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ABSTRACT OF THESIS

SEDIMENT STABLE CANAL SYSTEMS

The considerations required for the design of sediment transporting
channels as components of a branching canal system are discussed.
Attention is given to the selection of compatible approaches for the
determination of channel geometry and bed material transport capacity
to be used 'in conjunction with sediment routing relations. A general-
ized procedure is presented which includes sediment equilibrium
considerations as a part of the system design criteria.

The development of methods currently in use for the design of
individual channels in erodible material is reviewed as are various
computational techniques for the estimation of bed material transport
capacity. In general, no specific approach or computational technique
may be considered best for all application due to the large number of
variables involved, the complexity of their interrelation, and the
variability of field conditions. Emphasis is therefore placed on the
concepts, assumptions, and data on which a specific method is based
rather than on the mechanics of its application.

Relations describing the requirements for sediment equilibrium
within a branching irrigation canal system or subsystem are presented
and their implications with respect to individual channel design are
discussed. In general, equilibrium considerations will require that
relatively higher sediment concentrations be allocated to diversions
from larger channels of the system if sediment removal by bed clear-

ance is to be minimized or eliminated.

iii



Successful application of any of the techniques discussed is

dependent on the proper evaluation of field conditions unique to the

specific situation and on consideration of each component in relation

to the overall system,
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CHAPTER 1

INTRODUCTION

The problem of sediment routing within a canal system becomes a
design consideration whenever material of a size capable of being
transported by the flow is available to the flow field. This material
may be introduced into the system at the headworks, eroded from channel
boundaries within the system, or both. The basic principle to be
satisfied for system equilibrium and therefore channel stability is
that of mass continuity, which requires that in each segment of the
system the sediment inflow over time equal the outflow,

In plan view, an irrigation canal network for distribution of
water to the land closely resembles a natural system of streams and
rivers with the flow direction reversed. Viewing a canal system in
this fashion, as a reversal of nature's water collection system, can
provide a qualitative model useful in understanding the difficulties
involved in satisfying the requirements of continuity with respect to
sediment, since in the natural system, a relative state of equilibrium
has been reached over geologic time.

In natural river systems, small streams flow down relatively steep
slopes converging into larger streams having smaller energy gradients,
giving the system a generally concave profile [58]l as illustrated in
Fig. 1.1. Water lost to seepage, evaporation, etc., causes the sedi-
ment concentration to increase in the downstream direction. The gen-
eral result is then an increase in concentration of sediment with

increasing discharge.

1Numbers in brackets refer to items in the bibliography.



Increasing Elevation —»

Increasing Distance from Headwaters —»

Figure 1.1. Qualitative Representation of
River System Profile.

In man-made water distribution systems, however, the capability
for slope variation may be limited, with the maximum available slope
often being less than the slope of the parent channel at the canal
headworks. Smaller individual channel discharges associated with
branching of the system for distribution purposes result in a signifi-
cant decrease in the total sediment transport capacity of a constant
slope canal network as illustrated in Fig. 1.2. Examination of this
figure shows that, with all variables other than individual channel
width and discharge held constant, a single bifurcation of a channel
into two channels of equal discharge results in a decrease in sediment
transport capacity on the order of twenty percent., A system with eight
channels of equal discharge has a sediment transport capacity less
than half that of a single channel having the same slope, bed material,
and total discharge, 1In addition, losses due to seepage and evaporation

tend to increase sediment concentrations as water discharge is decreased
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in the downstream direction. This results in-a tendency for sediment
to be deposited in the middle and lower reaches of the system as in-
dividlial channel discharges are reduced through branching. This has
been found to be a serious problem in many existing irrigation canal
systehs [67].

Approaching a solution to this problem requires that each portion
of thk canal network be considered in relation to the overall system.

An understanding of the implications of the geometric variations
observed in the natural system is also required so that proper geometric
desigh of the channels may be combined with headworks and bifurcation
desigh for optimal routing of the sediment through the system, Although
much can be learned from study of the parent system, it would in most
cases be infeasible and ineffective to attempt to merely duplicate the
geometry of the parent system in reverse.

The purpose of this study is to review the various approaches
available to the engineer faced with the problem of canal system design
and to relate these to the problem of sediment routing within the
system. Since many of the physical laws related to the interaction of
flow with erodible boundary materials are only imperfectly understood,
most of the techniques presented are semiempirical. For this reason,
the emphasis throughout the paper is placed on understanding the assump-
tions and data on which an approach is based rather than on quantitative
design procedures. After selecting the approach most applicable to
his particular problem, the engineer may wish to refer to items in the
reference list for a more complete presentation of the computational

technique.



Chapter II,‘on stable channel design techniques, follows the
historical development of these techniques as applied to individual
channels. In general, terms are defined and concepts discussed where
they are first encountered. Following the historical presentation is
a discussion of the various approaches with the attempt made to show
both their interrelation and the area of most direct applicability of
each.

The greatest portion of the material presented is applicable to
straight channels with erodible boundaries. References are provided
which deal with the more specific problems associated with such items
as seepage, channel curvature, structural encroachment on the channel,
etc.; however, these items are not dealt with directly in the text to
any significant extent.

Chapter III reviews briefly the basic concepts and approaches to
computation of the sediment transport capacity of a channel. Since a
presentation of all computational techniques available in this area
would be impractical due to space considerations, specific techniques
are selected to represent each of the identified approaches to the
problem. It is not intended to imply that those presented are the
only techniques available. Indeed, the engineer may be familiar with
other computational techniques more directly applicable to his specific
problem. The attempt is made, however, to present techniques repre-
sentative of the primary approaches to sediment transport computations,
and it is believed that those discussed are as dependable for general
usage as any presently available. Chitale [14] and Bogardi [9] present

more thorough reviews of techniques currently in use.



It must be emphasized that due to their empirical ndture &nd the
large number of interrelated variatles involved, the sucéess of any of
the techniques presented in Chapters II and III is dependent on the
judgment and ability of the design engineer. Simons [90] describes the
design of erodible channels as "...still something of an art, and for
this reason, the engineer as an artisan plays a most important role."
An understanding of the principles underlying specific computational
techniques is therefore essential.

Chapter IV addresses itself to application of the technology
outlined in Chapters II and III to the problem of sediment routing
within a canal system. Existing models for solution of the problem
are presented. and briefly discussed. . Procedures are outlined for
application of the concepts in the design situation and for analysis
of existing systems.

In the overall design, not only the channels within the system
must be considered, but also the characteristics of the parent channel,
the nature of bifurcation and turnout structures, and the use of sedi-~
ment exclusion and/or ejection devices in headworks design. Again,
logical limitations on space and scope prevent complete discussion of
each of these facets of design, and the reader is referred to pertinent
items in the reference list. Melone, Richardson, and Simons [74] pro-
vide a recent review of sediment exclusion and ejection techniques, and
Mahmood [67] presents a model for use in turnout design. These refer-
ences, as well as others, are referred to later in the text.

As was previously indicated, the concepts are generally presented

in the context of application to channels constructed through



noncohesive materials. It should be realized, however, that sediment
routing may also need to be considered in lined or cohesive boundary
channels if the flow introduced into the system carries with it
significant quantities of sand size materials. Deposition of these
materials on the channel bed may result in a large increase in flow
resistance with a corresponding decrease in channel capacity. This
may occur even when sediment exclusion or ejection devices are uti-
lized. The concepts used in routing sediment through a system of this

type are the same as those applied to the erodible boundary system.






CHAPTER II

REVIEW OF STABLE CHANNEL DESIGN TECHNIQUES

Problems related to the interaction of a flow field with erodible
boundary materials involve the complex interrelation of a large number
of variables. Current levels of understanding regarding these rela-
tions are the result of a logical evolution of ideas as the knowledge
base was expanded through observation and experimentation. Computa-
tional methods presently in use represent the combined efforts of a
large number of engineers and scientists over time, but must be con-
sidered as still in the evolutionary stage since many related physical
laws are still only imperfectly understood. Ongoing research in the
areas of hydraulics and fluid mechanics continues to contribute to the
knowledge base.

As a means of placing in proper context the concepts and approaches
to stable channel design, the major points of development during the
last century are brief’,; reviewed. The chapter is divided into two
parts. The first portion presents the historical development of the
techniques currently in design usage. Although the material in this
portion is subdivided according to the general approach represented,
an attempt is also made to follow the chronological development of the
concepts. The second portion of the chapter consists of a discussion
of the approaches to clarify their interrelation and areas of most
direct applicability.

HISTORY

Throughout most of the 1800's, canals were designed by selecting

the geometry more or less arbitrarily and computing the capacity using

a formula credited to Chezy in 1775S.



V = C/RS (2.1)

in which V 1is the average velocity, R is the hydraulic radius, S
is the channel slope, and C is an empirical constant depending upon
the nature of the channel boundary. The value of Chezy's C for
various materials and conditions has been tabulated by numerous engi-
neers, and the formula still finds some usz today.

In 1870, Kutter and Ganguillet [29] proposed a formula for
computing the value of C in the Chezy equation as:

0.00281 | 1.811

C - 41.65 + 3 + n 2.2)
1+ L (41,65 + 2:00281) .
Y o S

where n is a roughness coefficient, and the other variables are as
previously defined.
In 1890, Manning [72] suggested the flow equation which, in its

present usage, takes the form:

v =-1;;‘116-R2/3 sl/2 (2.3)

where n is Kutter's roughness coefficient and the constant 1.486 is
a conversion factor for the English system of units. The Manning equa-
tion is probably the most widely used flow equation in the U.S. at the
present time, but may be applied to the case of a mobile boundary only
with great care for reasons which will be discussed.

It is of interest to note that both the Chezy and Manning equations
may be related to the dynamics of the flow after being reduced to
dimensionless form through the use of the near constant terms of gravi-
tational acceleration and kinematic viscosity. In the case of the

Chezy equation:
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C/VE = VIV, = =X 2.4
T (2.4

and in the case of the Manning equation:

(v‘-’;)z . @B cg- e (2.5)

in which:

Ve = shear velocity.

T = average boundary shear.

p = mass density of the fluid.

v = kinematic viscosity of the fluid.

VR/v = Reynolds number in terms of hydraulic radius.

(Vz/gR)l/2 = Froude number in terms of hvdraulic radius,

Since the time of Manning, attempts to refine the flow formulae
have met with only limited success. More recent work in this area
includes that of Liu and Hwang [60] and that of Mahmood [69]. Whereas
the Manning and Chezy coefficients were originally assumed constant
for a given channel, these later relations recognized the variation in
flow resistance with discharge resulting from the interaction of the
flow with the boundary.

Mahmood's [69] resistance function was developed in conjunction
with his sediment transport relation and is dependent on advances made
in the 1960's with respect to bed form prediction. Discussion of the
approach is therefore placed in Chapter If{I with Mahmood's sediment
transport relations. In general, use of the method requires a rela-
tively large number of computations, but also provides an estimate of

velocity distribution as well as average velocity for sand bed channels.
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The approach of Liu and Hwang was empirical since, as they stated,
"At present, there is no satisfactory theory of turbulent flow
available."

They arrived at the general equation:

V=g RX ¥ (2.6)

Guides were given for the selection of the coefficient and exponents.

In functional form, these were defined as:

C, = £(D, pg, P, 8 v, B) (2.7a)
X § y = pure numbers = £(Q, D) (2.7b)
where

D = depth of flow.

Pg = density of cohesionless bed material.

p = fluid density.

g = gravitational constant.

v = kinematic viscosity.

@ = parameter describing bed form.

It may be noted that the general equation is of the same form as
both the Chezy and Manning equations, with the exponents allowed to
vary. In this way, account is made for the changes in turbulent struc-
ture of the flow due to changes in boundary configuration and sediment
transport. To fully treat the development of these and other flow
formulae would be beyond the scope of this paper. The reader is there-
fore referred to items in the bibliography for more comprehensive

treatment.
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Critical Velocities

For use in conjunction with the flow formulae in the design of
stable channels, engineers developed tabulations of critical or per-
missible velocities based on experience and observation. These veloc-
ities were assumed to be those at which canals in a given material
would operate without excessive scour or deposition.

Perhaps the earliest published values of permissible velocities
were those of DuBuat in 1786 [21]. Utilizing data from flume measure-
ments, he gave scouring velocities for various materials from potter's
clay to flint the size of an egg or larger. As more experience was
gained, more listings were published, two of the more notable of these
being the works of Etcheverry in 1915 [25], and Fortier and Scobey in
1926 [28]. These later works followed the initial developments in
regime theory, and included not only critical velocities according to
the type of material, but also guidelines for adjusting tabulated
values according to flow depth. As late as 1936, the USSR introduced
guidelines for the design of channels in granular material which listed
permissible velocities and a table of correction factors according to
depth of flow.

Although the critical velocity approach is seldom used directly
in present day design of larger canal systems, the tabulated data can
provide valuable information on the expected behavior of various
materials when subjected to flowing water. The prime reason for the
continued value of these tabulations is the extensive experience base
on which they were developed. Table 2.1, for example, reproduces the
recommendations of Fortier and Scobey and is based on answers to a

questionnaire sent to a number of practicing engineers and therefore



Table 2.1.

Permissible Canal Velocities
(after Fortier and Scobey [28]).

Original material excavated

Velocity, in Feet per Second, After Aging,
of Canals Carrying:

Clear water,

Water trans-

Water tramsporting
non-colloidal silts,

for canal no detritus porting sands, gravels, or
colloidal silts rock fragments

(1) (2) (3) (4)
Fine sand (non-colloidal) 1.50 2.50 1.50
Sandy loam (non-colloidal) 1.75 2.50 2.00
Silt loam (non-colloidal) 2.00 3.00 2.00
Alluvial silts when non-colloidal 2.00 3.50 2.00
Ordinary firm loam 2.50 3.50 2,25
Volcanic ash 2.50 3.50 2.00
Fine gravel 2.50 5.00 3.75
Stiff clay (very colloidal) 3.75 5.00 3.00
Graded, loam to cobbles, when non-colloidal 3.75 5.00 5.00
Alluvial silts when colloidal 3.75 5.00 3.00
Graded, silt to cobbles, when colloidal 4.00 5.50 5.00
Coarse gravel (non-colloidal) 4.00 6.00 6.50
Cobbles and shingles 5.00 5.50 6.50
Shales and hard-pans 6.00 6.00 5.00

¢l
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represents a composite of their experience. The values given are for
clear water flowing at a depth of three feet or less in a straight
channel. Lane [52] used these and other critical velocity tabulations
in arriving at recommended limiting tractive force values in the early

1950's.

Regime Theory

Regime theory may be thought of as the process of taking data from
real alluvial channels observed to be "in regime" and applying it to
the development of ideal channels. A channel is said to be in regime
if it tends to neither aggrade nor degrade over time periods which
include all water and sediment discharges the channel may be reasonably
expected to experience. Blench [4] compares the concept of regime to
that of climate in that at any point in time or space, the channel
may experience deposition or scour and slow changes may occur over time,
but a relative equilibrium condition may be conceived. Perfect regime
in which no erosion or deposition takes place in either time or space
does not exist in real channels, but is the design base for the ideal
channel carrying the formative or dominant discharge of water and
sediment of the real channel.

Regime theory began to develop in India when the use of flow
formulas and critical velocity tabulations proved to be unsatisfactory
for design problems encountered. In 1895, R. G. Kennedy [43] proposed
a formula relating the depth of flow with the velocity which would

neither silt nor scour. This equation took the form:

vV=cp" (2.8)
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and is credited as being the beginning of the regime approach to the
design of stable channels. In Kennedy's original equation, C and n
took on the values of 0.84 and 0.64 respectively. The values of both
the coefficient and exponent were subsequently computed for many of
the canals then in operation in India and found to vary over a broad
range.

Lindley (1919) [59] introduced width as a variable and, using the

Kutter formula for velocity computations, gave the relations:

0.95 p0-57 (2.9a)

<
]

V = 0.59 p0:353 (2.9b)

and the dependent relation

B = 3.80 pl+6! (2.9¢)

These relations implied that there was a natural combination of width
(B) and depth (D) which a channel must attain for stability at a given
velocity.

Building on these ideas, Lacey, beginning in 1929, presented a
complete set of regime equations for the design of unlined channels
in "incoherent alluvium" [48,49,50]. These relations were based on
data collected from successfully operating canals in the Punjab

(India), and may be summarized as:

V =1.16 ViR (2.10a)
p = 2.67 Qt/2 (2.10b)
s = 370.68 x 10°8 £3/2 g-1/2 (2.10c)
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where f is a silt factor assumed to be primarily dependent on the

nature of the boundary material. Lacey proposed the relation:

f=1.76 Vdso (2.10d)

as a "rough" guide in the selection of the silt factor where dSO is
the median size of the bed material in millimeters. This was not
claimed by Lacey to be an exact relation. Experience and comparison
with similar systems was the main criteria to be used in the selection
of a silt factor for design.

