical velocity vector that is assigned the following
characteristics. This vector does not satisfy the eguation
of ootion but does satisfy the equation of continuity and
has both the saﬁe kinematic'eddy viscosity and the same

boundsry conditions as the original velocity vector. The




121

eqﬁatibn of motion aé given in equation C-9 does not place
any specific reqﬁiféménts dn either the kinemétic eddy
viscoéity-or the bounaary conditions. Therefore, it is
possible for the hypothetical velocity vector to nét satisfy
the eéﬁation of motion bﬁt have the same kinematic eddy
viscbsity and boﬁndafy conditions as the 6r1gina1 velocity-
vector.

A velocity vector describing flow in an alluvial stream
Aust nééessarily satisfy the equation of motion. Therefore,
the hypothetical velocity vector does not describe.a real
flow situation. This vector is considerea merely for the
burpoées of argument to develop the minimum rate of energy
dissipation theory for alluvial streams. This development
will show thét the flow described by a velocity vector
satisfying the equation of motion results in a lesser rate
of energy dissipatioh than the flow described by a velocity
vector nof_satisfying the egquation of motion.

The hypothetical velocity veétor is denoted by:

> A " + n a >
V+tvez(u+u)i+(v+v)j+(w+wk. (C-13)

The §elocify variation vector is the difference between the
original velocity vector and the hypothetical velocity

vector. The velocity variation vector is denoted by:
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> AT T A
v

= ui + vj + wk . (C-14)

Velocity Variation Vector

Albertson and Simons (1964) and Daily and Harleman
(1966) indicate the kinematic eddy viscosity is proportional
to the average intensity of the turbulence. Because the
original and hypothetical velocity vectors given in
equations C-1 and C-13 have the same kinematic eddy
viscosity, tney must also have the same turbulent
cheracteristics; The sum of the original and velocity
variaticn vectors given in equations C-1 and C-14 equals the

hypothetical velocity vector given in equation C-13.

Because the velocity vectors given in equations'c-l and C-13

have the same,turbuient characteristics, the velocity

variation vector given in equation C-14 necessarily has no
turbulent characteristics, hence represents laminar flow.
Therefore, the kinematic eddy viscosity of the velocity
variation vector is.zero. Thus, similar to equation C-12,
the rate of energy dissipation per unit volune of fluid due

to the Qelocity variation vector is:

->

~

o(v) = evi2[ (34 + (

[« >4
| =
(s #4
< D

(C-15) -

s
+
——
|
Nj=
S
~
L
+
o
+
%1
b
p
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Hypothetical Velocity Vector

The rate of energy dissipation per unit volume of £fluid
due to the hypothetical velocity vector is developed below:

similar to egquation C-12,

oV + V) = o(v + ed2{(u + 1T o (c-16)
s v+ 01 1w+ 017
i s v 0

e N R R 1)

~

TS NURI

Expanding equation C-16 yields:

> A : ~ ~
, - o Qu L, duy2, 3v . 8v,? ‘
o(V + V) = p(v + 5){2[(37 55t (-—y + -—y)_ (C-17)
oW BG 2 du Ba AV ah 2
+ (57 + —7) ]+ (-5y + _Y + X + 37)
sy Bv . Bw . dw\?, (9w , Bw , Bu , du,’
+ (3? i Iy + 3y) + (—; e Yy + Z) }

Expanding and rearranging-eqﬁation C-17 yields:
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z dy Ix 9z z
+p(v + e){2l2(5% %%) + 2(§Y "—3) + 2058 2w
+ 2(53 -2-—5—) + 2(58 2 z(—g% 3y« 25 &)
+ 2(3% %%) + 2(5% i';i) + 2(—2—2— )+ 25y %—ﬁ-)
NPSLTE CORPAE 2 22 34+ (3 2u))
sty + 2L ¢ Qs 3 s (3’

; 2(3% o) (27 4 (37 s (2 B,

Equation C-18 can be siﬁplified to:

(C-18)
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oV T 1) = oty + {2l + B+ 391 (c-19)
P B (e Bu (e 20
+ 2p(v + €){2[ (32 %—E—) + (55 a—i—) + (5e 3%)3
+ (%—5—%%) + (%-2;}) + (-3—%-"-%) eI
s (%;%%) + (3—113%) + (3—2%3) + (-2—;!%%-)
LRI (2228 4 (30 3L (28 24)

Note that:

p({) + €) = pv + pe = pv(1 + %) (C-20)

Substituting eguations C-12, C—iS, and C-20 into eguation

C-19 gives:
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o(v T ) = o(V) + 20(v + e){2[(5h 55) (c-21)
M%%+%%nw%%+%§)
u%%é%%w@%%u%%
u%%+%%w%%@w%%
w%%+%%HMH®M>

équafion C-21 can be simplified to:

oV :\;) ¢(V) + 2p(v +¢ ){2[(32 25) (C-22)
-w%%)<%ﬁn @%¢W%+%)

+ )(T -5y)+( +-§§)(.g_;z+g£)}

+ (1 +3)e(v) .

