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RIVER HYDRAULICS AND SEDIMENT TRANSPORT
CHAPTER ONE

.7 Ketlor (1996

CRIGINS OF SEDIMENT

INTRODUCTICON

The continuing landform development occurring on the earth's surface
necessarily implies the production and subsequent distribution of
sediments. FEarth and rock particles are removed from one luzstion aud
deposited at another, and there is a need to quantify these .xesica ani
deposition rates. Because gigfr is the prime entraining agnui and mover
of ercded materials, it is Qirtually impossible to plan, dezign, construct,
or maintain river basin projects rationaily withcut postuiati.y the
distribution of these materials to downsziope and downstream locations.

Typical erosion and deposition occurrencs:s are indicated in Figure 1.1.

EROSION

SHEET AND RLT EROSION

CETRUABATION OF WROK CFANAGEWATS
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FIGURE l.l. Typical Erosion and Deposition Occurrences.

Most individuals have cbserved sgfipgiosioa and deposition phenowmena
in nature and could ascribe general reasons four these occurrences with
some degree of confidence. The interplay of the forces causing erosion
is less obvious, however. As with other natural occurrences, erosion and
deposition rates could be accurately predicted if all causes were known
and could be taken intc account. In nature, and often in the laboratory,

it is seldom possible, or practical, to measure all these variables in

isolation so that a completely deterministic model can be developed.
Thug, to obtain quantitative estimates of erosion and deposition for a

given situation, probabilistic values based on measurements must be

(\") 1.1
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assigned to the major causative variables,

The adequacy of measurement records and the degree of success in
R
analyzing them determine the degree to which deterministic methods rather
than stochastic (probabilistic) methods have been utilized for estimating

rates of erosion, ‘sediment tramsport, and deposition.

From an engineering point of view, the accelerated erosion most often
induced by man's activities is of sPeéial concerﬁT-@En fact a large
proeportion of material produced by accelerated erosion derives from sheet
erosion over cultivated lands. The concentration of runoff in large and
small drainageways often causes extensive channel erosion. Other erosion
from such specialized activities as mining, and the construction of

houses, factories, highways and utilities is becoming increasingly important

in some localities.

411 of these erosion types combine to create challenging problems in

L]

land management and in the design of sediment control measures. But the

R R

overall goal is the economic management of our land resource so that the

rate of normal geclogic erosion, plus an allowable rate of man-made

erosioﬁ, will not exceed our ability to sustain the soil. Attainment

of thls goai would minimize the englneerlng and aesthetic problems arlslng

P ..—14-—““*'——“—‘ Ere— vy e —— s ey i

from accelerated sediment movement downstream.

N [ogia SRR

In this chapter the principal sources of stream borne sediment are

identified and their relative importance discussed.

_»'“"*_/’ T e
ORIGINS OF SEDIMENT \ I
S / G Vil U J.

There are seven principal sources of stream—borne sediment, namely:

(1) Sheet erosion by surface runoff from precipitation om agricultural
range, forest, and waste land - sheet erosion being defined by soil
conservationists as the removal of surface soil by overland flow
without the formation of channels of sufficient depth to prevent
cultivation or <rossing by'farm'machinéry. | S '

{2) Gullying, or the cutting of chanmels in soil or unconsolidated
geologic formatlons by concentrated runoff.

(3) Stream-channel erosion, 1nc1ud1ng bank Cuttlng and bed degradation

- of formerly well-defined channels. . _ _
(4) Urﬁan erosion incident to cultural developments, including roads,

railroads, powerlines, and clearing for housing and industrial

projects. | (\5 )
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(5} Mass movements of soil - landslides, slumps, and soil creep.

{(6) TFlood erosion, or the removal of surface soil by flood flows
sweeping across flood plains.

{(7) Mining, industyial, and sewage wastes discharged into streams

or left in waste dumps favorable to ercsion.

Of these, the first three are by far the most important, quantitatively

L e o
pa——

in all large drainage areas, although in urban areas the fourth source may
be of major importance. In general, sheet erosion is the dominant scurce
of the total sediment load in larger drainage areas which have an annual
rainfall of more than 500 mm and where agriculture is a prominant land use.
Gullylng and streamwchannel erosion generally furnish the greater part of
tbe total stream load in forest and range areas and in drainage areas

hav1ng less than 500 mm of annual precipitation,

§edemat
In some sediment problems the total stﬁeam load is of primary importance.