In 1939, N. K. Bose [10] published the results of a study
performed for the Punjab Irrigation Research Institute, India, in

which he presented relations similar to those of Lacey, but without

the use of the silt factor. These relations may be summarized as:

P = 2.8 Ql/2 (2.11a)
V = 1.12 pY/2 (2.11b)
R = 0.47 q1/3 (2.11c)
S = 2.09 dg(')86/(1000 Q%21 (2.11d)

Bose, however, placed the following limitations on these
relationships.
1)  They apply to particular channels in the Punjab. No data
have been examined for channels outside the Punjab, and
therefore it is not claimed that they are applicable beyond

the canal systems from which they have been derived,
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2) They apply to channels in which the bed silt lies between
0.075 and 0.6 mm in diameter.

3) The entire inquiry is dependent on the method adopted for
securing samples of the bed silt, and the analysis of this
silt.

Blench and King (1941) [8] studied Lacey's work, and broke

Lacey's silt factor into two parts fg and fr' f, was based on.

Lacey's slope equation:

S = f§/3/(1788 Q1’6 (2.12a)
and fr on Lacey's turbulence factor:

£ = 0.75 V2R (2.12b)

They pointed out that Lacey's silt factor was the square root of the
product of these two factors.

In an Addendum to this paper, Blench modeled an idealized Tegime
channel as having coherent banks and incoherent bed. From this model,
he introduced a bed factor and a side factor for use in equations
similar to those of Lacey. Blench's equations, as summarized in 1969

[4] for a "trifling bed load charge," are:

B = /F, Q/F, (2.13a)
3
D =V F, o/F (2.13b)
2 1/4
5%5 = 3.63(%?) (2.13¢)

where
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2

Fb = V°/D = Blench bed factor (2.13d)
Fs = V3/B = Blench side factor (2.13e)
D = mean channel depth

B = mean bed width.

The physical significance of these relations is summarized by
Blench [4] to be:

1) Channels with the same water sediment complex tend to
acquire the same Froude number in terms of a suitable depth.

2) The erosive attack on sides that behave as if hydraulically
smooth can be measured in terms of the well known criterion
puV3/B where V is mean velocity of flow, u is dynamic
viscosity, and B 1is a suitable breadth.

3) Channels with the same water sediment complex and the same
measure of erosive attack on sides, tend to adjust to the
same dissipation of energy per unit mass per unit time.

In his 1957 and later publications f4,5], Blench introduced the

term C (bed load charge in parts per hundred thousand by weight)
into his relations to account for varying sediment transport require-

ments. Including this term, Eq. (2.13c) becomes:

9
V/gDS = 3.63(1 + C/233) (VB/v) /4 (2.13f)
and the bed factor is modified according to the relation:

in which Fbo is the bed factor for an equivalent channel transporting

a "vanishingly small" bed load charge.
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Sir Claude Inglis [39] had previously, in 1948, proposed a set of
regime equations which included a term for "silt charge' based on data
from the Lower Chenab Canal System (India). These relations, referred

to as the Inglis-Lacey equations, were given as:

1/2 1/4
) Q Cw]
B = K (2.14a)
1 173 1712 [dso
1/36 5/6
A=k, —2 —Q (2.14b)
2 g7/13(de50)1/12
7/18
; 1/6 1/12
V= K, 51733 Q" (cudg ) (2.14c)
D =K A d;é6 (2.14d)
4 QT8 (173 :
(Cudso)S/lz
S =K 76 (2.14e)

5 5736
v / g1/18 Q

In these relations, Ki represents a constant coefficient, w is
the representative sediment fall velocity, and the other terms are as
previously defined. Since the coefficients in these equations were
never defined, they were not used much in practice. Inglis did however,
suggest that the relations could be used in the form of ratios by
utilizing measurements on similar systems[38].

Simons and Albertson, in 1963 [95], expanded the scope of the
regime type relations by incorporating additional data and separating
the channels into five classifications by type of bed and bank material.
The effect of making these divisions was to incorporate to some extent

the equivalent of a bed and side factor as used by Blench directly into
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the relations, and eliminate some of the uncertainty involved in their

estimation. These relations were summarized by Henderson in 1966 [36]

as:
P = K, Q}/? (2.15a)
b=0.9P (2.15b)
b=0.92B- 2.0 (2.15¢)
R = K, Q0+36 (2.15d)
y=1.21R for R <7 ft (2.15e)
y=2+0.93R for R>7 ft | (2.15f)
V= Ky (R%S)™ (2.15g)
c?/g = v¥/gys = K, (¥FJO'37 (2.15h)

In these relations, b = mean width, B = surface width, y = depth,
C = Chezy discharge coefficient, P, Q, R, S, V, v, and g are as
previously defined, and the coefficients, Ki’ and exponent, m, are

given in Tables 2.2 and 2.3 for the English system of units.

Table 2.2. Channel Types According to Bed and Bank Material
(after Simons and Albertson [95]).

Sand bed and banks
Sand bed and cohesive banks

1

2

3. Cohesive bed and banks

4 Coarse noncohesive material
5

. Same as for 2, but with heavy sediment loads, 2000-8000 ppm
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Table 2.3. Coefficients and Exponents for Eqs. 15
(after Henderson [36]).

Channel Type (from Table 2.2)

Coefficient 1 2 3 4 5
K1 3.5 2.6 2.2 1.75 1.7
K2 0.52 0.44 0.37 0.23 0.34
K3 13.9 16.0 -- 17.9 16.0
K, 0.33 0.54 0.87 -- --
m 0.33 0.33 -- 0.29 0.29

Tractive Force Approach

Through work done primarily in the early 1950's, E. W. Lane [51-55]
approached the problem of stable channel design from the concept of
tractive force. Tractive force is defined as being that force which is
exerted on the periphery of the channel due to the motion of the fluid.
Although, as noted by Lane, the idea of tractive force was not new and
could be traced to duBoys in 1879 [20], Lane's work appears to be the
most significant in develcping the concept into a rational design
procedure.

Lane classed unstable channels in three categories, and concentrated
his efforts on the first. The classes of instabilities given by Lane
are:

1) Channels in which bed and banks are scoured without objection-

able deposits being formed;

2) Channels where objectionable sediment deposits occur without

scour being produced;

3) Channels in which scour and objectionable deposits are both

present.
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In arriving at an effective value of tractive force for use in
design, the average tractive force distribution over the channel perim-
eter was computed for trapezoidal channels using a membrane analogy.
Maximum values of tractive force occurring on the bed and side slopes
were expressed as ratios to the average tractive force exerted on the
bed of an infinitely wide channel having the same depth, and plotted as
functions of width to depth ratio and side slope (Fig. 2.1). The

values of tractive force for use in design then became:

Tg = C; v DS (2.16a)
14 =C, v DS (2.16b)
where
T3 = maximum time average tractive force on channel bed.
Tg = maximum time average tractive force on channel side.
y DS = time average tractive force on bed of wide channel.

C1 and C2 = coefficients from Fig. 2.1.

Lane found that for channels normally used in design, the values of C

1
and C2 tended to 1.0 and 0.76 respectively.
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Figure 2.1. Maximum Tractive Forces on Channel Boundaries
(after Lane, 1955 [52]).
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From field data and published tables of critical velocities, Lane
determined a relation relating critical tractive force on the bed to
bed material size for coarse noncohesive material (d50 greater than

5 mm). This relation took the form:

In this relation, Te = critical tractive force which material on the
channel bed may withstand and d75 = diameter of bed material in inches
for which 75 percent by weight is finer. The value of the coefficient

C, was determined to be approximately equal to 0.5, but a value of 0.4

3
was recommended for use in design. These values of the coefficient
were determined for material having a specific gravity of 2.56, but may
be corrected by the ratio of specific gravities for other materials.

To determine a value of critical shear applied to the side slope,
a force balance on the particle was made considering the effects of

drag and gravity. The correction factor derived using this force

balance is given as:

2
K=cos 6 /1- ta“ze (2.16d)
tan"¢

with the resulting critical tractive force on the side slope given by:

Teg = K T, (2.16¢e)
where
Tes = critical tractive force on channel bank.
6 = angle of side slope'with horizontal,
¢ = angle of repose of bank material.
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For use in the preceding relations, Lane recommended a maximum
value for ¢ of 41° for very angular material, and 39° for rounded
material. Pigure 2.2 developed by Simons and Albertson [95] may serve
as a guide in estimation of the angle of repose for granular materials.

In computing depth for use in the tractive force relations, Lane
used Manning's equation and gave three relations which could be

used in the estimation of the roughness coefficient n.

1/6
dsp
n= 7 (2.17a)

1/6

d
75
n = — (2.17b)

d 1/6
65
(—ﬁ-) (2.17¢)

50* 4750 and dgg

75 percent, and 65 percent by weight of the material is finer. It is

26n

d are the bed material diameters for which 50 percent,
noted that relation (2.17b) is applicable only to coarse noncohesive
material. Which, if any, of these relations is used s left to the
discretion of the individual engineer.

In Lane's consideration of forces acting on an individual particle,
lift is accounted for only in that the parameters governing the magni-
tude of the lift force are the same as those governing the drag force.
Simons [90] presents a similar analysis for use in the sizing of riprap,
in which 1lift is considered separately and the angle of the flow with
the horizontal is added as a variable. Using the Meyer-Peter criteria
for the initiation of motion, four simultaneous equations are developed

which may be solved for the factor of safety against side slope failure.



Angle of Repose, ¢, degrees

Mean Diameter, mm

0.3 ! 2 4 10 20 40 60 100 200 400 600
] T T T T T T T T T T ]
45 121
- ¢»
[®) ~ Y
11
- 110
I.lz
HP
D O Rounded
O Rounded and Angular .
© Angular 112
25 .
2t
ol
— I.Z?
20 1:22
0.01 0.l 1.0 10

Meon Diameter, inches

Figure 2.2. Angle of Repose of Noncohesive Material (after

Simons and Albertson, 1963 [95]).

Side Siope

T4



26

_ cosd tané
S = n'tang+sinbcosph (2.18a)
8 = tan™ ) ST (2.18b)
E_EEH$ + sinA
21 Tg
n= B,-Dyd (2.18¢)
n'=m ’Hsu; MB')‘; (2.18d)

in which
S = factor of safety against erosion
0 = side slope angle with the horizontal

¢ = angle of repose of bank material

>
n

angle of velocity field with horizontal

T. = tractive force produced by velocity field

wn
1}

specific gravity of bank material

In general, when applied to coarse noncohesive material on a side
slope, Simons relations will lead to a more conservative design than
will Lane's method.~ It is worthwhile to note, however, that Eqs. (2.18)
were designed to preclude all motion of the bank material, whereas
Lane's criteria is that of channel stability in homogeneous material
and does not necessarily imply the absence of all boundary motion.

Lane, in his 1955 paper [52], also gave tentative recommendations
for limiting tractive forces applicable to fine noncohesive and cohesive
materials. These recommendations were based primarily on published
tabulations of critical velocities whereas the values derived for coarse
noncohesive materials included significant field data from the canals

of the San Luis Valley.
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Recent Advances in Channel Design Criteria

During the late '50's and '60's, the knowledge base regarding flow
in alluvial channels was extended through continuing research in several
areas. One of these areas was the study of bed forms generated in sand
bed channels and their effect on flow characteristics. The brief out-
line which follows is based on the work of Simons and Richardson [92,94].

Simons and Richardson divided the flow in sand bed channels into
two regimes connected by a transition phase. In the lower flow regime,
resistance to flow is large and sediment transport capacity small, while
in the upper flow regime, resistance is comparatively small and trans-
port capacity large.

The lower flow regime consists of three phases. Given in order of
increasing stream power (yDSV or TOV), these are:

1) Plane bed without sediment motion (i.e., flow with insufficient

energy or tractive force to initiate motion of the bed material).

2) Ripple phase in which the bed forms are triangular with heights

of less than 0.1 ft and lengths of less than 1.5 ft. Ripple
dimensions appear to be independent of depth. Ripples are not
formed in material with a mean diameter greater than 0.6 mm.
3) Dune phase in which the dimensions of the triangular form are
depth dependent and flow resistance tends to increase with depth.
Upper regime flow may also be divided into three major components using
the stream power criteria.
1) Plane bed with sediment motion.
2) Standing waves (flow resistance approximately the same as for

plane bed).
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3) Antidunes which are similar in form to dunes but differ in
the mechanics of formation. At high energy levels, breaking
antidunes are formed causing increased turbulence and asso-
ciated high iocal concentrations of suspended sedimeni and
increased flow energy losses. Chutes and pools may result
from breaking antidunes in a high energy level situation.

Although the bed form is a function of a large number of variables,
Simons and Richardson indicated good correlation of bed form with stream
power (yDSV) and sediment mean fall diameter. The plot developed from
this correlation is shown in Fig. 2.3. Although the plot appears to
give reasonably reliable results, it should be realized that the tran-
sition from one defined bed form to another is gradual, and therefore
the enveloping lines cannot be taken as defining exact and sudden
changes in form. It should also be noted that more than one form of
roughness may be present in a single channel cross section due to var-
iations in local flow conditions.

The relationship of flow resistance to bed form is illustrated
qualitatively in Fig. 2.4 after Simons et al. [91], and summarized in
Table 2.4 after Simons [90]. It is seen that flow resistance varies
over a broad range both between various bed phases and within a single
bed form. In canal design, primary concern is directed toward vari-
ations within the dune phase since most canals constructed for irriga-
tion and power purposes fall in this category.

The idea that flow resistance is related to bed form in a direct

fashion is not new; Einstein (1950) [22,23] utilized this concept in the
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Figure 2.4. Bed Forms and Associated Roughness
(after Simons et al. [91]).

development of his now familiar theory of sediment transport. In
Einstein's method, the hydraulic radius, and thereby the flow resis-
tance, was broken into a portion dependent on form roughness and a
portion dependent on grain roughness, with the actual hydraulic radius
being the sum of these two parts. Working along these lines, Haynie
[34,35], and Simons and Richardson [92], proposed design procedures
which eliminated the necessity of estimating such factors as Manning's
rugosity coefficient, Lacey's silt factor, or Blench's bed and side

factors.

Table 2.4, Relation Flow Resistance to Bed Roughness
(after Simons [90]).

Plane Ripples Dunes Antidunes Chute § Pool

c/Yg  15-23 6~7-12 8-12~15 10-20 9-16

n 0.012-0.016 0.018-0.050 0.018-0.035 0.012-0.028 0.015-0.031

Haynie approached the problem from a point of view analogous to

the boundary layer displacement thickness concept of fluid mechanics,
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and the friction factor vs. Reynold's number diagram used in pipe flow.

The logarithmic flow equation,
v v,D
VT 5.75 log;, ( " ) + 2.5 (2.19)

was assumed to correctly describe flow over a smooth rigid boundary,
where V = average velocity, V, = VgRS = shear velocity, D = flow depth,
and v = kinematic viscosity.

Values of V/V, based on data from existing canal systems were
plotted vs. the log of the shear Reynold's number (V,D/v) on the same
diagram with the curve described by Eq. (2.19). This plot resulted in
the determination of a velocity difference between flow over a smooth
rigid boundary and flow over a mobile bed. From this, a depth correction
or effective smooth boundary displacement thickness could be obtained.
Values of velocity and depth corrections to smooth boundary conditions
were then correlated with parameters describing channel geometry based
on flume, canal, and river data from the U.S. and Pakistan. From this,
an iterative design procedure was devised with the initial channel
geometry estimated using the regime type plots of Simons and Albertson
[95]. The steps to design and necessary plots as given by Haynie are
reproduced in Appendix A. For channels operating in the plane bed
phase, Haynie recommended use of the relations developed by Liu and
Hwang [60] for velocity computations.

Simons and Richardson in 1963 [94] had suggested the possible use
of a depth correction to account for variable flow resistance due to
bed forms, and in 1966 [92] presented a design procedure similar to

that of Haynie utilizing this idea. The procedure differs from



32

Haynie's in that rather than correcting to a smooth'boundary, Simons

and Richardson corrected to grain rough plane bed conditions. The
correction therefore represents only that portion of the flow resistance
attributable to form roughness, and is similar in nature to Einstein's
R" term. Also, where Haynie used the velocity correction as the base
from which to develop his relationships, Simons and Richardson used
depth or hydraulic radius correction as the prime parameter. The neces-

sary material for application of this procedure is also reproduced in

Appendix A.

DISCUSSION OF DESIGN METHODS

The single channel design methods which have been presented may in
general be divided into four categories: critical velocities, regime
theory, tractive force theory, and depth correction. The engineer
faced with a design problem must select from these, either individually
or in combination, a method for the solution of his own unique problem.
Each of these methods have at some time been used successfully, yet the
resulting designs may differ significantly and no one method is gener-
ally accepted as being absolutely correct. It would therefore seem
worthwhile to review some of the implications, similarities, and
differences of the various approaches.

Since average velocity is a variable entering most computations in
canal work, and may easily be seen to relate to the sediment carrying
capacity of the channel, its selection for use as a criteria for design
was logical. The problem with this lies in the fact that average
velocity alone fails to account for the forces acting on individual
particles which are dependent on other hydraulic and geometric param-

eters. Critical velocity tabulations do, however, constitute a large
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and valuable data base representing the experience of many engineers
over time. Large deviations from accepted critical velocity values
should be regarded with suspicion, and the reason for such deviation
ascertained.