Substituting equations C-3 to C-8 into equation C-22 yields:




T 3u v
o(V + V) ¢(V) - Z[TXX T + Tyy 3y (C-23)
3w 3u , av v , 2w
TR A TA 2 TURITAS T 17

+ (e 3] (1 £)0(V) .

Integration by parts is described in many calculus

textbooks. This procedure is:’

Judv = uv - JSvdu . _ (C-24)

The originai Qéiocity vecfor and the hypothetical
velocit§ vector have the same boundary conditions.
Therefofe, the velocity variatiﬁn vector is zero at the
boundaries. ;ntegrating theumiddle ferm on the right side

6f_équation C-23 by parts as given above yields:

- . A 3T 3t aT
) -+
sV ¥ V) = o(V) + 2[u(—pE * 5+ ) (c-25)
A OT 8T . 91 ~ 0T ot 9T
Xy Yy Yz ZX yz 22
+ vl ax ¥ ay * 33 )+ wl ax ¥ dy ¥ 92 )]
r 4
+ (1 + S)e(V) .

4

Substituting equations C-3 to C-8 into eqguation C-25 yields:
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. .
o(V + V) = ¢(V) - 2p(v + E){U[Eax ax) " (C-26)
9 au av 0,0wW )
+ 99U ov Lo, 9wW u
ay(ay * ax) * 3zlax *t 32)]
“e 3.3 . Bv 3,3v 3, v
Flnlay ¢ et 2gylay) +ahy + 2y
“r 3,3w du 9,9V W
+ _9/8w su _9,9v w 3
w[3x(ax * 82) * 3y(az * 37) * 282 gg)]}

+ (1 + S)e(v)

Evaluating and rearranging gquation C-26 gives:

T u , d2u
o(V + V) = (V) - 20(v + e){u[—-— + — (C-27)
Ix? 3y?
3%u d3,9u , dv . 9w
+ —= + ——(—— + — + =)]
azz X' aIxX y az
32y , 9?v., 32v 3,9 3v dw
+ v[ + ; + + sy(s- + 3§-+ 33)]
oax? ay 9z
“rd%w . 3°w _ 3w 9,0u , 3v . 9w
+ wl + + + 5—(37 + 3y + az)]}

3x%2  ay?  9az?

+ (1 + £)6(V)

Substituting equation C-2 into eqguation C-27 yields:
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e . 82

o(V + V) = (V) - 2p(v + €)[u(2

u , 3%y
axz ayz + azz) (C'ZB)

822)

. . ' <>
~ 2 2 2., ~
+u(Eg e 8+ N1+ (14 S)e(v)

Statement of the Theorvy

Equations C-12 and C-15 indicate that the first and
last terms on the righf 6f‘equation C-28 are the sum of the
squares of the firét~derivative of the velocity components.
The first derivative‘of the velécity can also be called the
velocity gradienf or aécelerationl It représents thelchange
in fhe velocity with location. The middle term on the right
of equatioﬁ c-28 is fhé sum of the sécond derivative of the
velocity componénts. The‘second defivative of thelvelocity
can also be called the firsf derivative of the velocity
gradignt, the first derivative of the acceieratioﬁ, or the
acceleration gradient. It repfesents the change in the
acéelefatioh with location.

fér rapidly varied flow, the velocity, aCCgleration,
an& acceleration gradient can all change significantly with
locat;bn. Therefore, the acceléfation in the first and/or
the lést term in eguation C;28 may be compérable to the
acceleration gradient in the middle term

For this reason,

equation C 28 can not be reduced when considering rapidly

| ) 2. )
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varied flow. For uniform énd gradually varied flow,
however, the veloéity changes little with location. For
thisrtypé of flow, the acéeleréfion is sﬁall and the |
accelération gradient is §ery émall. Therefore, the
acceieration gradient in the middle term of equation C-28 is
much less than the accéleration.in the first and last term.
Fbr this :easdn, the middle ferm on tﬁe right of equation
0458 is negligible for uniform and gradually varied flow.
Undéf thege conditions, equation C-28 can be reduced to:

+ . > <
oV + V) = 9(V) + (1 + E)e(V) . ~(C-29)

Rearranging this gives:

o(V) = oV + ) - (1 + S)e(l) (c-30)

Equation C-15 indicates the second term on the right of
équation C-30 is the sum of sguared terms, hence is always

positive. Egquation C-30 can bé rewritten:
> +> A .
o(V) < o(V + V) . (C-31)

Integratiﬁg equation C-31 over the total volume of fluid

vields:

(V) < PV + V), - (¢-32)

L

H

l

e
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where P represents the raté of enefgy dissipafion. Equation
C-32 mathematically states the minimum rate of energy
dissipation.théory.