For example, 211 of the load may contrlbute to reduc1ng the storage capacity

of reservoirs. In other problems, however, such as stream-channel aggradation
e T et ™ e, T et

or filtration of water for domestic use, either the coarse bed- 1oad fraction

or the flne suspended ~load fraction of the total loadalgv%g;hdritléa} factor.
‘Hepce, in a study of a particular problem, prlmary consxderatlon must be

giﬁen to the sources of the sediment involved in that problem. ‘These sources
may differ significantly from the sources of the total sediment lbad passing

the points where the problem exists.

In the following sections, the first four sources in the above list
are discussed in further detail.

PR ~

o :
/" SHEET ERGSIONr (and il Eneson )
S

Soil movement resulting from raindrop splash and surface runoff is
often called sheet erosien. Sheet ercsion removes the lighter soil
particles, organic matter, and soluble nutrients from the land and is
thus a serious detriment to the maintenance of soil fertility and
productivity. Since sheet erosion occurs rather uniformly over the
slope, it may go unnoticed until most of the productive topscil has been

removed. For this reason, sheet erosion must be considered as most
serious.
As the surface water accumulates, it moves downslope. This water

rarely moves as a uniform sheet over the surface of the land. It would

move in this manner if the surface were smooth and uniformly inclined,

(1Y)




which is seldom the case. The surface is almost always irregular,

Surface areas a few feet square generally exhibit in winiature the drainage
pattern of a major watershed. Each small portion of the runoff water

takes the path of least resistance, concentrating in depressions and
gaining in velocity as the depth of water and the slope of the land

increases.

The erosiveness of flowing water depends upon its veloecity, turbulence,
and the amount and type of gbraé%ﬁéﬁmaterial 1t transports. Velccity
increases as the depth of flow and the slope of the land increases.
Turbulence of flow increases as the rainfall becomes more intense and
as the surface flow concentrates in depressions. Abrasive capacity of the

. " runoff depends upon the energy of the flowing water and the amount and

type of suspended material in the water.

© ) S0il particles ave detached by a combination of rolling, Llifting, and

i

9Lﬂ“%&» a?faszve action. VWhen flowing water moves over a soil surface, horizontal
forces act upon the particles in the direction of flow. These forces
detach particles from the soil mass by rolling or dragging them out of
position. ~As the surface flow concentrates in &epressions, the f10w
_‘becomes more turbulent, and the different ve10c1t1es and. pressures cause
vertical currerts and eddies: The upward movement of the water past the
soil particles detaches them by a lifting action. Soil detachment by

abrasion occurs when particles already in transit in the flow strike or

drag over particles on the soil surface and set them in motion.

Soil particles ave transported by a combination of surface créep,

saltation, and suspension. The horizontal forces of water flowing over
the surface transport soil particles by rolling oxr sliding them along in
contact with the land surface. This is called surface creep. Movement by
saltation occurs when forces dﬁe to turbulence 1ift the particles from

" the surface and move them along by a continuous series of steps or jumps.
When the upward velocities in the flow exceed the settling velocities

of the detached particles, transportation by-sdspen$ioﬁ occurs. Particles
transported by suspension may travel long distances before gsettling to

the land surface.

The amount of material transported depends upon the transporting
capacity-of the runoff and the transportability of the soil.. The
transportability of the soil is influenced by the size, density, and shape

e e e i A T S et Sty T

of the individual soil particles, and by the retarding effect of vegetation

(H”) -



and obstructions. Soil that is moved downslope by the action of the

raindrops and by shallow'flow over the soil surface consists of the

smaller and lighter soil particles. The larger and heavier soil particles
- are more difficult to transport; hence they are not moved as great a

distance.

Other variables affecting sheet erosion have been identified from
small plot studies at experiment stations across the United States.
Vegetation cover is clearly one important aspect and the small plot
studies have indicated that for conditions of clean ploughed land planted
in row crops the scil losses under sheet erosion average more than 200
times those for areas planted in pasture. Fertility levels in the soil
- - and grop rotation rates can also be important and further information
- on these and other variables is contained in the ASCE Sedimentation

Engineering Manual.