Regime theory attempts to account for variations in the parameters
not considered in the use of critical velocity alone by relating veloc-
ity to the geometric properties of the channel and bed material.
Implicit in the use of regime theory is the assumption of three degrees
of channel freedom. These are the freedom to adjust in width, depth,
and slope. Further implied is the idea that for a given discharge, and
bed material, a unique equilibrium value of each of these variables
exists [45]. The depth correction technique may be considered as an
extension of conventional regime theory and assumes the same three
degrees of freedom, but implies an interrelation between these variables
which allows a range of equilibrium values for each.

Blench [4], when discussing the applicability of regime concepts,
gives the following criteria for exact applicability of the basic
relations.

1) Steady discharge.

2) Steady bed sediment discharge of too small an amount to

appear explicitly in the equations.

3) Duned sand bed.

4) Suspended load insufficient to affect equations.

5) Steep cohesive sides that are erodible or depositable from

suspension and behave as hydraulically smooth.

6) Straightness in plan, so that the smoothed dune bed is level

across the cross section.
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7) Uniform section and slope.

8) Constant water viscosity,

Additionally, Lacey [45] points out that the regime channel must be
formed of the same material as that transported by the flow. This con-
dition is normally satisfied by sand bed channels due to the interrela-
tion of bed material and transported sediment to be discussed in
Chapters III and IV.

Since the regime formulas are primarily based on correlation of
data from operating canals, care must be taken in extrapolating the
relations to conditions not adequately represented in the formulative
data. Significant work has been accomplished [4,5,36,45,70] in relat-
ing the form of the regime equations to theoretical bases, but the
understanding is still imperfect.

The major source of data for the formulation of regime theory was
the canals of the Indo-Gangetic plane. Blench summarizes the range of
variables represented by these canals as given in Table 2.5,

It is not meant to imply that use of the regime equations has been,
or should be, strictly limited to channels which satisfy all of the
above criteria. However, as in all work of this type, judgment must be
used, and an understanding of the conditions on which a method is based
forms a point of beginning. The greater the departure from ideal
conditions, the greater the part played by experience and judgment in
the design procedure.

Attempts have been made to directly compare Lane's tractive force
method with regime equations [37,80]. Insight into why these attempts

have not resulted in determining one method "right" and the other
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Table 2.5. General Data Range of Indian Canals
(after Blench [4]).
Variable Range Remarks (not given by Blench)
d 0.1-0.6 Diameter of bed material in milli-
meters
Gradation log prob. Sediment has log-normal size distri-
bution
C per 105 0-3 Bed load charge in parts per hundred-
thousand by wt.
Suspended
Sediment Conc. 0-1% Wash load
Water Temp. 50-86°F
Sides clay, smooth Canals are "aged" with suspended load
settling to form cohesive layer
B/D 4-30 Width to depth ratio
V2/d 0.5-1.5 Implies Froude number of 0.12-0.22
VB/v 106-108 Reynolds number with respect to
width
Q 1-10,000 Discharge in cubic ft per sec
Bed phase dunes
D/d >1000 Measure of relative grain roughness

"wrong" may be gained by comparing the approach and the data base of each.

Lane's primary source of data in the initial development of the

tractive force approach was the San Luis Valley canals. His primary

concern was in the design of channels to carry relatively clear water

without scour.

In order to contrast the differences in the prime data,

a portion of Table 2.5 is reproduced along with comparable parameters

from the San Luis Valley canals [55] in Table 2.6.
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Table 2.6. Comparison of Indian and San Luis Valley Canals.

Range Range
Variable Indian Canals San Luis Valley Canals

dso 0.1'0.6 mm 0.79'3.23 in

(20-82 mm)
Suspended Sediment 0-1% relatively clear

Sides clay, smooth granular

Bed Phase dunes armored with

(fully active bed) coarse material

(little sediment motion)

It may be seen from the comparison that the problems attacked
initially by the two methods, although similar in nature, differ signi-
ficantly. Both approaches have been expanded for use outside of their
original data bases (regime - ref. 4 and 70, tractive force - ref. 52);
however, their areas of most direct applicability remain separate.

The critical velocity, tractive force, and regime approaches all
suffer from the common fault of requiring the estimation of one or morc
empirical factors. 1In the case of critical velocities or tractive
force, a flow equation must be selected. The equation used most com-
monly is that of Manning which requires the selection of the rugosity
coefficient n. In the case of the Lacey relations, the silt factor f
must be estimated, and in Blench's relations, both side and bed factors
must be obtained. Although guides exist for the sclection of each of
these, their ultimate determination must be based on judgment and
experience.

The selection of a value for Manning's n is probahly the lcast
difficult due to its long and widespread use. A number of tahbles, some

of which include photographs [5,15], have been published giving values
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of n for various materials and conditions. Empirical relations such
as those given in conjunction with the presentation of Lane's tractive
force method may be considered as reasonably reliable in situations
where grain roughness is dominant.

The selection of factors for use in regime equations may present
somewhat more of a problem. These factors encompass both flow resis-
tance and stability considerations. Lacey [50] gives a "rough'" rela-

tion for estimating the silt factor used in his relations as:

f = sq (2.20)

where dm is the mean diameter of the bed material in inches. This
relation, however, was never claimed by Lacey to be exact.
Blench [4] also gives guides to the selection of bed and side

factors used in his relations. These are:

Fp = 1.9 /CE (2.21a)
or
F, = 0.58 ol/24 (v, \)11/72 (2.21b)
b 70
and
\
Fs < 0.1 for sandy loam
F, < 0.20 for silty clay loam ) (2.21c)
Fs < 0.3 for cohesive banks
/
in which

Fb = Blench bed factor

Fs - Blench side factor
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(=%
]

mean diameter of bed material in millimeters.

€
1]

fall velocity of mean diameter particle at 70°F in cm/sec.

Voo = kinematic viscosity of water at 70°F,

<
]

kinematic viscosity of water in the channel.

Relation (2.21a) is approximately equivalent to Lacey's relation
given as Eq. (2.20). Blench indicates this relation to be applicable
to sand size particles only. Again, final selection must be based on
experience with Eqs. (2.21) serving only as a guide.

The methods involving depth, hydraulic radius, or velocity
correction were initiated primarily in an attempt to avoid the uncer-
tainties involved in estimating these factors for sand bed channels.
The correction methods cited utilize the regime approach in the initial
estimation of channel dimensions and in this respect may be considered
an extension of regime methods. The roughness or resistance factor is
integrated into the correction plots and need not be calculated
directly so long as the representative bed form is maintained. These
methods must be considered empirical in the sense that, although the
significant parameters were obtained from theoretical considerations,
the final curves represent the 'best fit" of data points and apparently
do not directly represent physical laws.

The correction procedures offer an additional advantage over
regime equations in allowing a limited flexibility in the selection of
canal geometry. The freedom is limited in that the dune phase of flow
must be maintained, sediment transport capacity must be compatible with
parent river characteristics and headworks design, and large deviations

from regime widths and depths are not advisable.
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The first restriction may be seen as a data base limitation which
is in turn a result of natural channel behavior characteristics. When
the flow passes into upper regime with respect to bed form, the resis-
tance to flow is greatly decreased with a resulting velocity increase.
Few natural bank materials can withstand the velocities of upper regime
flow without protection. For this reason, care must be taken when
designing a channel to operate near the transition region. The occur-
rence of upper regime flow at some stage of operation may cause severe
bank erosion in a short time.

The second and third limitations hinge on the principle of
self-adjustment or the three degrees of freedom as applied to canals
and rivers. The sediment transported and the balance thereof is the
means by which slope adjustment is made. If the quantity of sediment
entering the canal exceeds the transport capacity, deposition will
occur in the head reaches resulting in an increase in slope. Conversely,
if the flow is capable of transporting more material of the sizes mak-
ing up the boundary than is otherwise available, degradation will occur
resulting in a decrease in slope.

The width and depth are controlled by the fact that if the channel
is significantly narrowed and deepened, the velocity adjacent to the
banks will be increased and erosive forces will tend to widen the chan-
nel, while if width is significantly increased, the channel will exhibit
a tendency to meander. Alternate bars may be formed with the main cur-
rent attacking the banks at intervals.

In using the limited freedom provided by the use of depth or

velocity correction methods, an understanding of the principles of
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channel behavior is essential. For the purpose of reviewing these

principles, the Lacey-Inglis [39] regime relations are restated.

1/4
B =K 2.14
1 3173 1/12 [ 50] (2.14a)
- J1/36 o5/6
= K, — (2.14b)
3 T8 G w dso)1/12
. J1/9 /3 d§66
= (2.14¢)
4 718 o173
s=x ¥ d5°)5/12 (2.14d)
= 5 ‘ .
5736 1718 176

Viewing these relations qualitatively it is seen that if the
discharge is increased, other things remaining constant, the width to
depth ratio will tend to increase, the average velocity will tend to
increase, and the slope will tend to decrease. It was the observation
of these tendencies which led to the mathematical formulation of regime
theory. Evaluating the effect of sediment concentration qualitatively,
it is seen that an increase in sediment concentration will tend to
result in an increase in width and slope, and a decrease in depth, with
slope being the most sensitive to changes in concentration.

Since increasing the sediment concentration term in the
Inglis-Lacey relations is in effect designing the canal for a larger
sediment transport capacity, the general behavior indicated may be
used to advantage even if the numerical values attached to the coeffi-
cients and exponents are not accepted as precise. Adjustment of these

variables in the methods given by Simons and Richardson or Haynie,
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within the limits indicated and in conjunction with acceptable sediment
transport computations, provides a logical approach to the design of
sand bed channels.

Little has been said about the design of channels in cohesive
material. Since research in this arca has been limited, large amounts
of data do not exist. Lane's tractive force approach and critical
velocity tabulations may form a point of beginning for work in this
area. Lane [52] computed tentative values of critical tractive force
for a number of materials including clays from critical velocities
given by Etcheverry [25] and Fortier and Scobey [28] by assuming a
depth of three feet, a bottom width of ten feet, and side slopes of
1-1/2:1. The values of critical tractive force obtained from the
critical velocities of Fortier and Scobey are given in Table 2.7 and
may be used ;s a guide in design for the case of cohesive materials.

As with any design, it must be realized that the canal is a part
~of a larger system and its behavior influenced by the other components
of that system. If the water entering a canal constructed in cohesive
material carries significant sediment in the sand size range as bed
load, the final behavior of the canal may be that of a sand bed channel
with associated flow resistance and capacity.

In the implementation of any design procedure, available data from
similar systems in the area should be utilized. Data taken from these
systems may serve both to point out problems unique to the particular
area and to provide a check on the applicability of the selected method

of approach.



Table 2.7.

Comparison of Limiting Velocities Determined by S. Fortier
and F. C. Scobey with Values of the Tractive Force for
Straight Channels After Aging (after Lane [52]).

Water Transporting

Clear Water Colloidal Silts
Material Value Tractive Tractive
of n Velocity, force, in Velocity, force, in
in feet per pounds per in feet per pounds per
second square foot second square foot
Fine sand, colloidal 0.020 1.50 0.027 2.50 0.075
Sandy loam, noncolloidal 0.020 1.75 0.037 2.50 0.075
Silt loam, noncolloidal 0.020 2.00 0.048 3.00 0.11
Alluvial silts, noncolloidal 0.020 2.00 0.048 3.50 0.15
Ordinary firm loam 0.020 2.50 0.075 3.50 0.15
Volcanic ash 0.020 2.50 0.075 3.50 0.15
Stiff clay, very colioidal 0.025 3.75 0.26 S5.00 0.46
Alluvial silts, colloidal 0.025 3.75 0.26 5.00 0.46
Shales and hardpans 0.025 6.00 0.67 6.00 0.67
Fine gravel 0.020 2.50 0.075 5.00 0.32
Graded loam to cobbles when noncolloidal 0.030 3.75 0.38 5.00 0.66
Graded silts to cobbles when colloidal 0.030 4.00 0.43 5.50 0.80
Coarse gravel, noncolloidal 0.025 4.00 0.30 6.00 0.67
Cobbles and shingles 0.035 5.00 0.91 5.50 1.10

(A7






CHAPTER III
REVIEW OF SEDIMENT TRANSPORT COMPUTATIONAL TECHNIQUES

To anticipate the sediment transport capacity of a channel is
perhaps the most difficult problem encountered in canal design. As
stated by Bogardi [9]:

"The problem is a highly complex one so that, in spite

of the great number of investigations and observations

conducted for obtaining a clear picture, no satisfactory

solution has been found as yet."

The computational methods presented must therefore be used with proper
caution and judgment and should, as much as possible, be supplemented
by data from similar existing systems.

To undertake a complete discussion of the development of sediment
transport theories would be beyond the scope of this paper. The pre-
sentation here will therefore be limited to three of the more accepted
points of approach to the problem through computational techniques
representative of each.

Before proceeding with a discussion of the various approaches to

sediment transport computations, selected terms are defined for

clarification.

Definitions

Bed layer: The flow layer immediately above the bed. (Usually
taken as two grain diameters thick.)

Bed load: Sediment which moves essentially in contact with the
bed within the bed layer.

Bed material: That sediment material of which the streambed is

composed.
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Bed material discharge: That part of the total sediment discharge
which is composed of grain sizes found in the bed. Bed material dis-
charge is usually considered to be equal to the transport capacity of
the flow.

Sediment concentration: The quantity of sediment relative to the
quantity of transporting fluid or fluid sediment mixture. When expressed
in parts per million (ppm), the concentration is the ratio by weight.

Suspended load: Sediment that is supported by the upward
components of turbulence and remains in suspension for an appreciable
length of time.

Wash load: That part of the sediment discharge which is composed
of particle sizes finer than those found in appreciable quantities in
the bed material. Wash load is primarily dependent on the upslope

supply rate.

Tractive Force Approach

One of the earliest models for computing bed material transport
was that advanced by duBoys in 1879 [20] based on tractive force as
the governing flow parameter. duBoys modeled the channel bed as moving
in layers with the velocity of each layer decreasing linearly downward.
Although duBoys' model was proved to be incorrect in its assumptions,
more refined formulae, based on the idea of shear stress in excess of
that required to initiate motion being the governing parameter for
sediment transport, have survived. As an example of a method utilizing
this basic approach, the Meyer-Peter and Miiller [75] relations are
selected. These relations have received extensive use in Europe, and

were converted to English units for use in the U.S. by the U.S. Bureau
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of Reclamation. In the following summary however, the units required
are those of the metric system.

Meyer-Peter and Miiller based their relations on studies done from
1934 to 1948 and concerned themselves with bed load only. Bed material
transported in suspension was not considered in their computations. The
relations were developed in three steps. The effect of variations in
depth and discharge on the transport of uniform material was studied
first. The experiments were then repeated with different bed materials
to determine the influence of specific gravity on transport, and with
natural sand mixtures to determine the effect of gradation. The general
range of data covered by the study was:

Energy slope from 0.4% to 20%

Mean diameter of bed material from 0.4 mm to 30 mm

Water depths from 1 cm to 120 cm

Discharge quantities from 2 1it/sec to 4 ms/sec.

The final relation derived from these studies to describe bed load

transport was given as:

Yk /K )¥? R S = 0.047 v g, +0.25 o1/ g1 %3 (3.1)
in which
Ks = roughness coefficient equivalent to that developed by Strickler
(KS may be taken as 1/n where n is the roughness
coefficient used in Manning's equation).
Kr = roughness coefficient due to skin friction (given by

Meyer-Peter and Milller as Kr = 26/d;é6 where d90 is the
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diameter in meters for which 90 percent of the material is
finer).

y!' = Yo = Y= bouyant specific weight of sediment particle.

p = density of water sediment complex.

q; = rate of sediment discharge weighed under water.

dm = algebraic mean diameter of bed material in meters.
Rs = bed hydraulic radius.

S = slope of energy grade line,

Examination of Eq. (3.1) reveals the left-hand side to be the
average tractive force exerted on the bed of the channel corrected by
the ratio of grain resistance to total flow resistance raised to the
3/2 power. The right-hand side of the equation then breaks this effec-
tive tractive force into two parts, that required to initiate motion
(q'=0), and that part effective in transporting the material, The
prime difference between this and more primitive forms based on excess

/2

tractive force therefore lies in the factor (Ks/Kr)3 , which attempts

to account for the effect of form roughness in the channel.

Stochastic Approach

Einstein [23] approached bed material transport as a probability
problem. He reasoned that in an equilibrium condition, the number of
particles deposited on the bed of a channel must be equal to the number
of particles of the same size eroded from the bed in the same time
period., The probability of a particle being eroded was taken as that
portion of the time which, at any one spot, the local flow conditions
cause a sufficiently large 1ift on the particle to remove it from the

bed. With all points on the bed statistically equivalent, this was
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shown to also be equal to the fraction of the bed on which, at any time,
the 1ift on a given size particle was sufficient to cause motion.

Through the second interpretation and existing fluid mechanics
concepts of the behavioral characteristics of turbulent flow, the
probability of a particle being eroded was then related to parameters
describing the hydraulic and geometric properties of the channel and
the bed materiall For computational purposes, the bed material is
divided into size fractions and the transport computed for each frac-
tion. In this way, the gradation of the transported material as well
as the total quantity is estimated.