Eqﬁation C-32 is.valid for incompressible Newtonian
fluids at a constant temperature in steady, laminar or
turbuléﬁt flow-condifions, uniform or gradually varied flow
uhaer gfavitatiénal body forces Qith négligible sediment.
discharge. Water is an incompressible Newtonian fluid.
Allﬁvial streams fléw turbulent under grévitational body
forées. Thus,‘for alluvial streams, these requirements are
met. Therefofe, egquation 0;32 is valid for alluvial streams
having a constant water teﬁéerature with steady uniform or
gradually varied flow and negligible sediment discha:ge,

The original velocity vector satisfies the equations of
continuity and motion. The hypothetical velocity vector
does not satisfy the eéuation of motion, but satisfies the
equation of continuit§ and ﬁés the same kinematic edd§
Qiscosity and boundary conditions as the original velocity
vécfof. Therefore( the minimum rate of energy dissipation
theory as represented by equation Chaé states: provided
éErtaiﬁ conditions ére met, the flow described by a velocity
vectqr satisfying the equation of motion necessarily results
in .a lesser rate of energy dissipation than the flow
described by a velocity vector not satisfying the equation

of motion.
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APPENDIX D

BANKFULL DISCHARGE
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Langbein (1949) and others define the annual maximum
discharge as the highest instantanequs value in a given
.water'year. Dﬁnne and iéopold'(1978) indicate a compilation
of these discharges is the annual maximum series. The
recurrence interval from this series is the average interval
between the occurrence of annual maximum discharges that
equal or exceed.a given value. The bankfull discharge has a
recurrence interval of approximately 1.5 years on the annual
maximum series. Therefore, on the average once in 1.5
years, or two years out of three, the highest discharge for
the yéar will be egual to or will exceed the bankful;
capacity of the channel. Dunne and Leopold (1978) and
Morel—Seytoux.(i979) indicate: . .

=9 — =1 = -1 - 2/3 =.3333, . -1}
P 1 P, 1-1/T=1 / (D-1)

The above symbols are as follows:

probability the bankfull discharge will not be

ne
exceeded;
P. = probability the bankfull discharge.will be
exceeded; and
T = recurrence interval, in years, between events that

will equal or exceed the bankfull discharge.
Morel—Seytoﬁx (1979) indicates using the‘Gumbel

‘distribution, the probabiiity of non-exceedance of any
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discharge is:

He further indicates that:

b= (gr7g5)(Q - T+ 0.450).

The above symbols are as follows:

o = standard deviation of the discharges,
Q = any water discharge} and
Q = mean water discharge.

Combining equations D-2 and D-3 gives:

Q= T- 0.450 - 0.78s1n[ - In(p )]

Combining equations D-1 and D-4 yields:

Qb = 6 - 0-520

(D-2)

(D-3)

(D-4)

(D-5)

The symbol Qb represents the bankfull water discharge.

The annual maximum series for the streams under study,

is presented in Tables 8 and 9. The bankfull dischargés can

be found by combining the information in these tablés and

equation D-5. These discharges are given in Table 10.
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Table 8. Annual maximum discharges for Copper River

tributary.

Water Month  Discharge, Water Month Dischérge;
year cfs year | cfs
1963 Aug. 13 1973 June 98
1964 July 173 1974 June 57
1965 July 135 1975 July 97
1966 June 28 --1976 Aug. 40
1967 N.R. 7 1977  Aug. 20
1968 ~ June 29 1978 July 110
1969 .Aug. 15 1979 June 45
1970 July' 26 1980 June 205
1971 Aug. 19 | 1981 Aug. 62
1972 July 48 1982 Aug. 1156

Note. These data are from U.S.G.S. crest stage gage station

no. 15199000. N.R. = not recorded.
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Table 9. Annual maximum dischargeé for Brooks Creek

LLI Al

tributary.

Water Month Discharge, Water Month Discharge,
year éfs year cfs

1964 Aug. -137 1974 June 2

1965 Sept. 85 1975 May 168

1966 May 90 1976 N.R. 96

1967 Aug. 43 1971 May 43

1968 N.R. 98 1978  June 47

1969 June 2 1979 May 98

1970 June 42 1980 May 40

1971 Aug. 46 1981 -Aug. 9

1972 N.R. 67 1982  May 45

1973 May 32

Note. These data are from U.S.G.S5. crest stage gage,

station no.