The resulting relations lead to a primary dependence of the method
on individual particle shear and make it, in this respect, similar to
those methods previously discussed. The nature of this dependence is
Presented in abbreviated form by Eqs. (3.2) in which the subscript i

refers to a given size fraction of the bed material,

q = g £(e,,) (3.2a)
0, = £(b,;) (3.2b)
Vey = £ Y(8/8)% ¢ (3.2¢)
*j i X i
and
p. = p d,
= (e 1 .
‘pl = ( P ) R'S (3 Zd)
in which
9 = bed load transport per unit of channel width
¢*i = Einsteins transport intensity parameter for size fraction

i. (Relation of ?,; to 4, developed from theoretical

considerations.)
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v, = intensity of shear on individual grain size. (Relation
of ¢y, to %, developed from theoretical considerations,)
1 = correction factor for particle hiding, (Developed from
empirical data, primarily flume experiments.)
Y = 1ift correction factor. (Developed from empirical data,

primarily flume experiments.)

(B/Bx)2 = parameter related to the hydraulic roughness of the
boundary. (Dependent on Nikuradse's data using sand
roughened pipes.)

v; = intensity of particle shear.

Py = mass density of particle.

p = mass density of fluid-sediment complex.

di = geometric mean size of bed material fraction.

R! = hydraulic radius associated with grain roughness
(discussed further below).

S = slope of energy grade line.

The use of R' in relation (3.2d) is a result of Einstein's
assumption that only the turbulence generated by the grains was in close
enough proximity to the particles to be effective in generating bed
motion. He then developed a flow resistance function by djviding the
hydraulic radius into two parts, a portion associated with grain rough-
ness (R') and a portion associated with form roughness (R"), The actual
hydraulic radius is the sum of these two parts. The division was made
such that the logarithmic velocity equation in terms of grain roughness

was satisfied, i.e.:

ar 5.75 log10 (12.27 1:—9 (3.3a)

*

\ R'x
s



49

giving a velocity distribution in the vertical of:

= X,
uy ul 5.75 log10 (30.2 ks) (3.3b)
in which
V = average velocity.
uy = local velocity at a distance y above the bed.

u! = /gR'S = shear velocity associated with grain roughness,

R' = hydraulic radius associated with grain roughness,

x = correction factor relating to the transition from smooth to
rough boundaries

ks = representative .grain size, taken as dgs by Einstein.

The resistance relation was completed by relating the hydraulic
radius associated with form roughness to a representative boundary shear.

This relation was given as:

v
o = £ (3.3c)
where
pe - p d
b ng (3.3d)

with ul being the shear velocity associated with form roughness,

and all other variables being as previously defined. The functional

relation given by Eq. (3.3c) was developed graphically from existing

river measurements. Einstein [23], in his original publication, indi-

cates this to be probably the least reliable of the relations developed.
Given d35 of the bed material and the relation of cross-

sectional area to hydraulic radius for the channel, the total hydraulic

radius and corresponding discharge may be obtained from Eqs. (3.3) by


http:C�')(3.3c
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assuming a value of R'. If a specific discharge is desired, solution
is by trial and error.

Einstein included the suspended portion of the bed material load
in his calculations by assuming the bed load to be limited to a layer two
grain diameters above the bed, and that the concentration at the upper
limit (y = Zdi) was equal to the average concentration within this layer.
The distribution of suspended material in the vertical was taken to be

of the form given by Rouse [84] as:

Cys = Cos (D—;X 2% (3.42)
where
z; = mi/BKV* (3.4b)
and
y = distance above the bed.
Cyi = concentration of material having a geometric mean diameter

d;, as a function of y.

aj = concentration at a distance a above the bed.

D = depth of flow.

w; = fall velocity of sediment particle of diameter d,.
Kk = von Karman's coefficient.
B = a coefficient relating diffusion coefficients,

V, = shear velocity.

Einstein then numerically integrated the produce of concentration
and velocity over the channel depth to obtain the suspended sediment
discharge for a given particle size. In performing the integration,

B and «k were assigned values of 1.0 and 0.4 respectively, and the

shear velocity (V,) was replaced by the grain shear velocity (u}).
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For a full derivation of Einstein's method, the reader is referred
to Einstein's original work [23] which also contains a discussion of
the methods limitations and example computations. Due to the number
of computations required, the method is seldom applied in a form other
than that adapted to the use of high speed computers. One such program
to perform the required computations along with directions for its use
is included as Appendix B.

A number of modifications to Einstein's method have been made by
various researchers. One such modified approach is that devised by
Colby and Hembree in 1955 [17] and often referred to simply as the
"Modified Einstein Procedure." The technique was developed to utilize
the principles developed by Einstein for estimating the total sediment
discharge (including wash load) from stream flow measurements, depth
integrated suspended sediment samples, bed material samples, and
temperature. In application, the methods differ in that the modified
procedure computes total load, but was developed for, and limited to,
use on an existing system, whereas the original procedure computes bed
material load only and may be used as a design tool.

The major computational differences between the two methods
are:

1. In the modified procedure, shear velocity associated with grain
roughness is computed using measured values of average velocity and

depth in the relation:

\

u =
m 12.27 Dx
5.75 log10 {——-E;-——J

(3.5)

This corresponds to Eq. (3.3a) with u}l replaced by u and R!
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replaced by the measured mean depth (D). All other variables are as
previously defined.

2. The suspended load exponent, z, in Eq. (3.4a) is determined
from suspended sediment measurements for a dominant grain size. Values
of z for other than the dominant size are assumed to vary with the
0.7 power of the particle fall velocity. The relation used by Einstein,
given as Eq. (3.4b) implies a variation of =z with particle fall
velocity to the first power.

3. The intensity of individual particle shear, ¥,, in the
original procedure is replaced in the modified procedure by the larger

value of Yo computed by the following:

- P

e, %
—— g
by = —2— 35 (3.6a)
m
pg - P
0.4 ( ) d; /g
v = "u (3.6b)

m
where all variables are as previously defined. This in effect assigns
a value of 0.4 to the expression EY(B/Bx)2 in Eq. (3.2c) for grain
sizes greater than 2.5 d35 and assigns a constant value of shear
intensity to particles smaller than 2.5 d35.

4. Einstein's transport intensity parameter, ¢,, is arbitrarily
divided by two in the modified procedure to more closely fit the
available data,

Colby and Hembree provide a discussion of the logic underlying
these modifications, as well as graphical aids and example computations

illustrating the uses of the methed, in their original publication [17].
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A computer program to perform the required computations has been
published by Mahmood and Ponce [62].

Mahmood, in 1971 [69], developed a method for estimating bed
material transport in sandbed channels based on the work of Einstein,
but incorporating later advances in bed form prediction and the effect
of sediment motion on the turbulent structure of the flow. A model of
two-dimensional time and space average velocity distribution for sand-
bed channels was first developed. This model divides the flow into

three regions as shown in Fig. 3.1, using the mean bed elevation as a

reference.
F—Ymax—
—=| *—Surface Cutback
v Water Surface,n=|
=
Surface Layer 7°7
2
| o/
- mey
D q-._D.. 1 Outer Layer
[ =7
7 Inner Layer !
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Figure 3.1. Velocity Distribution in Sandbed Channels
(after Mahmood [69]).

Using the analogy to the inner and outer layers in turbulent
flow over hydraulically rough rigid boundaries, the velocity profile
was described mathematically in terms of the dimensionless distance from

the mean bed as:

u*
u == zn(-;_n—-) for no S N<my (3.7a)
AL 'o

and
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n v
1 x N,y . N,2
i ("1) I(ny) Ve a; (1 - 25 (3.7b)

2

+
" Ko g1

for ny <n<1.0

in which

I(n,)

local average velocity.

effective shear velocity. Effective rather than actual
shear velocity is used to account for the effects of bed
form and boundary movement on the average velocity pro-
file of the inner layer.

0.4 = von Karman's constant.
YgRS = actual shear velocity

a correction factor applied to von Karman's constant to
account for the effect of suspended sediment and local
accelerations caused by the bed forms on the turbulent
structure of the flow in the outer layer. For practical
application in his resistance and transport functions,

Mahmood assigned a value of g8 = 1.0.

unit step function used to combine relations for the outer
and surface layers.

an empirical coefficient describing surface cutback. A
value of a; = 35.0 was found to fit Mahmood's flume data.
dimensionless depth at which the velocity is zero. Related

to relative roughness of the boundary after Keulegan as

=3
]

(1/33.35) -« (ks/D). Mahmood used this relation taking

w
[}

s d84 of the bed material.
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Ul = dimensionless depth at which both Eqs. (3.7a) and (3.7b
apply. Based on measured profiles, Mahmood assigned a

value of ny = 0.15.

= dimensionless depth describing the lower limit of surfa
cutback influence. In fitting Eq. (3.7b) to flume data
n, was found to be approximately 0.8, Surface cutback
was neglected in the derivation of resistance and trans
port relations, however, thereby assigning an effective
value of n, = 1.0,

Substituting in the constant values indicated, Eqs. (3.7a) and

(3.7b) reduce to:

)

ce

2

u=25u_ % 33 for y<0.150D (3.7¢)
e d -
84
and
us=2.5u, 4&n C§;Q§_Qa + 2.5 u, fn (Q;QZ_XO
e d D
84
for 0.15D <y <D (3.7d)
In Eqs. (3.7¢) and (3.7d), all values are directly obtainable
except the effective shear velocity U,o- Although arrived at dif-
ferently, Uy is similar in nature to Einstein's ul. Since it is
always less than the actual shear velocity, it may be expressed as:
ufe = Vf - Auf (3.8a)
A resistance function was developed based on Eqs. (3.7) by
graphically correlating Au, with Shield's parameter expressed as:
Duz
il (3.8b)

LI AT
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in which all terms are as previously defined. Separate plots of V/Au,
versus 1/Sh were developed for the upper and lower flow regimes as
defined by Simons and Richardson [94] and determined using Fig, 2.3.
Since effective shear velocity enters both parameters, solution is by
trial and error. Example computations illustrating the use of this
approach are given in Mahmood's original publication [69].

Equations (3.7) were also used in the development of a method
for estimating the bed material discharge. Like Einstein, Mahmood
assumed the bed load to be limited to a bed layer two grain diameters
thick, and the suspended load for a given size fraction to be determined
by the integral over the remaining depth of the product of the velocity
and the concentration. To more closely conform to the assumptions of
Eqs. (3.7), the concentration was assumed to vary as:

Nai,z,
Ch, =C, (7 (3.9a)

ny Nai

in the inner layer (nai <n 5-"1)’ and:

n
1 l - n.z.
C =¢C . .
A e i (3.9b)

in the outer layer (n1 <n <1), with Naj = Zdi/D and z; computed

from Eq, (3.4b) using the total shear velocity and a value of 8 = 1.0.
Except for the determination of 25 Eq. (3.9b) is identical to
Eq. (3.4a) used by Einstein.

Bed load transport per unit of channel width for a size fraction

(qbi) was related to the reference concentration such that:

Qu; = U C n.D (3.10)
bl Nai Mag
in which u is the velocity at the outer limit of the bed layer
ai

and other variables are as previously defined,
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The reference concentration for a given size fraction was in turn
assumed to be related to a mean concentration parameter in proportion

to excess particle shear as:

c, = (o Tei. T =Y C—:— (3.11a)
ai 0
in which

Ty = YRS = average shear stress on the boundary,

Toi = critical shear stress as determined by Shield's criteria
for the geometric mean diameter of the size fraction,

n = number of equal size fractions into which the bed material
is divided.

Cb = mean concentration paramecter.

Through analysis of flume data, the mean concentration parameter
was developed as:

3/4

- £l Sh “s0,
b Uy

C (3.11b)

with the functional relationship being empirically defined. The data
used in determining this relationship were primarily from flume and
canal measurements. The range of varishles included median bed material
sizes from 0.19 to 0.93 mm, total bed material transport rates from
0.00024 to 8.06 pounds per seccond per foot of channel width, and bed
forms from ripples to antidunes. Mahmood cxpressed this relation
graphically hy plotting the total bed material transport per unit width,

Qg+ Versus a transport paramcter, Gm. The relation of these variables
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to those of Eq. (3.11b) is given by:

C q

. 4b = B (3.11c)
Y S°/ w Gm
Lo Yso

u*e

With the mean concentration parameter known, the bed material

transport for a given size fraction may be expressed as:

Ty " Tci Cb 1.0
qp; = (——) =D [un CC gt / u C ; dn] (3.12)
o] al al nai

with the functional relationship of the variables defined in Eqs. (3.7)
and (3.9).

A more complete discussion concerning the development of these
resistance and transport relations as well as graphical aids and example
computations may be found in Mahmood's original publication [69]. A
computer program, written in Fortran IV, for performing the required

computations has been developed and published by Mahmood and Ponce [62].

Direct Data Correlation

Colby (1964) [16] presented plots by which he stated a "reasonable
estimate" of the bed material discharge could be made with a minimum
of time and expense. Colby recognized the overall complexity of the
problem and initially stated:

"The sediment discharge at a cross section of a stream

may be considered to depend on depth, width, velocity, energy

gradient, temperature, and turbulence of the flowing water;

on size, density, shape and cohesiveness of the particles

in the banks and bed at the cross section and in upstream

channels; and on geology, meteorology, topography, soils,

subsoils, and vegital cover of the drainage area."
Colby then limited his study by considering only the bed material
discharge of sandbed streams to reduce the influence of some of these

variables,
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Four related primary parameters were selected for comparison in
their ability to predict bed material discharge. These parameters
were total shear (yYRS) or shear velocity (vgRS), mean velocity (V),
shear velocity computed from mean velocity (/Efﬁgjﬁ, approximately
equivalent to Einstein's YgR'S), and stream power (YRSV).

After plotting each of these parameters against bed material
discharge for a number of measured points, Colby concluded that the
relation developed using mean velocity was as. accurate as any tried,
except in the antidune region, and was more convenient to apply.
Within the antidune region, stream power appeared to have the advan-
tage over the other parameters in accurately predicting sediment
discharge, but suffered from the fact that the required evaluation of
energy slope was often difficult.

In his final plots, Colby incorporated the "secondary" effects of
depth, temperature, and concentration of fine sediment. High fine
sediment concentrations were assumed to affect bed material discharge
in the same fashion as low temperatures, through a change in the effec-
tive viscosity of the water sediment complex. The resulting curves
developed using mean velocity as the prime governing variable are shown
in Figs. 3.2 and 3.3. These curves were based on available data with
some portions being extrapolated.

To use Colby's curves for estimation of total bed material
discharge, mean velocity, mean diameter of bed material, temperature,
concentration of fine sediment, depth, and width of channel must be
known. Figure 3.2 is entered with mean velocity, mean diameter of bed
material, and depth, to obtain bed material discharge per unit width

for a temperature of 60°F and a negligible concentration of fine sediment.



60

10,000

10 Foot | 100 Foot

= 0.1 Foot 1.0 Foot
Depth Dopth /’

~ Depth Depth

1,000

LI L]

100

10

Discharge of Sands, in tons per day per foot of width

Ll

' 10 S
| 0 ] 10
Mean Velocity, ft /second

o.'

Figure 3.2. Bed Material Discharges as Experimentally Defined
Functions of Mean Velocity, Depth, and Median Particle
Size for a Water Temperature of 60°F (after Colby [67]).
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Correction factors k1 and k2 are obtained from Fig, 3.3 for tempera-
ture and fine sediment concentration respectively. Correction factor
k3 adjusts the effect of viscosity changes on bed material discharge

according to bed material size, making it a correction to the k1 and

k2 factors. The bed material discharge is then given by the relation:
Ay = dpy 1+(Q- klkz) 0.01 ks) (3.13)
where
9r = bed material discharge in tons per day per ft of width.
Ay = bed material discharge @ 60°F with negligible wash load.

kl’ kz, and k3 are correction factors as defined above.

In discussion of the method, Colby indicated that

"...about 75 percent of the sand discharges that were used

to define the relationship were less than twice or more than

half of the discharges that were computed from the graphs of

the average relationship. The agreement of computed and observed

discharges of sands for sediment stations whose records were not

used to define the graphs seemed to be about as good as that

for stations whose records were used."

Another empirical approach to the problem has been to apply
mathematical regression analysis to large quantities of data. This
approach has been used by a number of researchers since the advent of
the high speed digital computer. Although the relations derived by
this method do not appear to show general agreement, the approach may
prove particularly useful if the system in question is very similar to
the system(s) from which primary data is available.

Shen and Hung [89] applied regression analysis to 587 data points
from flume, canal, and river measurements to arrive at the relation:
log10 C =-107404.459 + 324214.747 X - 326309,589 x2 + 109503.872 x3

(3.14a)

in which
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0.57 0.00750189

{vs 3.14b
X ‘( 0.32 ( )

and

(@]
n

concentration in parts per million by weiglt,

V = average velocity in ft/sec.

w = sediment fall velocity in ft/sec.

S = slope of energy grade line.

They found that 95 percent of their primary data fell within 0.37 and

2.72 of the value expressed by this relation.

Summary of Sediment Transport Computational Methods

Three separate, but not unrelated, approaches to the computation
of sediment transport in a channel have been presented. As with the
relations presented in Chapter II, no single approach or computational
method may be designated as being the "best" for all application. The
design engineer must again rely on judgment and experience in selecting
the method most applicable to his particular problem. However, a
knowledge of the assumptions made and data used in the development of
the methods may serve as a valuable guide in the selection process.

The method devised by Meyer-Peter and Muller based on excess shear
stress [75], utilized data involving relatively coarse material and steep
energy slopes. Since they concerned themselves with only that material
transported as bed load, Eq. (3.1) is primarily applicable to channels
in which little or no material is transported in suspension. As a
result, its use is most often associated with gravel and cobble bed
streams.

The stochastic approach as presented by Einstein [23] is seen to

also result in a primary dependence on individual particle shear. The
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method computes total bed material load and the gradation of transported
material. The procedure was initially intended for general usage, but
has not always been found to give reliable results. '

Mahmood [69] modified Einstein's approach for application to
sandbed channels using a two layer model of velocity distribution. The
plots developed by Mahmood relating flow resistance to Shield's param-
eter are identical in nature to that developed by Einstein. Mahmood's
resistance function, however, was developed from canal and flﬁme data
and directly considers variations in bed form, whereas Einstein used
river data which may have included multiple bed forms within a single
cross section,

Mahmood's original work showed a close comparison of computed
values with primary data for resistance, total bed material transport,
and gradation of transported material. Sufficient field use of the
method has not been made to determine its general applicability.

Colby and Hembree [17] modified Einstein's computational procedure
for application to existing channels on which velocity and suspended
sediment measurements are available. The method computes total load
and gradation of transported material.

Of the methods discussed, this is the only one which includes wash
load (that portion of the total load too small to be found in significant
quantities in the bed). Since this portion of the load is dependent on
supply rather than channel transport capacity, it must be considered
separately in the usual design situation. Calculations which include
this portion of the sediment load must be based on measurements, upstream

availability, or both,
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Since the techniques utilizing Einstein's approach involve a
large number of calculations, they are often applied through use of the
high speed computer. Programs have been developed for this purpose [62].

Colby [16] developed a quick graphical method for estimating the
total bed material discharge of sandbed channels. The limits of appli-
cation are implied by the median diameter and mean velocity range of
the curves. Simons [90] suggests that the gradation of the transported
material may also be estimated by dividing the bed material into size
fractions and applying Colby's curves to each fraction. In his original
publication, however, Colby did not discuss use of the curves in this
fashion.

In addition to those mentioned, a number of other formulae have
been developed and used in the computation of sediment discharge. Most,
however, may be seen to depend on approaches similar to one of the pre-
ceding examples. At the present time, the methods presented here may
be considered as applicable for general usage as any available. In
selecting any technique for application to a particular problem, it is
desirable that the characteristics of the system lie within the data
base used in development of the method, or within the range for which
the method has been shown to reasonably apply. When available, data
from similar systems should be utilized. In some cases, mathematical
regression analysis of this data may provide effective transport
relations. Chitale (1966) [14] and Bogardi (1974) [9] present rather
thorough reviews of sediment transport theory and methods of computa-
tion. These references may serve as a point of beginning for the

individual interested in pursuing further information in this area.






CHAPTER 1V

SEDIMENT DISTRIBUTION IN BRANCHING SYSTEMS

The problems associated with sediment in a canal system are
primarily related to the stability of the channels within the system.
If neither éggradation nor erosion is to occur, the principle of
mass continuity with respect to sediment must be satisfied within each
subsystem contained in the network. Application of this principle
implies that the sediment inflow to any subsystem over finite time
periods must equal the sediment outflow. In order to achieve this
goal, each component of the system must be considered in relation to
the overall system.

Sediment inflow to the system is dependent on the transport
characteristics of the parent channel and on headworks design. At low
head diversions, inflow concentrations may be expected to vary
seasonally with variations in water and sediment discharge in the
parent channel. For systems with relatively constant water discharge,
however, a time average value for sediment inflow may be used for
design if provision is made for channel storage of bed sediments during
periods of high inflow. This sediment is then removed by the flow
during periods of low sediment inflow concentrations, resulting in
satisfaction of mass continuity with respect to bed sediment for
time periods which include one or more seasonal cycles of
operation [67].

Both quantity and quality of sediment entering the system may be
influenced by the location and design of the headworks. Sediment

exclusion and/or ejection devices incorporated into headworks or
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bifurcation structures may reduce the quantity and mean size of
sediment eniering the-system or suﬁsystem. In the case of low head
diversions from alluvial channels, however, significant'quantities of
sand size material may enter the syétem even when these devices are
used. Melone, Richardson, and Simons [74], among others, present a
review of current sediment exclusion and ejection techniques.
Computational methods discussed in Chapter III combined with proper
headworks design computations may be used to construct a sediment in-
flow hydrograph and to determine a sediment inflow quantity for use
in canal network design.

‘Sediment entering the system is disposed of through distribution
to water users with the water supply, by allowing it to accumulate
at designated areas within the system and periodically removing it
by mechanical means, or by a combination of the two. Efficient
disposal of the sediment by either means requires consideration be
given to sediment routing within the system as a part of the design
procedure., ‘

Location of points within the system for the storage and removal
of sediment should be selected in advance based 2n equipment available
for sediment removal and the availability of disposal areas. The
siting of a disposal area is often a critical factor, since the
removal of 50 ppm of sediment from a channel with a 5000 cfs discharge
would amount to 2.5 million tons in a ten year period, requiring
approximately 1200 acre feet of storage area [67].

The feasibility of disposing of sediment through distribution
with water supplies in an irrigation system is determined by the

capacity of en-farm water courses to handle sediment loads, and on the
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ability of the farmland to absori; *he sediment. Sand size materials
may be beneficial to clay soils but reduce productivity of more open
textured soils. In the initial design of the system, an attempt
should be made to route the bed material load to those lands most
capable of absorbing it without detrimental effects.

The routing of sediment to the desired disposal areas is
complicated by the tendency for sediment concentrations to increase
in the downstream direction due to seepage and evaporation losses,
while channel transport capacities tend to decrease in the downstream
direction due to the reduced individual channel discharge in a
branching system. The principles and computational methods presented
in Chapters II and III form a basis for the evaluation of this
problem and thus for the development of a system design which minimizes
the detrimental effects of sediment disposal. The remainder of this
chapter is devoted to the development of a rational svstem design
procedure based on the previously discussed concepts and methods and

application of the principle of continuity with respect to sediment.

Continuity Considerations

The requirement for mass continuity of water and sediment in a well
maintained irrigation canal system made up of channels CH(i,j) may be

expressed as [68]:

QL) = J ] [Q,(,1)] *Qi,i)} (4.1a)

i,jeN ireM

Gl = T 0 ] [0,(4,3) + C; (1,§)162.4x107% + 6_(4,3))
i,jeN ireM (4.2a)

G(K,L) = Q(K,L) * C(K,L)62.4x107® (4.2b)
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where

'Q(K,L) = Water discharge at the head of CH(K,L) in cfs.

G(K,L) = Bed material load at the head of CH(K,L) in
1bs/sec.
C(K,L) = Bed material concentration in CH(K,L) in ppm by wt.

Qir(i,j) = Water discharge of irrigation turnout (ir) from
CH(i,j) in cfs.

Cir(i,j) = Concentration of bed material carried by Qir(i,j)
in ppm by wt,

Qs(i,j) = Seepage and evaporation loss from CH(i,j) in cfs.

Gc(i,j) Average quantity of bed material removed from CH(i,j)

by mechanical means in 1bs/sec.
The summation for i and j is over the subset N of the channels
supplied by and including CH(K,L), and the summation for ir is
over all irrigation diversions from CH(i,j).

Equation (4.1a) defines the condition for mass continuity with
respect to water within the system. Turnout discharges (Qir(i’j))
are determined from irrigation requirements and seepage and
evaporation losses (Qs(i,j)) from the characteristics of the area
th ~ugh which the channels are constructed. Q(K,L) is therefore
uniquely determined for all values of K and L, and in general,
not subject to manipulation in the application of Eqs. (4.2).

Equations (4.2) define the condition for mass continuity with
respect to bed material sediment within the system. With Qir(i,j)
and Q(i,j) taken as given for all i and j, G(i,j), Cir(i,j),
and Gc(i,j) may be varied within feasible limits so as to satisfy

the required relationship. After performing the indicated summations,
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Eq. (4.2a) may be viewed as a single equation in three unknowns which
must be satisfied for all channels within the system. To arrive

at a unique solution, two of the unknown values must be determined
from other considerations.

Considerations influencing the economics of sediment disposal
with the irrigation supplies and by mechanical bed clearance have
already been discussed. In addition, recent investigations con-
cerning the design of farm turnout structures [67,76,81] indicate
a practical upper limit on bed material concentrations in irrigation
discharges of approximately four times the concentration in the main
channel. In terms of previously defined variables, this limitation

may be expressed as:
Cir(i,j) < 4.0 C(i,3) (4.3)

In order to determine bed material transport capacities (G(K,L))
using the concepts developed in Chapter III, it is first necessary to
determine the nature of the bed material. Initially, the bed
material of an unlined channel is determined by the material through
which the channel is constructed. If, however, the initial boundary
material is finer than the incoming sediment, or if the final channel
bed is formed by aggredat: on, the bed material wiil change in time
to reflect the nature of the transported material. At present there
is little information available to assist the designer in predicting
the nature of the final bed material from sediment inflow date.
Sediment transport concepts may be applied in combination with

judgment and experience to arrive at design values.
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In general, the final bed material may be expected to be slightly
coarser and to have a slightly smaller gradation coefficient than the
incoming sediment [67]. Investigations have shown that hydraulically
formed sand mixtures will have an approximately log-normal gradation [4]
with the mean size decreasing with distance from the headworks.

This tendency helps to offset the decrease in transport capacity
associated with decreasing discharge.

The variation in size of bed material with distance from the

channel head has been found to follow the general relation:
_ -aX
dgg = (d5g)ge (4.4)

in which (dso)0 is the geometric mean diameter at a reference section
in the channel, and dso is the geometric mean diameter at some
distance x downstream. o appears to be a function of the sediment
transport characteristics of the flow and, in general, increases with
decreasing discharge [67].

Rana [79] studied the variation of size with flow distance using
a model based on Einstein's transport function [23]. The values of
o obtained varied widely with an order of magnitude of approximately
0.002/mile., In systems with irrigation turnouts which draw relatively
high concentrations of coarse material, a« may be expected to be
slightly greater. At the present time, no direct method for the
determination of o for design is known. Analysis of similar systems
on the basis of previously discussed concepts forms the best

available guidc.
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Sediment Routing Models

Mahmood [66,67,68] applied the relations given as Eqs. (4.1) and
(4.2) to the design of the simulated irrigation canal system shown in
Fig. 4.1. Characteristics of the system, which was fashioned to be
similar to those currently operating in Pakistan, are given in

Tables 4.1 and 4.2,

Table 4.1. Overall Characteristics of Simulated Canal System
(After Mahmood [68]).

Discharge at Headworks 5000 cfs
Total Length of Channels (10 mi per channel) 1100 mi
Irrigation Diversions at Turnouts 3388 cfs
Seepage Loss (8 cfs per 106 ft2 channel perimeter) 1612 cfs
Irrigable Area 1.13x106 acres
Irrigation Channel Density 0.47 mi/mi2

Table 4.2. Individual Channel Characteristics for Simulated
Canal System (after Mahmood [68]).

Channel Discharge Rate of Irrigation Bed-sediment
Q(i,j) Diversions Size Reduction
cfs cfs/mi Exponent, o
mile”!
> 2500 0 0.0030
1200 - 2500 1 0.0035
500 - 1200 2 0.0040
S0 - 500 3 0.0045

< 50 4 0.0050




o
(10,13) _ (8,10

1.Chonnel nome on left bank as (i, j)
2.1 refars to genaration, j o number
of channelin |.

Figure 4.1. Simulated Irrigation
Mahmood [67].

Canal System with 5,000 cfs Discharge at Headworks (after

gL
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Application of Eq. 4.2a to the simulated system was carried out
by assuming all of the transported sediment was to be disposed of
through the irrigation supplies (Gc(i,j) =0, for all i and j), and
assigning relative sediment concentrations to the farm turnouts
a priori. Equation 4.2a was then solved for the required bed material
transport of each channel and the channels designed accordingly.

Size and gradation of the bed material at the headworks was assumed
known.

In order to assign sediment discharge concentrations in the
turnouts and evaluate the system on a relative basis, it was
necessary to define the following additional parameters.

1) The required average concentration in irrigation diversions,

- (1 - g,/100;
C; = C(1,1) (4.5a)
(1 - s/100)

in which s is the percent of the head discharge which is
lost to seepage and evaporation, -3 is the percent of
entering bed material sediment removed by mechanical means,
and C(1,1) is the bed material concentration at the head
of the system,

2) Weight factors describing the relative bed material
concentration in individual turnouts. wir(i’j) is

defined so as to satisfy the relation;

10, (1,3) .

I (4.5b)
I, (5,3) - Q. (,5)

C;p(,3) = W, (4,5) + [

in which the summations are carried out over all irrigation

diversions in the system.
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3) The ratio of bed material concentration in irrigation

supplies to the concentration at the head of the system,

. C;p(i,3)
CirR(l:J) " Ta (4.5¢)

4) The ratio of bed material concentration in irrigation

supplies to that in the channel from which they are

diverted,
C gy = ) 4.5d
irRAT(l,J) T (4.5d)

and
5) The ratio of bed material concentration in channel CH(i,j)

to that at the head of the system,

Cplini) = g} (4.5¢)

The simulated system was evaluated for various combinations of
weighting factors, Wir(i,j). It was found impractical to design
channels to cirry the required sediment loads with Wir(i,j) = 1.0
(€, (1,5) = 5}) for all i, j, and ir. The system of weighting
factors which was found to '"yield a better overall design" is shown
in Table 4.3. Under this system, Cir(i’j) is a function only of the
required average irrigation discharge concentration for the system,
and the water discharge of the channel farm which the irrigation
supply is diverted.

Application of the weighting factors given in Table 4.3 to the
simulated system resulted in the following range of sediment

concentration ratios.
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1.00 < Cp < 1.22

1.15 <C, < 1.91
1.15 < C. < 1.86
- l‘I‘RAT -

Table 4.3. Selected Weighting Factors for Bed Sediment Concentrations
in Irrigation Diversions (after Mahmood [68].

Discharge at Weight Factor to
Channel Head Apportion Bed Material
Q(i,3) Concentrations

cfs Wir(l,J)
> 200 1.00
100 - 200 0.90
40 - 100 0.75
20 - 40 0.60
< 20 0.50

Bed material transport capacity (G(i,j)) of the individual
channels within the system was computed using Mahmood's transport
function [69] described in Chapter I1II. Flow resistance and
channel dimensions were determined using the regime relationships
of Lacey [47] with the coefficients allowed to vary. These
relations restated in variable coefficient form as used by Mahmood

[66,67,68], are:

For = 31 Y5

vV = a, /fer

P = aq vQ

fsq = a4fvr

s =5.47 x 1074q"1/6¢ 5/3

59
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In using these relations to design channels of the simulated
system to carry the required bed material loads, coefficient 8
was allowed to vary from 1.76 to 2.60 with coefficients 8y, a4, and
a, assigned values of 1.15, 2.67, and 1.10 respectively. (For a
discussion regarding the use of the Lacey relations in this manner

the reader is referred to Ref. 70.)

Application of Sediment Routing Models

Although Mahmood's investigations were limited to a simulated
system, it would appear possible to apply the model developed
to a real irrigation canal system design problem directly by
carrying out the steps outlined below.

1) Determine the general layout of the system, locations
of water use, quantity of water required at each location,
and estimated seepage and evaporation losses from each
channel.

2)  Select the computational techniques considered most
applicable to the system for the determination of channel
geometry and bed material transport capacity. Concepts
discussed in Chapters II and III combined with analysis
of available data from similar systems will provide a guide
to the selection of applicable methods.

3) Apply Eq. (4.1a) to determine the required water discharge
at the headworks for each channel within the system.

4) Determine design values for quantity and quality of

incoming sediment from water and sediment hydrographs of



5)

6)

7)

8)

9)

10)

11)
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the parent channel and tentative headworks design
computations.,

Determine mean diameter and gradation of the bed material
at the headworks and the anticipated variation of bed
material properties within the system. Simple methods
for the determination of these variables are not
available. However, their determination should be com-
patible with assumptions inherent in Step 2.

Select disposal areas, if any, for sediment removed by
bed clearance and desilting works, and estimate the rate
at which bed sediments are to be delivered to these areas.
Select weighting factors for the relative allocation of
sediment to irrigation diversions. Values given in
Table 4.3 may provide a guide if channel discharges are
expressed as a percent of head discharge, but final
selection should consider the ability or inability of the
lands within the system to absorb bed sediments.

Compute the required average concentration in irrigation
supplies from Eq. (4.5a).

Compute the concentration in individual irrigation
turnouts from Eq. (4.5b).

Compute the required hed material transport capacity of
each channel from Eq. (4.2a).