15519200.

N.R.

not recorded.
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Table 10. Bankfull discharge calculation.

L I TR O W ! S

Stream | Mean ' Staﬁaard Bankfull
name - discharge, deviation, discharge,
6! 0 Qb ’
cfs cfs
Copper River 67.10 56.66 37.64
tributary
Brooks Creek 62.63 44 .24 39.63

tributary
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APPENDIX E

MEASURED VALUES
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Table 11. <Culvert data.

Parameter Copper River Brooks Creek
tributary tributary

Diameter, ft 9.5 5

Length, ft 164 86

Elevation of 100.00 100.00

upstream

inverf, ft

Elevation of 91.67 94.90

downstream

invert, ft '

Slope 0.0508 -0.0593

Material corrugated corrugated
metal metal
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Table 12. Copper River tributary, downstream, measured

data.
Cross Thalweg Bank Bankfull. MSS, Distance,
section elev, elev, width, ft ft
ft £t ft
oD 88.63 91.62 21.5 - 3
iD 88.43 91.93 40 - 60
- 2D 88.52 91.58 18 - 35
3D 88.16 | 93.04° 41 - - 0.0417 l 52
4D 85.97 89.41 20 0.0417 33
5D 84 .44 87.49 12 | 0.0417 34
6D ' 82.49 85.91 20 - . 0.0417 36
1D 82.03 83.40 20 0.0625 31
8D | 80.37 81.38 7.5 - 0.0625 131
9D 74.81 76.16 10 0.0625 162
10D 68.77 70.32 6.5 0.0625 262
11D 59.19 61.21 13 0.0833 207
12D 52.04 54.33 9.5 " 0.0625 +

Note.A Elev = elevation. MSS = mean sediment size.

Unreported data indicated by a -. Unapplicable data
indicated by a +. Distance is that to next downstream cross

section.
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Table 13. Copper River tributary, upstream, measured data.

Cross Thalweg Bank  Bankfull MSS, Distance,
section - elev, elev, width ft ft
£t £t £t
14U 124.93 126.78 7.5 ° 0.0276 +
13U 120.99 122.47 3.5 0.0276 260
12U 113.69 114.51 6 0.0208 236
11U 111.15 112.92 4 0.0833 103
10U 107.69 109.10 5.5 0.0417 111
ou 105.57 107.28 8 0.0104 75
8U 103.72 105.49 12.5 0.0276 42
7U 102.68 104.30 11 0.0417 . 44
6U ' 101.38 103.70 6.5 0.0104 13
5U 100.09 101.91 6.5 0.0208 48
au 99.98 101.85 9 0.0130 8
3U 99.90 101.51 13.5 0.0052 32
2U 99.52 102.14 21 0.0005 8
1U . 99.30 101.05 20 1 0.0005 19

ou ) 99.60 101.18 27 0.0005 28

Note. Elev = elevation. MSS = mean sediment size.
Unapplicable'data indicated by a +. Distance is that to

next upstream cross section.
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Brooks Creek tributary, downstream, measured

Ll R

= elevation.

= mean sediment size.

Unreported data indicated by a -.

indicated by a +.

section.

Table 14.
data.
Cross Thalweg Bank Bankfull MSS, Distance,
section elev, elev, width, ft ft
ft ft ft
oD 94.71 97.16 7.5 - 10
1D 93.42 96.55 21 - 19
2D 95.38 97.40 19.4 - 23
) 95.32 96.57 15.3 0.0208 32
4D 94.43 95.91 9 ' 0.0208 28
5D 94.22 95.08  10.7 0.0208 40
6D 93.09 94.76¢ 1.3 0.0272 63
7 90.71 91.90 7 0.0208 131
8D 86.61 88.04 6 0.0208 115
9D 84.34 85.82 6.5 0.1042 170
10D 81.28 82.60 8 0.1250 172
11D 77.90 79.09 12 0.0208 213
12D 73.09 74.29 8 0.0208 +
Note. Elev MSS

Unapplicable data

Distance is that to next downstream cross
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Table 15. Brooks Creek tributary, upstream, measured data.

next upstream cross section.