Design the channels within the system to carry the bed
material load computed in Step 10. For some channels, it

may not be possible to design a stable section with the
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required transport capaclity. In this case, modification-
of the values selected in Steps 6 and/or 7 is required with
subsequent steps repeated.
12) Analyze and modify the design as necessary based on tﬁe
economics and objectives of the specific system.
13) Design turnout and bifurcation structures to obtain the
design sediment distributions.
One problem which may be encountered in extending the results
of Mahmood's investigation from the simulated system to a real
system rosults from the fact that energy slopes in the real system are
often confined between narrow limits, whereas the model developed
assumes the slope to be variable within the limits of channel stability.
This becomes significant when it is realized that slope of the energy
grade line is the single most important geometric parameter governing
channel transport capacity. It is suggested, however, that by changing
the roles of the dependent and independent variables in Eq. (4.2a), the
model may be applied to the analysis of existing systems and to the
design of systems in which the hydraulic gwadient is strictly limited.
Analysis of an existing system is more easily carried out if a
a slight change is made in the form of Eqs. (4.1) and (4.2). By
successive application to channels within the system, these

relations may be rewritten as:

QKL = ] QK1) + T QUi,i) + q(K,L) (4.1¢)

ireM i,jen

GIKL) = ) Q. (KL) * C;_(K,L1)62.4x10°% + | (i)
ireM i,jen

*+ G, (K,L) | (4.2¢)
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where the summation for i and j is over the subset n of the
chanri2ls which offtake directly from channel CH(K,L) and all other
variables are as previously defined.

By treating the channel transport capacity G(i,j) as known
between relatively narrow limits, Eq. (4.2c) may be applied
iteratively to determine the best possible sediment disposal scheme
within the limits of the system. Application of the principles in
this fashion may be carried out by replacing Steps 7 through 11
as previously outlined by the following alternate steps.

7a) Determine feasible upper and lower limits on the energy

gradient for each channel.

8a) Develop a trial design of the svstem based on feasible

channel slopes. Relations such as that developed by

Bose [10] (Eq. (2.11d)) may be used as a guide for the
selection of individual channel slopes in the design
situation. For a more equitable distributioun of sediment
among water users, the largs. channels will normally
require slightly flatter slopes than indicated by regime
relations, while the smaller channels will normally
require steeper slopes.

9a) Compute the bed material transport capacity of each

channel using methods selected in step 2.
10a) Determine the quantity of sediment which is to be disposed
of in irrigation supplies divertzd from each channel using

Eq. (4.2c).
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1l1a) Distribute the quantities computed in:Step 10a to the
-water users according to the ability of tae water courses
-and the land to handle bed sediments.

After the first trial design has been evaluated, it may be possible
to use these results to develop a sediment disposal scheme judged to
lie within the limits of the available energy gradients and proceed
with fhe steps initially outlined to arrive at the final design. In
determining such a scheme, use may be made of the Lacey-Inglis slope
relation [39] (Eq. 2.14e) to approximate bed material concentration
limits from slope limitations. For a channel with constant discharge
-and bed material characteristics, this relation may be expressed as:

C = S12/5

and may be applied in ratio form. So long as this relation is treated
as being only approximate, it may be used effectively regardless of
the computational techniques selected ir Step 2 of the outlined
procedure.

A sample problem illustrating the compuations required for a

trial design using the alternate steps is given in Appendix C.



CHAPTER V
SUMMARY AND RECOMMENDATIONS FOR FURTHER STUDY

The object of this study was to develop a rational approach
to the solution of sediment problems associated with branching canal
systems. Such a generalized approach for the routing of sediment
through a system has been presented in Chapter IV based on existing
concepts and computational procedures. Due to the complexity of
the interaction of the flow with boundary materials, a Ycookbook!
solution to the problem is not considered feasible at this time.
Selection and application of specific computational methods for
channel design and sediment transport capacity estimation is
dependent on field conditions unique to the specific problem as
judged by the engineer.

To assist the engineer in making this selection, a significant
portion of the text has been devoted to the presentation of the cone
cepts and data on which the various computational procedures are based.
Since different computational techniques may lead to significantly
different results, the selection of an approach compatible with
field conditions is essential for successful application of the
routing procedure. Whenever possible, data from similar systems
in the local area should be used to aid in the selection process.

In general, no. single approach may be considered '"right" or 'wrong"
for .all,applications. Rather, the data and assumptions on which a
method. is based should be examined to determine similarity to the
.problem .at -hand... The more recent computational techniques do,

-however, .have.the ;:advantage of having incorporated into them later
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contributions to the understanding of the interaction of the flow
and sediment. As further advances are made in this area, these too
should be incorporated into the design procedure.

Certair specific areas in which further study is needed may be
identified through examination of the outlined sediment routing
procedure. Perhaps the most critical of these is the determination
of bed material size and gradation and its variation within the system.
Both flow resistance and bed material transport capacity are
significantly influenced by the nature of the bed material.

In cases where the material through which the channel is
constructed is finer than the transported sediment, or where the
channel is formed through aggradation, the bed material will
.adjust in time to reflect the nature of the incoming sediment. Very
little information is available to assist the engineer in estimating
either the final bed maturial size and gradation or the time
required for the adjustment. PFurther study relating these
variables to the quantity and quality of incoming sediment is
needed.

The related problem of estimating the variation in bed material
characteristics with location in the system also needs study. The
works of Rana [82], Rafay [79], and others provide a base from
which to work. These studies have not, however, resulted in
relations which are easily applied to design problems.

In order to be directly applicable to irrigation canal systems,
the influence of selective sediment withdrawal from turnouts on
size and gradation variations would also need to be considered.

Since these problems are directly related to bed material transport,
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such studies could tend to contribute significantly to the knowledge
base in this area.

In Chapter IV, the economics of sediment disposal was discussed
in general terms. A model through which the economic values of
water, conveyance channels, channel lining, desilting works, etc.
could be accounted for more directly would be a valuable tool in
canal system design. Such a model would necessarily be general in
nature due to the large variation in the relative economic value of
the variables from one location to another.

In application of the sediment continuity relations, the
assumptions of steady flow and constant discharge were made.

Further study is needed to determine the effects of unsteady flow
and intermittent operation on the relative transport characteristics

of channels within a system.
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~ APPENDIX A
DESIGN BY VELOCITY OR DEPTH CORRECTION

The design methods presented by Haynie [34,35] and by Simons and
Richardson [92] are similar both in approach and in results obtained.
Both are primarily applicable to sand bed channels operating in the
dune phase of flow. Their development appears to have been, to some
extent, complimentary with much of the same data used in the develop-
ment of each. The steps to design presented along with the required
figures are taken directly from the original works. The terminology

used is that defined in the list of symbols and definitions are not
repeated here. Figures A-1 to A-3, taken from the work of Simons and
Albertson [95], are common to both methods as is Fig. 2.3 from Simons
and Richardson [94].

Initial data required for both methods are the discharge (Q),
the median size of bed material (dso), the type of bed and bank
material, and the kinematic viscosity (v). In determining the type
of bed and bank material and size of bed material, conditions in the
parent channel and at the headworks should be considered to determine
possible changes in channel character during the aging process. In
situations where a high concentration of fine sediment exists, the
apparent viscosity should reflect its influence. Changes in bed
and/or bank material along the route may require repeated application
of the procedure with transitions designed between each reach.

In the methods as originally presented, the initial estimate of
the 519P°,i5 left;tq the designer based only on experience and the

requirements of local topography. In some cases, the number of
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iterations required may be reduced by estimating the slope with the

aid of regime relations. Thé'féigfion developed by Bose [10] is

convenient for this purpose since né additional data is required.

~36Thiscrélation; repeated-here:'for convenience, is:

S = 2 09 d0 86/(1000 Q )

‘Haynie's: Design Procedure

1)

2)

3)

4)

5)
6)
7)

8)

9)

With Q known a tentative value of hydraulic radius (R)
is selected from the plot of R vs Q (Fig. A-1).
Using this value of R, select a value of depth (D) from
the plot of R vs D (Fig. A-2).
Select an initial trial slope (S) based on experience,
the sediment load to be transported, the slope of the
surrounding terrain, the slope of existing canals which are
operating successfully at the selected R, etc.
From the plot of velocity correction (aV) vs R (Fig. A-4)
using the selected values of R and S, select the value
of AV,
Compute shear velocity (V,) = /gRS.

AV

Compute V: .

Compute the shear Reynolds number 12321 and using this

value go to the plot of eL- vs. log V*D
*

the curve for a smooth boundary select the corresponding -

(Fig. A-5) and from

]
value of v

Ve ©
J
Compute e&-= %:-- %% and then compute V, the average

velocity to be expected in the channel being designed.

Cbmputé the stream power (tV = yVDS).
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10) Using the stream power (tV) and the dSO of the bed material
g0 to the plot of 1V vs. deg (Fig. 2-3) and see whether the
channel designed will be in the regime in whiéh dunes exist.

If so, proceed to the hext step; if not, return to step 2 and
select a new R and/or S and repeat the design procedure.

11) Using the values of D, S, and V obtained compute the width

of the channel under design.

Simons and Richardson's Design Procedure

1) Determine R from Q (Fig. A-1).

2) Determine A from Q (Fig. A-3),

3) Compute V from V = Q/A.

4) Assume an initial value of So’ (determined from physical
constraints) and using R obtained above, determine hydraulic
radius adjustment (AR) from Fig. A-6.

5) Compute AR/R.

6) Compute V, = /E_ﬁ_§;' with D =R, .\ V, = /§—§—§; .

7) Compute shear Reynolds number R, = V.D/v with D =R
SR, = V.R/v.

8) Using values of R, and AR/R obtained, determine C/Vg
from Fig. A-7.

9) Compute v, = (c/vg) v,.

10) Compare Vc and V values, and if not approximately equal,
recompute using either a new depth or slope value.

11) Compute tractive force: T = vyDS.

12) Compute stream power TV .

13) For the d50 value and tV obtained above, determine the

flow regime from Fig. 2-3.
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14) For stable canal de51gn, the flow reglme should be no higher
| than the upper dune range. If the resultlng regime is above
; thls, recompute with modified D and S values.

15) Compute Mann1ngs value: n - L 386 2/3 1/2

16) Compute total sediment load.
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APPENDIX B

BED MATERIAL DISCHARGE BY EINSTEIN'S METHOD

COMPUTER PROGRAM EIINS
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APPENDIX B

BED MATERIAL DISCHARGE BY EINSTEIN'S METHOD
COMPUTER PROGRAM EIINS :

Computer program EIINS was develéped to perform the required
calculations for application of the Einstein [23] procedure for
computation of total bed material load. The program is written in
Fortran IV and was tested on the CDC 6400 computer.

For use in the program; Einstein's correction factor curves
were segmented with a parabolic or log-parabolic equational form used
to approximate each segment. The same procedure was used for the
plot of transport intensity (¢,) vs. shear intensity (y,). Integrals
which sum the product of local velocity and local concentratisn over
depth are computed directly using Simpson's rule with a variable

increment for numerical integration.

Data Input

The first card in the input data deck contains three path control
parameters in the format 3I3. The first parameter (NC) is the number
of sets of input data to be read by the computer. The second (MIO)
selects the way in which bed sediment data will be entered and the
third (MRC) relates to the use of Einstein's resistance function.

The use of Mid and MRC is explained further in the following
paragraphs.

The second card in the input deck contains information
describing channel geometry. Water discharge (Q), cross-sectional
area'(A), hydraulic radius (R), bed width (BW), energy slope (S),
and chanriel bank clope (ZS) are entered in that order under the format

4F9.2, E10.3, F5.2. Units are those of the foot-pound-second system.
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For a value of the path control parameter MRC = 1, the values entered
for hydraulig’?adius and crosﬁ-sectional area are taken as estimates
with the actu;l values beiﬁg computed intefnally using Einstein's
resistance function. In this case, a trapezoidal channel is assumed
having the average width and side slope indicated. Side slope is
entered as the cotangent of the angle made with the horizontal. When
MRC is given the value of zero, side slope need not be entered. Flow
resistance is assumed known, and geometric variables are taken as
exact.

Entry of variables describing water and sediment properties is
made according to the value of path control parameter MIO. Input
option one (MIO = 1) is used when it is desired to enter each bed
sediment fraction separately. Using this input form, water temperature
(T) in degrees Fahrenheit, sediment specific gravity (SG), and the bed
material diameters for which sixty-five percent (D65) and thirty-five
percent (D35) of the sample is finer by weight are entered using the
format F7.2, F6.3, 2E10.3. The next card enters the number of size
fractions into which the sample has been broken (format I13), and
the remaining entry cards in the data set contain the fractional mean
diameters and the decimal percent represented by each in the format
2(B10.3, F6.3). All bed material diameters are entered in feet.

Input option two‘(MIO = 2) is used for bed sediment having a
lognormal gradation. In this case, water temperature and sediment
specific gravity are entered in the format F7.2, F6.3, followed by
a card in the foxmat 2F7.3 containing the mean diameter of the bed

material in millimeters and the gradation coefficient. The bed



109

_material is;divided into nine equal fractions internally with five
"péréent increments at each end of the gradation curve neglected.

With the exception of the path control card, all input is
repeated for each set of data indicated by the variable NC. The same
input and resistance computation options must be used for each data set
in a given run of the program.

Table B-1 contains input variable names, definitions, and units
in the order in which the variables appear in the program. The
remainder of this appendix consists of a computational flow chart and
listing of program EIINS followed by a sample printout for a single

channel run.
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Table B-1. Input Variables foriProgram EIINS

[ j RN R 3N

“Fortran =~ Variable Input

Name ; , Definition ... Units Option
NC " Number of data sets -- ‘ 1, 2
MIO Input option control - 1, 2
MRC Resistance computation control -- 1, 2
Q Water discharge c.f.s. 1, 2
A Cross-sectional area sq. ft 1, 2
R Hydraulic radius ft 1, 2
BW Bed width ' ft 1, 2
S Channel slope - 1, 2
A Bank slope -- 1, 2
T Water temperature °F 1, 2
SG Sediment specific gravity -- 1, 2
D35 Diameter for which 35% by

wt. of the bed material is finer ft 1
D65 Diameter for which 65% by

wt. of the bed material is finer ft 1
N Number of sediment size fractions - 1
D(I) Geometric mean diameter of the

size fractions ft 1
BI(I) Decimal fraction of sample

represented by D(I) -- 1
D50 Mean diameter of bed sediment mm 2

GC Bed sediment gradation coefficient -- 2
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Program EIINS

(Computational Flow Chart)
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/

READ

PATI! CONTROL PARAMETERS

NC,MIO,MRC

Gl

<0

/

READ

CHANNEL GEOMGTRY DATA

READ

BED SEDIMENT DATA
BY SIZE FRACTIONS

MIO-2

N

READ

BED SEDIMENT DATA
FOR
LOG NORMAL SIZE DIST.

i
‘o

I

WRITE

INPUT DATA

SUBROUTINE RPRI1

COMPUTATION OF R*
WITH
RESISTANCE KNOWN

L

\"W:/

SUBROUTINE 'RPRI2

COMPUTATION OF R!
USING

EINSTEIN'S RESISTANCE
FUNCTION

|

(continucd)

COMPUTE

CHARACTERISTIC GRAIN SIZE

L

IFT CORRI'CTION FACTUR

1

(cont inucd)




(continued)

P

JuJ+]
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(continucd)

WRITE

HYDRAULIC PARAMETERS

o o o oo e S e e s v . e - S — —— ]

HEADINGS

SRS .

I=]

COMPUTE

SHEAR INTENSITY PARAMETER

SIEAR INTENSITY FOR GRAIN SIZE

SUBROUTINE BULD

TRANSPORT INTENSITY PARAMETER

COMPUTE

FRACTIONAL BED LOAD TRANSPORT

SUSPENDED LOAD EXPONENT

SUBROUTINE SLINT

SUSPENDED LOAD INTEGRALS

I

COMPUTE

e

FRACTIONAL SUSPENDED LOAD TRANSPORT

WRITE

COMPUTED PARAMETERS FOR SIZE FRACTION

>0

7/
<0

NRITE

SEDIMENT TRANSPORT QUANTITIES

— ——

J-NC?