Cross Thalweg Bank Bankfull MSS, Distance,

section elev, elev, width, ft ft
ft ft ft

140 . ’ 118.30 118.99 7 0.0104 +

130 113.25' 113.95 10 0;0208 212
120 111.06 111.46 7. 0.0313 167
110 108.37 109.09 7 0.0417 137
’10U 105.62 106.71 8. 0.0313 151

- 9U 104.17 104.88 7 0.0313 108

8U 102.00 102.95 7. 0.0058 103

7U 101.25  102.29 8. 0.0449 43

60U 101.04 102.31 7 0.0438 17

50U 100.74 103.21 6. 0.0428 16

40 100.71 102.03 6. 0.0417 19

30 101.05 101.69 7. 0.0417 11

2U 100.79 102.21 10 ’0.0417 14

10 100.20 101.45 12 0.0417 13

ou 100.08 101.32 1. - 0.0417 10

~Note. Elev = elevafion. MSS = mean sediment size.

Unapplicable data indicated by a +. Distance is that to
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Table 16. Copper River tributary, bankfull Froude number.

Cross Froude Cross Froude
section number section number
oD 0.06 ou 0.12
1D 0.03 v 0.14
2D 0.07 20 0.07
3D 0.02 3U 0.24
4D 0.05 4U 0.29
5D 0.10 5U - 0.42
6D ' 0.05 6U | 0.29
7D 0.21 70 0.29
8D | 0.87 8U 0.23
oD  0.42 oU 0.37
10D 0.53 10U ©0.72
11D 0.18 11U 0.70
12D 0.20 . 12U 1.49

| 130 1.05

140 0.35
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Table 17. Brooks Creek‘tributary, bankfull Froude number.
Cross Froude Cross Froude
section number section number
oD 0.24 ouU 0.70
iD 0.06 iv 0.42
2D 0.13 2U 0.41
3D 0.33 30 1.82
4D 0.43 4U 9.74
5D 0.82" 5U 0.27
6D 0.44 6U . 0.70
7D 0.717 "70 0.76
8D 0.68 8u 1.00
9D 0.60 oU 1.67
10D 0.b8 100 0.72
11D 6.45 110 1.63 -
12D 0.66 120 3.68
130 1.19
140 1.74

1 N SN
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L3

Copper River

Brooks Creek

tribgfary tributar§
Pérameter _ Upstream Down- ﬁpstream Down-
stream stream

width 3-4 7-8 2-3 5-6
Depth NB 6%7 6-17 2-3
MSS 4—5 6-7 7-8 NB
Slope 4-5 NB NB 4-5
AVeragé 4-5 6-17 5-6 4-5-

Note. MSS = mean sediment size. NB = no break in measured
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APPENDIX F

FLOW CONDITIONS. NEAR CULVERTS
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This appendix'estimates the pre-culvert equilibriuﬁ
bank elevations and the post-culvert eduilibrium bank
elevations at stream crdss‘section ou. Thesé éieQafions are
used in Table 3 to determine whether the dependent variables
in subreaches altered'byrthé culvert are adjusting towafd
equilibriun.

Table 19 estimates the pre-culvert Equilibrium bank
elevations at stfeam cross section Oﬁ. The measured bank
elevation from the unaltered cross section nearest the
culvert is extended to cross section OU by using the averége
measured thalweg slope from fhe subreaches unaltered by the
culvert.

Table 20 shows that the normal depth in both culverts
is less than critical depth at the bankfull discharge. For
the Brooks Creek tribuiary, however, at bankfull'discharge
the tailwater depth aboveythe culvert invert is greater than
the critical depth. Does this force the culvert to flow
suberiticai? Table 20 also showé this stream flows sub-
critical downstream of the culvert. Further, it shows that.
if at least pgrt of the culvert flows supercritical, the
sequent depth to the culvert normal depth, that is, the
depth in the culvert after a hydraulic jump, is greater than'
the imposed tailwater dépth. When the seduent dépth is
greater than the tailwater depth, the hydraulic.jump occurs
in the mild channel below the culvert (Chow, 1959). Table

20 shows for the Copper River tributary, the tailwater




b e,

1563

Table 19. Estimated pre-culvert bank elevation, cross

section 0U.

LUl A L

Copper River

Brooks Creek

Average of

‘(e)l ft

tributary tributary
Item Upstm Dnstm Upstm Dnstm
Closest unaltered 50U 7D _ 6U 5D
.cross section (a)
Bank elevation 101.91 83.40 102.31 95.08
in (a), ft (b)
Distance from (a) 95 417 83 198
to 0OU, ft (c)
Slope in un- 0.0267 0.0378 0.0184 0.0234
altered subreaches (d)
Estimated bank elev. 99.37 99.16 100.78 99.71
at oU, ft (e)

99.27 100.25
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Table 20. Qulvert cont;bl location at,baﬁkfull conditions.

Item Copper R. Brooks Creek.

tributary tributary

Critical depth, y_ ft®  1.43 1.74
Manﬁing's coeff., n2 0.024 0.024
ﬁormal @eptﬁ, yn, ffa 0.96 1.14
Stream WS, culvert exit, ft  91.62 97.16
Dnstm culvert inv. el., ft 91.67 .94.90
Tailﬁéter deﬁth above : Below 2.26
culvert invert; ft | invert |
Stream Fr dnstﬁ culvert - | 0.24
Culvert Fr at ' 2.23  2.21
Seqdent depth, £° - ' 2.46
gggg. Unapplicable data indicated by a -. WS = water
sﬁrface_elevatiéh, iny. = iﬁvert, and Fr = Froude number.

Critical depth in culvert = Yo Normal depth in the culvert

b

= Yn' a Calculated from Chow (1959). Calculated from

Straub'(19§8).
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elevation is below'the‘culvert invert at the bankfull
discharge. Therefore, both of the study culverts flow
.supercritical at the bankfull discharge. Hence, the
discharge through each culvert is controlled at the culvert
entrance provided the following two conditions are met.
First, flow must pass thrbugh criticai at the culvert en-
trance. This requires subcritical flow in the stream just
upstream of the culvert. Second, the culvert entrance must
not be submerged. This requires fhe_headwater depth over
the top of the culverf to not ekceed about half the culvert
diameter.

The steady flow energy equation written between a cross
section just upstream and just downstream of the culvert

entrance is{
Z +4d+ v2/2 =7 + +V 2/2g + h 1
s ' g c ™ Yo c 1 (F-1)

The above symbols are as follows:

2 g = thalweg elevation in the stream at cross section 0U,
d = depth in the stream at cross section 0U,

-V = velocity in the stream at cross section 0U,

%: = culvert'invert elevation,

YE = critical depth in the culvert,

Vé = veloc%ty in the culvert at critical flow, and

@l = 0.5 %f /2g = head loss at culvert entrance.

Using equation F-1, Table 21 presents the depth and the
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water surface elévation in each stfeam'juét upstream of.the
culverff‘ Table 21 shdws'for each depth'founa,'fhe‘assump—
tions required for inlet control are true, Tﬁat-is; flow
does pass through critical at the culvert ent¥ance and the

culvert entrance is unsubmerged.
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Table 21. Estimated post-culvert bank elevation, cross
section OU.

Item Copper River Brooks Creek
tfibutary tributary
bischarge, cfs . - {a) 37.6 39.6
Culvert dia., ft  (b) 9.5 5.0
z_. ft . (e) ;od.oo 100.00
‘yc, £t _ (d) 1.43 1.74
Vo fps - (e) 5.64 6.47
z ., ft (£) 99.60 100.08
V, fps S (g 1.39/d 5.50/d
beptﬁ, da, ft ~ (h) 2.57 2.57
‘ﬁs at ou, ft _ 102.17 102.65
(£) + (h) |
Elev. at top of upstm 109.50 105.00

end of culvert, ft
Stream Froude no. 0.06 0.24

upstm culvert

Note. Culvert invert elevation = Zc. Critical depth in
culvert = y . Velocity in culvert at critical flow = V..

. e

Thalweg elevation at 0U = Zs. Velocity at OU = V. Depth at

QU = d. WS = water surface elevation.
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APPENDIX G

SUMMARY OF THE MINRED METHOD
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Preliminary

1. Input Q, the water discharge with a 1.5 year
recurrence interval on the annual maximum séries.

2. Input SO' the measured thalweg slopg'between the
upstream and downstream cross sections.

3. Input the measured aistance between‘the upstream
and downstream cross sections.

4. Input the stream.width, b, measured at the
dowhstream cross section. |

5. Input_the‘mean sediment size, ds, méasufed at the
downstream cross section.

6. Calculate the Manning roughness coefficient. Chow
(1959) indicates.tﬁat n = Ou0342dsl/6, For the streams

0 )
under study, it is estimated from Chow (1959) that (a) n. =

1
0.010 (b) n, = 0.005, (c) n3'= 0.000, (d) n, = 0.005, and
(e) m5 = 1.15. Therefore, from equation 4-1, the Manning
roughness coefficient, n = (0.0342d4 + 0.02) (1.15).

7. If D loop has never been executed, go to item 10.

8. If the existing value of n is similar to the value -

of n at last exit from D loop, go to item 40.
9. Go to item 20. .

10. Input the stream depth, 4, measured at the down-

stream cross section.

D Loop

i

11. Calculate the cross sectional area of flow, A=bd.

.\
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12. Ccalculate the wetted perimeter, §”=b+2d.

13. Calculate tﬁe bydraulic radius, R=A/F_.

14. Calculate the'magnitqde of the mean Qelocity of
flow, V=Q/A. |

15. If this is not the first time through D loop, go
to item 20.

16. Calculate the specific enéfgy af the dowhstream’
cross section, Eé=d+V2/(2g). .

17. Calculate the sloﬁe of the energy grade line at
the downstream cross section, 82 = [Vn/(1.49R0'67)]2.

18. :Modify d.