20
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Program EIINS
(1isting)
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PROGRAM ETINS (INPUT+OUTPUT s TAPES=INPUT + TAPEGROUTPUT)
DIHENSION D(20)+81(20)+BF (20)4SF(20)+TF(20)

NCaNUVHER OF CHANNELS FOR WHICH COMPUTATIONS ARE YO RE MADE

K10 SELECTS MODE OF INPUY

MRC SFLECTS METHOD OF HYDRAULIC HADIUS BREAKDOWN

MRCs0 IMPLYS CHANNEL FLOW RESTSTANCE IS KNOWN PRIOR TO INPUT
MRCEl IMPLYS FLOW RESISTANCE 1S TO BE COMPUTED FROM EINSTEINS
RELATIONS. A TRAPEZOIOAL CHANNEL IS ASSUMED WITH SIOE SLOPE AND
AVERAGE WIDTH GIVEN

PEAD(5+5INCeMIOsHRC
5 FOHMAT(3I3)
DO 150 y=]1NC

CHAMNFL DAYA [IMNPUT
READ(5+10)04A0ReBWISe2S
10 FORMAT (4FQ,24E10.3¢F5,2)
DEsA/HW
IF(MIN=2)7+8+8
T CONTINUE
REAN (54111 T+SGeDASINIS
11 FORMAT (F7,2¢F6,3+2E10,3)

FRACTTONAL BED SEDIMENT DATA INPUT
ENTER ALL BED MATERIAL DIAMETERS IN FT.
PEAN(S12INe(D(T)eRI(T) v In1oN)

12 FOPMAT(I3¢/(2(E10.35F643)))

60 T0 20
8 CONTINUF

INPUT OPTION 2 PFOGRAM E1INS
SENIHENT HAVING LOG NORMAL NISTRIRUTION
INPUT DSO IN MM AMD DIMENSIONLESS GRADATION COEFFICIENT
HED SECIMENT DATA INPUT
RFANIS+600)T 9SG

600 FOAMAT(FT.2vF6,3)
Na9
READ(5+401)0504G6C

601 FOPMAT(PFT7,3)
Crel./(2%,4%12,)
NPa=AL OG(GC)
NPBaAL 06 IDSORCF)

DUlI=F 7P INPA®(~1,64485)«DPR)
Cz)=EXP(DPA®(=]1,03652) ¢0PH)
D(3)2EXPIOPA®(~0,67452) +DPB)
D(A)=E2P(NDPA®(~0,38540)¢0PB)
DI(SI=EAP(DPA®(=0,]12564) +DPR)
DI6)=EXPLOPACL 0.12564) ¢DPB)
O(7)2EXP(DPA®( 0,38540)+0P3)
O(B)=FAP(OPA®L 0.67452)+0PR)
Oty)=EXP{DPA®L 1,03552)«DPH)
0(10)=EXP(DPA®(1,64455)+DPB)
D35=D (&)
D6SsD(T)
DO 602 JaleN
DIII=SQRT(D(1)oD(Iel))

602 AI(1)=0,1)


http:RFA0;(SOO)T.SG

60

(1

70

75

60

b5

90

95

100

110

115

C
c

(3 X2 ¥3]

116

20.- CONTIMUE -
END INPUT OPTION 2

WHITE (645051 JeUsAIRIBWIDESSe2SeTeSE -
505 FOLUNMAT{IHI/PAXUINPUT DATA CHECK®/2BXMCANAL NOLHI3e/e1H0e/2Xe"DISCH
1ARGE AREA HYD.RAD, WIDTH OEPTH 'SLOPE S=SLOPE TEMP. SP,0R,

1M9/6%010 A R - BW -~ DE - S s T
1 SO/ HOIFG L eFR14FB.20FsL3FT201PE10.200P2FT,24F7,3)
WHITE (6+4506) 035,065

506 FORMAT (1H0»/8Xs4D3S D6S FRACT, MEAN PERCEN

1T INBG 78X M (FT)NSX(FT)NYXUDTAMETER(FY) ] OXMFRACTIONY/2X1P2E11,3)
00 SO07 I=leN :

507 WRITE(6+508)D(I)+BI(I)

508 FORNAT(1XsT31e1PEL10,306X92PF1142)

TL=0,

RL=0,

SL=0,

6=232,174
VISCa],05943E~05%ALAGLO(TI®ALOGIO(T) =64 1148E~059AL0GLO(T)
148,7341F~05

RO2=2,75E~062T®Te] ,725E~069T¢1,9375

POS=5G®] .94

SGAXRNS/RO

SURROUTINE RPRI COMPUTES EINSTEINS HYDs RAD, ASSOCIATED WITH GRAIN
1ROUBHNESS
IF{~RC)103+103,]02
102 caLL 9:912(Ro“loRll006500350A'00V15Cvxl'SBAoUlS'DEoBUvZSvSvU'UllS)
GO T0 104
103 CALL HPRI1(RWRLIR11+SeD650D3ISeA+QeVISCoX2+SRAIUISIULUILS)
106 CONTINUF

NLPall.hoVISC/ULS
DLn=D65/X)
OvVz=0LF/DLP
COMPUTATION OF CHARACTERISTIC GRAIN SIZE OF MIXTURE
IF{DV.GT.1.8) GO TO 105
X2e],3900LP
GO 70 166
105 X2=0.77+0LK
106 CONTINUE

COMPUTATION OF PRESSURE OR LIFY CORRECTION
YP=N6S/NLP
IF(YP,GT+1.70) GO TO 109
IF(YP,GT,0.68) GO TO 108
107 al=-0n,23972
Bl= 11,0256
Cl=-0,02215
60 TO 110
108 Al==2,75548
Ala 0,245404
Clz«C,0A81306
GO 70O 110
109 ala0,802826
Bl==,970331
Cis0.01028
110 CONTINMUE


http:IF(YP.GT.O.68
http:IF(YP.GT.I.70
http:NPITEE6.bO5)JOAtRtIwODESZS.TS

120

125

130

140

- 148 .

150

158

160

165

170

175

[+ X2]

500

501

120

121

122

124

125
126

127

117

DV1=ALOGLOLYP)
Y=10,#9(A190VIeDVIeAL*DVIeCY) -

VRITE(6'SOO)J'OvVISCoHOOSGAQXlonUlSnUlISoRlvﬂll'DLPcDLK'XZOV

FORMAT (1111092410104 8X 4 WCOMPUTED PARAMETER CHECK"9/55X s "CANAL NO,Mo
1149/71H0930Xs"ADJ, LOG COR AVERAGE SHEAR VELOCITY HYD, RADIUS
1 DELTA CAP, CHARACTERISTIC LIFT CUOR"/IXWOISCHARGE VISC
10SITY DENSIYY SP,GR, FACTOR VELOCITY GRAIN FORM GRAIN FO
1AM PRIME ",

1" DELTA GRAIN SI2€ FlCTOR"n/BK'"O"'7X"VISC"07K0"RO“06Xt"SGl
l"vSKv"ll".GXQ“U“OOXv“UlS"QSK"UllS“oSXo"Rl“och"Rl1"15Xv"DLP Wy TX
19D "'llXO"X"olOX'“V"l/"O“F9.ZolPElO.SooPBFB.JleZEllo30€13.3o
10PF9,4)

WRITE(6+501)

FORMAT (1300 /¢ OFRACTIONAL PARYICLE HIDING GRAIN TRANSPORT
1 RED LOAD PART(FALL"13X" EINSTIENS"/+" DIAMETER SHEAR [
1ACTOR SHEAR INTENSITY THICKNESS  VELOCITY EXPoi%e8Xen IN
1TEGRALSY e /90 ot 211 sol 218 . PHS
1 E L} 4 11 12 PEM/)

COVPUTATION BY SEDIMENT SIZE FRACYIONS
0O 140 1=19N
Zi1s(S06A=1.)%D(1)/(R)®S)

COMPUTATION OF HIDING FACTOR
DV2=D (1) /X2

IF(DV2.RT,1,5) GO TO 125

IF (DV2.67,0.8) GO To 122
IF(NV2,67,0.6) 6O To 121
P23=0,47R372

R23-2,912252

C22-0,250483

GO T0 124

A235.,964915

6250052227

€220.08843

650 10 124

A231,509921

H2z-,£31933

CP=0,064458

CONTINUE

NV3=AL0G10(OV2)
SUI210,0%(A28DVI*DVIeR2#DV3eC2)
GO TO 126

s0l=),0

CONTINUF )
ZISSZI1eYoSQI® (ALOGI0(10.61/ALOGIO(10.6%X2/DLK) ) *e2,

'CALL POLD (215+PHS)

AF (1)=RT (1) ®PHSOROS® { (GD (1)) 09] ,5) #SORT (SGA=1 s )

AL=ALeKF{])

WE(SURT ((24/3419G#(S6A=14)%(D(1)#93,)436,*VISCOVISC) =60 9VISC) /D (1)
234/ (0,495QKT (GSR19S) ) ‘

CALL SLINTID(I) +DE+Z+SI10S124E)

PE=2,303*AL0G10(30,2°DE/OLK)
SF{I)aBF (1) & (PE®SI1+S12)


http:YurO.*9IA1eDVI*DV*R1.DVI.CI

180

Tt
15

195

200

205

210

218

220

225

230

238
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TF(1I=BF (1) eSF(])
SLaSLe+SF(I)
S TLETLeTF (D)
WHITE(6e¢502)DC(Y)sZ1TeS0Ye2Z1SePHSIEeWeZoSE19SI24PE
502 FORMAT (™ "glPElO 3.oparlo.‘.laaelx.3.oprs.a.3rxo.‘)
140 CONTINUE"
. anTE(6|99B)
.998 . FORMAT (107100 /0 NOTE = ALL . PAnAucrew% alveu IN THE FOOT=-POUNDSEC
10%0 SYSTEMM) IR
HLT=RL*AWeA3,2
SLT=SLo%Ha®43,2
TLY=BLTeSLY
CONCa(TL*RW/(Q®G*RO))I*]1.E 06 .
149 CONTINUE f

RCak]s+R11L
WRITE(60999)JeNeAsRWIDEVRIRCIRIoR11sU

999 FORMAT(IHIe/735XeTOUTPUTH o /80N /J2XNCHANNEL NO"eJ34 /7704431 X"HYDRAUL
LIC DATAM 9 /MUY 4HXe"HYDRAULIC RADIUSM9/20X 9" AVERAGEM 42X 9 PAVERAGE "
13HX e MAVERAGEM s /9" DISCHARGE" 92X s MAREAMsSX o *WIDTHN 44X o HDEPTHM 04X s
AVACTUALY 22X 9 "COMPUTEDY 9 3X o "GRAINN 4 AX ¢ WFORMY g IX o VELOCITY "0 /84X
1N LCFS)IN2X 0" (SOLFT)I a6 (4XoM(FTIWeIX)02X0 " (FT/SEC) "9 /"0 ,F9,248(FR,2
1elX))
WRITE(641000)RLTySLTeTLT9CONC

1000 FORMAT (HON/NON/48XYTRANSPORT DATAN/4BX e (RED MATERIAL)IMWW/%0"/17Xe
1HTHANSPORT BY ST2E FRACTIONS®s39XeUTOTAL TRANSPORTI/0(1 42X ¢ MEANY
ISXsMPFRCENTH 44X e "BED LOAD" 94X e"SUSP, LOADM93Xe"TOTAL LOAD"s13X4"RE
0P BXeMSUSP M4 BXoHTOTALM 918X o"CONC, "9 /%" DIAMETERY ¢IXe"IN FRACT Mo
150XeMLOADY o TN WLOAD 49X v HLOADY 4 OX o MBY WTH¢/3Xe" (FT)W 16X (POUNDS P
1ER SECOND PER FOOT WIDTHIYe23Xe"(TONS PER DAY)Wy12XH (PPM)IsysnQn,
165X ¢4 (1PEL114302X))

c

sup=g,

DO 1001 I=l.N

SUP=SUP+81 (1)
1001 WRITE(641002)D(1)sRTILTIIAF(L)oSFUII)TFII)
1002 FORMAT(LHOIPEL0.3¢2PF9,211PEL243+2E13,4)

[
WRITE (6+41003)SUPsRLeSLTL
1003 FORMAT(MOVSHTOTAL 57 912PF942¢1PEL2,302E1344)
[

JF{MRACLEQL,0)WRITE(641006)

1006 FORMAT (10"s/+#ONOTE=FLOW RESISTANCE KNOWN PRIOR TO HEGINNING COMPU
1TATIONSH/46X"R]1 1S COMPUTED FROM GIVEN VELOCIYY YO SATISFY LOGRITH
IMIC VELOCITY DISTRIRUTION"/,6X"COMPUTED VALUES OF R11 AND R NOT US
1EN IN TRANSPORT COMPUTATIONS®)

IF (MRC.EQ.1)WRITE(6+1007)

1067 FORMAT (101 s/¢"ONOTE~FLOW RESISTANCE COMPUTED -BY EINSTIENS RELATION
1S {RCaR)"¢/46X+"THIS RESISTANCE MAY TEND YO BE HIGH FOR CANAL WORK
1"

IFIMI0.EQ.2)WRITE (6+100d)6C

1008 FORMAT(#0"sSX+"SEQIMENT SIZE BREAKOOWN ASSUMES LOG NORMAL DISTRIBU

1TION WITH A GRADATION COEFFICIENT OF“9F5.2)

c
150 CONTINUE
c L
sTopP
ENOD
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Program EIINS--Subroutine RPRI1
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SUBROUT INE RPRILCReRIIR1I1+S9D654DI5+A901VISCeX05GAIULSeULUILS)

COMPUTATION OF R PRIME FOR USE iN EINSTEIN BED LOAD FUNCTION
WHEN DISCHARGE AND RESISYANCE ARE KNOWN

0E=0.0
Rl=,8eR
6%32.,174

Rl=R1=0F*R]
ULS3S0RT(G*R]eS)
DDE=V)S*DES/(11,69VISC)

COMPUTATION OF X CORRECTION FACTOR IN LOG VELOCITY FORMULA
EINSTIENS PLOT REPRESENTED BY PARABOLIC SEGMENTS

IF(ODF.GT.8.3) GO T0 15
IFINBE.GT.3.) GO TO 14

IF (DDE.GT,1.5) 6O Y0 13
IF(NCE.AT.0.5) GO TO 12

ACO==,34379
BC0=],345
ccn=1,6278
G0 TO 16

ACO==2,482
RCO==0,04578
CCOs 1,615
GO TO 1&

LCO=0,394
ACNa=1,4068
cCas 1,76%S
G0 Y0 16
ACN= 0,79255
ACO=-]1,52256
€Co= 1,73

Ga 10 1%

ACI=0,
HCO=G,
CCo=l,

CONTIMUE

NV=ALOG1 O (DOE)
X24C0°DVODV+ACODVCCO
UzU15¢5,759AL0610(12,27%XeR1/065)
CC=uea

QE=tQc-n1/Q

VEasA=5(GE)

IF {0t a.6E.1.)0E=QE/2,
IF(GEL.GEL2,)OERQE/2,

IF({CEA.6T.0,005)6C TO 10

CUMPUTATION OF HYD wADIUS ASSOCIATED WITH FORM ROUGHNESS
FINSTIENS PLOT WEPHESENTED BY LOG PARABOLIC SEGMENTS
Fe(56A=1)9D35/ (R]eS)

IF(F,67.7.0) GO TO 21


http:IF(WOF.GT.1S

60

€5

70

75

80

18

19

20

21

22

121

IFIF.GT,2,5) 60 YO 20
IFIF«6T,1,0) GO TO 19
ACO2= 0,45859
BCOZ2E~1,14249

CCo2= 1,59439

60 T0 22

ACNP?s 0,6040])
ACN23=1,15492
CCu2s 1,59439
Go 1O 22

ACD2= 0,2056
#CN2=«0,78001
Ccco2= 1,50838
GO 10 22

ACO2= 0,0
ACO2%«0,39476
€co2s 1,3295

CONTINUE

DV2aAL0G10(F)

U2a10,*® (AC024DV24DV2eHCO/:90V24CC0O2)
ul1s=u/sy2

R11=Ul11SeU11S5/(G*S)

RETURN
END
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Program EIINS--Subroutine RPRI2






20

s

30

as

40

45

50

55

(2] OO0

o000

1

12

13

14

15

le

17

18

19

123

SURROUTINE RPRIR(RsRIsR119D865¢D35+A0¢QeVISCoX9SGAIULSDEsBNeZSeSeUe
111s) .