19. Go to item 11.

20. Calculafe fhe specific enérgy af the upstream
cross section, E1=d+V?/(Zg).

21. Calculate the slope of the energy grade line at
the upstream cross section, $; = IVn/(1.49Ft()'67 )]2.

22. Calcuiéte the distance befwéen the upstregm'and
downstream cross‘sections,
X = (B, - E{)/{Sy - [(51+ Sp)/2]}.

23. If the measured distance betweep the upstream and

downstream cross sections is not similar to the calculated

distance, go to item 18.

24. If DS loop has never been executed, go to item 28.

25. If the current value of d is different from the
value of d at last exit from DS loop, go to item 28.

26. If B loop has never been executed, go to item 40.
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27. If the current value of b is thé same as the value

of b at last exit from DS loop, go to item 40.

DS Loop

28. Calculate the shear velocity, U, = (gRSl)O"S.

29. Calculate the boundary Reynolds number,
Re, = U*ds/v.‘ |

30. Enter Shields diagram with the value of Re_  to
determine the critical value of the dimensionless shear
stress,r*c

31. Calculate the critical value of the bed shear
stress, Ty = T*C(YS - Y)ds.

32, Calculate the critical value of the shear

. _ 0.5
velocity, U, = (t_/0) """,

33. Calculate the dimensionless shear stress,

2

To = USo/Ilvg - vdJl.

34, Enter Raudkivi's graphical relation with the

values of Ty o+ d

, U,, and U, to determine the critical
s c

value of the mean velocity of flow, V_..
35. if V-caiculated in D loop is not similar to’VCr
calculated in DS loop, gphto item 38. |
36. If D loop has been executed after the last
modification,of,dé, go to item 40.
37. Go to item 6.
38. Modify dS.

39. 'Go to item 29.
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/B Loop

40. Moaify b.

-41. If this is the eleventh time in-this sgriés
through.B loop, go to item 43.

42, Go to item 11.

43. Find the minimum calculated value of S1 and the
associated values of 4, ds, and b.

44, If (a) the last calculated value of S3 is not the
minimum found and (b) this is not the first sérieS‘through B
loop, go to item 46.

45. Start a new series through B loop, using the
values of d, ds, and b associated with the minimum valueAgf
S1 and go to item 11.

46. Write the initial and final values.

47. End program execution.
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APPENDIX H

EQUATIONS FOR SHIELDS DIAGRAM

AND RAUDKIVI'S GRAPHICAL RELATION
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Shields Diagram
0.3 < Re, < 1.0

= 1.01000 - 3.0667 Re,

T*C

2 3
+ 3.8333 Re, - 1.6667 Re,

r2 = 1.0000

2. 1.0 < Re, <7.0

Tae = 0.2527 - 0.2204 Re,
-2 2 -2 3
+ 9.7082 x 10 Re, - 2.1774 x 10 Re,

] -3 4 -4 5"
+ 2.4090 x 10  Re, - 1.0416 x 10  Re,.

rz = .9995

3. 7.0 < Re, < 10.0
Ty = 0.032

(H-1)

(H-2)

(H-3)
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4. 10.0 < Re, < 500.0 | - (H-4)

. -2 ) ‘-
2.9282 x 10 + 2.5119 x 10 ' Re,

Tae =
-6 2 -9 3
- 1.0533 x 10  Re, +2.2796 x 10 Re,
=12 4
- 1.8652 x 10 ~ Re,
rz = .9979
5. Re, > 500.0 . (H-5)

Tae = 0.0600

Raudkivi’s Graphical Relation

1. Gravel:

a. 0.0325 < 1, < 0.081 _ (H-6)

3 ‘ 5
Vcr = (1.8125 x 10 - 1.4854 x 10 1,

6 2 . 7 3
+4.9529 x 10 T, - 8.2270 x 10 =,

5 2 ' 2

' ' 8 4 9
+ 6.7710 x 101, + 2.2050 x 1071 ,) (U, - U

r?= . 994g
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b. 0.081 <1, < 0.14
_ ) ‘ 2
Vo, = (53.1301 - 9.7323 x 10 1,
3 2 4 3
+ 7.8340 x 10 7, - 2.1152 x 10 )
2 2 %
(U* - U*C)
rz = ,9944
c. 0.14 < 1, < 0.51
. " 2
V., = (13.8092 - 20.99801, + 88.543971,
3 2 2 1
- 58.49111,) (U, - Uy )®
rz = .9964
2. Sand
a. 0.0325 < 1, < 0.081
Equation H-6
b. 0.087.< 7, < 0.20