COMPUTATION OF R PRINE WITH DISCHARGEs AVERAGE WIDTHe AND BANK
SLOPE 7NOWN

RESISTANCE TO FLOW COMPUTED USING EINSTEIN RESISTANCE FUNCTION

QE=gQ,.0
Rlz, 500
G=32.174

RlaRl-QE*R]
U1SeSNRT (GOR]*S)
DDE=U1S#065/(11.64V]ISC)

COMPUTATION OF X COPRECTION FACTOR IN LOG VELOCITY FORMULA
EINSTIENS PLOT REPRESENTED BY PARABOLIC SEGMENTS

IF(NDF.GV.A.J) GO TO 15
IF(NOF.GT.3.) GO TO 14

IF(DOF .6T.1,5) GO TO 13
IF(DDF.6T.0.5) 60 TO 12

ACO==,36379
ACH=) 345
ccns=l,8278
G0 T0 16
hCOn=2,682
PCOx~0,04578
CCN= 1.615
G0 T0 14
ACO=0,394
ACNxz=-1.4068
CChm 11,7655
GO T0 le&
ACO= 0,79255
ACN3~-1,52256
ccCo= 1,73

60 Y0 14
ACN=0,
H#CNs0,
ccosl,

CONTINUF

Ov=ALNG1O(DOE)

X=ACO*DV+DVeACO*DVeCCO
Usl]1595,7594L0610(12,279X*R]1/D65)

COMPUTATION OF WYD RADIUS ASSOCIATED WITH FORM ROUGHNESS
EINSTIENS PLOT HEPHFSENTED 8Y LOG PARABOLIC SEGMENTS
FiSGA=1)9D35/(R]1eS)

IFIF.6T.7,0) GO TO 21

IF(F.RT,.2,5) GO TO 20

1F(F.06T,1,0) GO TO 19

ACC2= 0,45859

8CN2a~1,16249

€Co2= 1,59439

60 Y0 22

ACO22 0,60401

6C02=-1,15492

CCo2= 1,59439



60

65

70

15

a0

20

21

22

124

6O 10 22
aAC02= 0,2056
ACN?=-0,78001
ccuyezs 1,50u834
GO TO0 22
ACO?2= 0,0
BCO28-0,39476
cCu2s 1,3295

CONY [NUF

pv2=ALOGLlO(F)

u2s10,9¢ (ACO2°DV29DV2+BC0290V20CC02)
ullssu/sue

R11sU115%U115/7(G*S)

RsR1eR]1

ASAN®) o/ {1 o/Re1 /BN (2522 ,9S0RT (2502S¢14)))
QC=Ues

NE=(QC=-R)/0QC

QEA=ARS (QE)

IF(NEALGE.2.)10E=CE/20
IF{OEsGE+1,)QERQE/2¢

1FINEALGT,0,005)60 TO 10
DE=A/RW

RETURN

END
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Program EIINS--Subroutine BDLD
(listing)
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SUBROUTINE BOLD(ZIS+PHIS)
REPRODUCES EINSTEINS Z1® VS PHI® PLOT BY PARABOLIC SEGMENTS

1F(715,67.,20.) GO Yo }32
IF(215.6T,10.) 60 70 131
IF(Z1S.GTo4,) GO TO 130
1F(21S.,6T.1.) GO YO 129

128 A3=~0,067134
B3s=1,0A97
Cis 0,875061
G0 T0 133

129 AJ=-0,669469
R3s-1,0082352
C3s 0.875061
G0 7O 133

130 AJ==1,999368
83z 0,%36293
C3= 0.4R87355
G0 70 133

131 433+6,994067

. 83=11,160471
Ciz=5,242325
GO 7O 133

132 Ad5=2h,449074
Bz 6),225849
€33=-37,447539

133 CONTINUE
DV5sALOGL10(2Z1S)
PHISE]0, %0 (AJ*DVSODVSeRISDVSCI)

RETURN
END


http:IF(ZIS.GT.4o
http:IF(715.oT.20

127

Program EIINS--Subroutine SLINT
(listing)



OO0

128

SURNAUTINE SLINT(DAOF 24511 0512¢€A)
DIMENSION OFL(A)oF1(a)oF218) AT L10104)0AT2(110A)sAY(A)

INTEGRATFS CONCENTHRATION OVER OEPTH FOR EINSTEINS SUSPENNED
LOAD INTEGRALS .
EA MUST AE LESS THAN 0,2

EAn200/0¢

Nsll

ANSN

Blle0,

BI2w0.
IF(EAGEL0,11G0 TO S1
1181

Jy=0

3] 6lI=]l
[NNLNN}
OLT=(2,%G11/ (AN=14) ) *EA
AYLLIR(1,00JJ/7{AN=]1,)) *EA
AY(21mAY (1) eDLT/2,
AY(3)=AY (1) +OLY

DO 32 xXKk=ls3
Flikx)m{ (1 =AYIKK))/ZAV(KK))®02
F2(KK)I®F] (XK} ®ALOG(AY (KK))

32 CONTINUE
RIAS((F1(1)ea,oFL(2)eF1(3))/6,)%DLY
RIBa(IF2(1) 04,0F2(2)+F213)1/64)°DLT

BI1=R11¢RIA
B8l12aR12+R18
IF(AY(3) 4GE.D0,1)GO TO S50

JusJJe2e1]
Ii=tlel
Go 1o 31

50 CONTINUE
E=AY(J)
GO TO 52
S1 CONTINUE
E=EA
§2 CCNTINUE
Mz (N=1)/2
CEL(1)m(,2°E}/(N=])
DEL(2)%,3/(N=1)
DEL (3)=,5/(N=])

00 111 y=led

00 110 I=leM

00 106 K=31,3

IF(J=2)1101+102+103
101 IA=28[=]3ex

1830

.1C=0

GO T0 104
102 IazN=]

18820234k

103 IAan-}

ICa2eT=3eK

104 CONTINUE
AslA
Ra]R
CslC
Y2EeACDEL (1) +B*DEL (2) ¢C*OEL (I}
Flixia{(),~Y)/V) 002
F2(K)BF]1(K)*ALOG(Y)

106 CONTINUE
ATLCTod)mU(FLL)) ol ®FLi2)¢FL{3))/3,)ODEL (I}
AJ2UTe )2 (F2UL) e ®F2(2)+F2(3))/3,)%0FL ()
RUIsRIleAlIL(T1eD)

HI2=R[2¢AY2(10J)
. 100 CONTINUF
111 CONTINUE

DVED, 21Ae (FA®®(2=]1,))/((],=EA)O0D)
Stisnvent)

S12=nveRy2

Mt TuRN

biva
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Sample Output--Program EIINS



IR P
FEG

H . I .
; - ) . . :
§; . ° N .
‘ 1
Yy :
i Ty
.
.
- Co 3 The
o [ . .-
I . N
coL P oo - R
o L R T ) ]
! ’ ELE T e ey e .
\
L4 . PR X T
' e o
T : [




130

INPUT DATA CHECK
CANAL NO. 1}

DISCHARGE AREA HYDJRAD. WIDTH DEPTH  SLOPE S=5LO0PE YEMP, SP,.0R.
Q A R 8w DE S 28 T S6

$000.0 1764,0 - 9,00 196.0 9,00 9,00E-05 10.00 70,00 2,650

035 D6s FRACT, MEAN PERCENT IN
{FY) (FT) DJAMETER(FT) FRACTION
7.016E=04 §,589E~04
4,763E=04 10,00
S+ 798E-04 ) 10,00
6.616E=04 10,00
Te395E~04 10,00
8,202E-04 10.00
9.097E=06 10,00
1.017€~03 10,00
1.160€~03 10,00

X.CIJE-O:! 10,00



COMPUTED PARAMETER CHECX
CANAL NO, 1

ADJ. LOG COR AVERAGE SHEAR VELOCITY  HYD. RADIUS DELTA cap, CHARACTERISTIC LIFT €OR
DISCHARGE VISCOSITY DENSITY SP.GR., FACTOR VELOCITY GRAIN FORM GRAIN  FORM PRIME DELTA GRAIN STI2E  FACTOP
[ vISC RO SGA x1 v uls ulls Rl R oLP bLK x Y

$5000.00 1.059E=-05 1.936 2.655 1.593 2.823 el01 «207 34530 14,825 1.215E-03 6.018E-04 1.689E~03 +7308

FRACTIOMAL PSRYICLE HIGING GRAIN TRANSPORT BED LOAD PART.FalLL EINSTIENS

CIAVETER SHEAP FACTOR SHEAR INTENSITY THICKNESS VELOCITY EXP, INTEGRALS

ot z1t Sul Z21s PHS E o 4 n 12 PE

4,763E-064 2.4818 15.8480 13,9182 2.367E-02 1.058E~04 5.289E-02 l.308 «6372 -4,2458 13,0230
S$.793E-04 3.0214 9.8707 10.5534 7.1S0E-02 1.2R8E-04 T7.096E-02 1.755 «2845  =2,131) 13,0230
6.615E-04 3,4477 7.1169 846828 1,365E~01 1.470E-04 B.4B4E-02 2.098 « 1965 =1.5560 13.0230
T7.395€E=-0s 3.8535 5.3702 703230 2,343E~-01 1,643E-04 9.749E~02 24411 «1530 =1.2253 13,0230
8,202E-04 4.2762 4.1318 6,2191 3,750E-01 1.823E=04 1.099E-~01 2.719 «1256 ~1,0089 13,0230
9.,097E~04 64,7408 3.1337 52571 S.T97E~-01 2.022F=046 1.230E-01 3.041 1058 -e84696 13.0230
1.017E-03 5.2988 2.3292 4.3673 8.,855E~01 2.260F=04 1.,37SE~01 3,401 «0900 -.7182 13.0230
1.168£-03 6.0465 1.7338 37096 1.213E+400 2.578E=-04 1,555€=-01 3.845 «0760 =e6013 13,0230
1.413E-03 T.3610 1.3262 3e4544 1.375E000 3.139E-04 1.834E=01 4,536 «0612 ~o4761 13.0230

HOTE =~ aLL PARAMETERS GIVEN IN THE FOOT-POUND~SECOND SYSTEM

Ie1



ouTPYT

CHANNEL NO. 1
HYORAULJIC DATA

HYDRAULIC RADIUS
' AVERAGE AVFRAGE

DISCHARGE ARFa winTH DEPTH ACTUAL COMPUTED GRAIN
(CFS)  (SOLFY) (FT) (FT) (FT) (FT» (FT)
5000.00 1764,00 196.00 9.00 9.00 18,35 3.53

TRANSPORT DATA
(BED MATERIAL)

TRANSPORT BY SIZE FRACTIONS

BE LN PEOCENT BED LGAD SUSP, LOAD TOTAL LOAD
DIAVZTER IN FRACT,.
(FT) (POUNDS PER SECOND PER FOOT WIDTM)

4,763E~0s 10.00 2.969%~05 1.2034E~04 1.5003E-04
S.79AE~-04 10.00 1.205€-04 1.8370FE-04 3.0419E~0s
6.E16E~04 10.36 2.80SE-06 2.8121€~04 5.6170E-04
7.395E=04 10.00 5.h57E=Cé 4.364GE=-04 1.0052E~03
8.202E~04 10.00 1.063E-03 6.6715F =06 1.7305€~-03
9.097E-04 10.00 1.920€-03 1.0172E-03 2,9373E~0)
1.0177-03 10.00 3.446€E-03 1.5731¢~03 5,0389€-03
1.150£-03 10,30 5.789E-03 2.2479E-02 8.0367€-03
1.613€-03 10,00 8,809€-03 2.8221€-03 1.,1632€-02
YOTaL 90,00 2.205€~02 $.3492E~03 3.1395€-02

NOTE-FLOw PESTSTANCE XNOWN PRIOR TO REGINNING COMPUTATIONS

AVERAGE
FORM VELOCITY
(FT) (FT/SEC)

le.82 2.82
TOTAL TRANSPORT
BED suse, TOTAL
LOAD LOAD LOAD

(TONS PER DaY)

1.867E¢02 7.916E«01 2.65BE+02

H1 IS COwbUTEC FROM GIVEN VELOCITY TO SATISFY LOGRITHMIC VELOCITY DISTRIBUTION
COmPUTED VALUES OF R11 ANDT R NOT USED IN TRANSPORY COMPUTATIONS

SECIVENT SIZE BHEAKDOWN ASSUMES LOG NORMAL DISTRIBUTION WITH A GRADATION COEFFICIENT OF 1.50

CONC,
8Y w7
(PPM)

1.976E+01

(441
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APPENDIX C

SAMPLE SEDIMENT ROUTING COMPUTATIONS



134

APPENDIX C
SAMPLE SEDIMENT ROUTING COMPUTATIONS

To illustrate the application of the concepts presented in
Chapter IV, the required computations for an initial trial design are
carried out for the irrigation canal sub-system shown in Fig. C-1.
Overall characteristics of the system are given in Table C-1. Channel
geometry is determined using the depth correction method developed
by Simons and Richardson [92] (see Appendix A). The geometry resulting
from these computations is given in Table C-2. Bed material transport
capacity of the channels is computed by Einstein's method [23] using
the computer program presented as Appendix B.

Slope limitations for the system are arbitrarily taken as a
maximum available slope of 3.33 x 10-4 and a minimum slope for channel
CH(1,1) of 9.0 x 10-5 relating to a minimum sediment inflow at the
headworks. Individual channel slopes were selected using the Bose [10]
slope equation (Eq. 2.11d) as a reference and departing from the
computed value according to relative channel discharge.

Equation 4.2c was applied to those channels represented by solid
lines on Fig. C-1 with the entire bed material load assumed to be
disposed of with the irrigation supplies. Results are given in
Table C-3 with parameters and computations explained column by column
in the footnotes.

~Since all parameters computed for the trial design lie within
feasible hydraulic limits, no modification of the design is required
from this standpoint. Further modification would necessarily be based
on the feasibility of introducing the computed concentrations into the

farm watercourses.



(1,1)

Figure C-1.

Irrigation Canal Subsystem for Sample Computations.

set
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Table C-1. Characteristics of Irrigutionxcanél Subsystem,'Sample Problem

(1) (2) (3) (4) (3 (6) )
CH(i,j) Q(i,j) Qs(i,j) = Q (1,3} L,jJ)  dg o
cfs cfs . cfs mi mm mi~!
1,1 5,000 80 0 10 0.250 0.0020
1, 2 4,420 -- -- -- 0.245 --
2,1 500 20 20 10 0.245 0.0030
2, 2 60 - -- - 0.240  --
2,3 400 20 30 10 0.240 0.0035
2, 4 250 - -- -- 0.230 --
2, 5 100 10 30 10 0.230 0.0035
2, 6 30 -- - -- 0.220 --
2, 7 30 8 22 10 0.220 0.004

(1) CH(i,j) = Channel number designation (see Fig. C-1)
(2) Q(i,j) = Channel discharge at head of channel CH(i,j)

(3) Qs(i,j) = Seepage and evaporation loss from channel CH(i,j).
Taken as 8 cfs per 1 million sq. ft of wetted perimeter.

“4) ¢ Qir(i,j) = Total irrigation discharge from channel CH(i,j)
ir

(5) L(i,j) = Length of channel CH(i,j)
(6) d50 = Mean diameter of the bed material at head of channel
(7) a = Bed material size reduction exponent for the channel.

Assumed values based on the work of Rana [82]. d50 =
-ax
(d50)° e
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~ Table C-2, Computed Channel Geometry for Sample Problem
1) (2) (3) 4 G ©6 O (8) (9)

CH(i,5) QCi,5) st104 S°x104 P R v tV  Bed
cfs ft ft - ft/sec ft-1b/sec Form

1, 1 5,000 1.06 0.90 196.0 9.00 2.83 0.143 Dunes
1, 2 4,420 1.07 1.00 184.0 8.60 2.79 0.150 Dunes

2,1 500 1.69 1.50 60.0 3.85 2.16 0.078 Dunes
2, 2 60 2.59 3.00 20.0 1.75 1.71 0.056 Ripples
2, 3 400 1.74 1.68 54.0 3.53 2.09 0.077 Dunes
2, 4 250 1.89 2.00 42.0 2.92 2.03 0.074 Dunes
2, 5 100 2.25 2.36 26.4 2.12 1.78 0.056 Ripples
2, 6 30 2.78 3.33 14.3 1.40 1.49 0.043 Ripples
2, 7 30 2.78 3.33 14.3 1.40 1.49 0.043 Ripples

(1) CH(i,j) = Channel number designation (see Fig. C-1)

(2) Q(i,j) = Water discharge at head of channel CH(i,j)

(3) s = Channel slope computed by Bose [10] relation.
R 0.86 0.21

SR = 2,09 d50 /(1000 Q )

4 So = Selected channel bed slope

(5) P = Channel wetted perimeter taken from plots developed by
Simons and Albertson [95]. See Appendix A.

(6) R = Channel hydraulic radius computed using method developed
by Simons and Richardson [92]. See Appendix A.

Mnv = Average velocity in channel computed by method developed

by Simons and Richardson [92].
(8) rOV = yDSV = Stream power.

(9): Bed Form predicted from plot of stream power versus mean bed
material diameter [94] (Fig. 2.3). )
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Table C-3. Bed Sediment Distribution for Sample Problem

(1) ) 3 ) (5) (o) ) (8) (9) ()
£ .1 (1))
.y ) s e Sl T Cirth)) Tuglhodd Gy Wiy
efs Ton/day rpm cfs Ton/day PpR
1,1 5,000 205,8 19.76 0. 0.00
1, 2 4,420 241.3  20.29 - -
2,1 500 25,1 18.67 20 3.0 56.39 3.02 2.85 1.00
2, 2 60 2,5 15.71 .- -
2,3 400 19.6  18.17 . 30 2.89 35.74 1.97 1.81 0.63
2,4 250 13.3  19.69 - - .
2,5 100 3.4 12.73 30 2.44 30.17 2.37 1.53 0.53
2, 6 30’ 0.5 6.08 - -
2,7 30 0.5 6.08 22 0.49 8.26 1.36 0.42 0.15

(1) CH(i,§) = Channcl number designation

) Qt,9)

(3) G(i,J) = Bed material transport capacity of Cil(i,j) as computed by Linstein's mothod [23]. See
Appendix B

Channel discharge at head

(4) C(1,j) = Bed material concentration in CiH(i,§). C(1,j) = [G(i,§)/Q(i.§)} « 370.96
s) Q"(i.j) s Total irrigation diversion from CH(1,j)
ir

er“ J) 'clr“ 3)

(6) ’t T T Bed material load in irrigation diversions from CH(i,j). Computed by
r .

Eq. 4.2c.

) ?:'"(i,j) = Average bed material concentration in irrigation diversions from CH(i,j).
L Q (4,9): €, (1.1

- ir

C, (1,5} =

ir T Q.(i,))
ir ir

(8) T ,(1,}) = Ratio of average hed material concentration in irrigation diversions from CH({,j)
RAT = =
to concentration in CH(i,j). CRAT = Ch(i.j)/C(i.j).

) En(i.j) = Rstio of average bed material concentration in irrigation diversions from CH(i,j) to
concentration in CH(1,1). Cpe C, (1,5)/C(1,1)

(10) ¥(i,j) = Relative welghting factor for concentration in irrigation diversions from Cl(i,j).