2
Vér = (31.1591 - 3.1520 x 10 T,

' 3 2 3 3
+ 1.5535 x 10 1, - 2.6422 x 10 1)

2 2 1
(U* - U*C)2

r2 = .9982

(H-7)

(H-8)

(H-9)
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0.20 < T, < 0.325 - - | (H-10)

: 2 2
Vck = (15.2180 - 50790791* + 1.1585 x 10 T,

3 2 2 3
-.70.00977,) (U, = U, )?

r? = ,9916

0.325 < 1, < 0.70 (H-11)

. . ' 2
V.. = (7.9830 + 8.00647, - 36.75241,

C
.3 T2 2 3
+ 53.84197,) (U, - U, )*
r? = .9973
0 0.70 < T, < 1.10 ' © (H-12)
o ' ) 2 2
V.. % (-1.3042 x 10 + 4.4408 x 10 T,

2 2 ) 2 3
- 4.,3875 x 10 7, + 1.4198 x 10 T*)

2 2 3
(U* - U*c)z

r? = 9775
Fine Sand, Lower Flow Regime

a. 0.0325 < 1, < 0.081

Egquation H-6
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b. 0.081 < T, < 0.20

Equation H-9

c. 0.20 < 1, < 0.95

' ' 2
VCF‘= (T?.6343 - 18.8550 1, + 28.5969 1,

- 14.4928 ) (U, - u*:)%
r? = .9667
Finé Saﬁd, ﬁépgr'Flow,kegime
0.575 < }* < 3.70

. 2
Vep = (25.0635 + 9.54667, - 28.62371,
3 . 4
+18.20241, - 4.69621,

C .5 2 2 3
+ 0.43567,) (U, - U, )*

r2 = ,9964

(H-13)

(H-14)
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APPENDIX I

CALCULATED VALUES

Lt e
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Table 22. Copper River tributary, downstream, calculated
data.
Cross Width, Depth, MSS, EGL
section ft i £t slope
3D 26.93 2.40 0.0048 0.0000880
4D 26.61 2.33 0.0042 0.0000999
5D 27.08 2.62 0.0041 0.0000663
6D 58.91 1.14 0.0043 0.0001880
7D - - - -
8D 13.08 0.64 0.3845 0.0606194
9D 6.18 312 0.4531 0.057848
10D 1321 0.72 0.3305 0.054898
11D 9.85 0.87 0.3600 0.041153
Note. MSS = mean sediment size. EGL energy grade line.

No calculated data indicated by a -.

%E::::::::]
Culvert

Figure 13.
sections.

Schematic location of downstream cross
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Table 23. Copper River tributary, upstream, calculated
data.

Cross Width, Depth, MSS, EGL

section > i s ) g slope

110 6. 77 A £ 0.2082 0.0284891
10U 68.97 0.96 0.0047 0.0002418
9U 73.37 1.00 0.0039 0.0001855
8U 56.80 1.13 0.0048 0.0002119
7U 41.30 1.62 0.0039 0.0001237
6U 53.37 124 0.0041 0.0001611
50 = - = et

4U 55.88 1.59 0.0008 0.0000567
3U 33.50 2.36 0.0007 0.0000459
20 61.85 1.58 0.0007 0.0000473

Note. MSS = mean sediment size. EGL = energy grade line.

No calculated data indicated by a -.

Figure 14.

D D o A
HHTR P

Schematic location of upstream cross sections.
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Table 24. Brooks Creek tributary, downstream, calculated

data.

Cross Width, Depth, MSSs, EGL
section ft ft ft slope

3D _ 9.00 1.13 0.1082 0.0147986
4D - - - -

5D 46.39 1.16 0.0068 0.0003389
6D ' 8.62 1.02 0.2895 0.0373274
D » 7.83 1.14 0.2669 0.0322400
8D 8.90 1.38 0.1099 0.0109072
9D 9.40 1.22 0.1315 0.0152865
10D i4.77 0.77 0.1765 0.0239626

11D 10.19 1.01 0.2104 0.0240062

Note. MSS = mean sediment size. EGL = energy grade line.

No calculated data indicated by a -.
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Table 25. Brooks Creek tributary, upstream, calculated

data.
Cross Width, Depth, MSS, EGL
section - ft ) £t £t slope
8u 48.63 1.23 0.0056 0.0002491
7U - ' - - -
.GU. . - - - -
50 - - - -
4U - - - -
. 30U S - - - .
2U . 61.96 0.96 0.0063  0.0003537

Note. MSS = mean sediment size. EGL = enefgy grade line.

No calculéted data indicéted by a -.
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