As with all natural phenomena it is difficult to ascertain exact
quantitative relationships between the many variables and to apply them
to ungauged regions where different soil, topographic, and management
conditions prevail. (;nfcrmation on the interplay between the variables
and‘the prediction of Shgét'erosion rates is contained in fhe‘ASCE

' Sedimentation Engiﬁeering Manual. <

” GULLY EROSION )
et e et e d

L

When surface channels have been eroded to the point where they cannot

be smoothed over by normal ploughing operations, they are called gullies,

gullies may develop as a result of several factors. Four important

factors are discussed briefly below.

Chamnels. Soil is removed by surface water concentrating in and
‘flowing through surface channels in sufficient volume to form a gully.
Gully formation by this process is usually relatively slow, particularly

where the soil is fairly resistant to erosion.

Waterfalls. Water from surface channels is often discharged over an
abrupt change in grade. This stream of water falling to a lower elevation
has greatly increased eroding power as compared to the same stream on a

uniform grade. The channel at the foot of the waterfall is deepened, and

the banks are undermined and cave in. Gullies formed by this process may

be quite deep; some in the deep loess soils attain depths of over 20 m.

GOV

L




£

(A3

.

B

Freezing and thawing. Alternate freezing and thawing of the
exposed gully banks result in sloughing of the sides and enlargement of

the gully.

Slides and mass movement of soil. On gully banks gravitational and
seepage forces tend to cause movement of the soil mass from a higher to
a lower elevation. These forces induce a shearing stress within the soil
mass which slips into the gully if the 'soil does not have sufficient
resistance to these forces. The soil which has been detached and
transported by gully erosion is of less value than scil removed by sheet
erosion because it contains a higher percentage of subseil. It costs much
more to bring this type of erosion under control, but it is much easier
to get action in establishing protective measures. However, the farmer
and society pay a severe penalty for allowing erosion to develop to this

stage.

Gullies, or upliand channels, are common to most reglous, and their

et

development is usually associated with severe climatic events, improper

land use, or changes in stream base levels. Gully growth patterns can be

cyelic, steady, or spasmodic and can result in the formation of countinuocus

or dlscontlnuous channels. Gullles can also form on -the perzmeter of

“upland fields and actlvely advance into these fields. Most of the

significant gully activity, in terms of quantities of sediment produced
and delivered to downstream locations, is found in regions of moderate

to steep topography having‘thick soil mantles, The total sediment outflow
from eroding gullies, though large, is usually less than that produced by
sheet erosion, although the economic losses from dissection of upland
fields, damage to roads and drainage structures, and deposition of
relatively infertile overwash on flood plains are disproportionately

large.

Gully advance rates typically have been obtained by periodic surveys,
measurements to steel reference stakes or concrete-filled auger holes
that are placed in the gully head and bank, or examination of gully changes
from existing small-scale map or aerial photographs, or combinations of
these, The gully erosion process has been described for several regions
of the United States, but the cause-effect 1nterrelat10nsb1ps of gully

formation have never been put into proper perspective. Methods are,

" therefore, not available for any given iocality and under any set of

-existing or assumed conditions, for accurately predicting rates of gully

erosion or gully advance. However, studies are producing quantitative

(V) 1
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information and some empirical procedures have been postulated (see
ASCE Sedimentation Engineering Manual for further information).

e T
]

_ {’ CHANNEL EROSION

e e

Channel er051on, which includes stream bed and stream bank erosion,
can be very significant under some circumstances. Accelerated stream bed
‘erosion, for example, can cause the lowering of ground-water levels, and
in water-short areas, this can drastically reduce the yield of crops.

It can also trigger downcutting cycles in tributary channels and gullies
because of the lowering of the base level. Stream bank erosion, often
causéd by the clearing of protective cover from banks and from channel
straightening and realignment measures, affects the flow through changes

in slope and in stream compatence.
#
B

Quantitative estimates of channel erosion on deposition rates are
obtained from time sequence comparisons of surveyed cross sections,
from maps and aerial photographs, and from historical records. Predictions
of future channel changes are based on erosion or depogition rates as
estimated by these methods; when future changes in the flow regime are
expected rough .estimates of scour or fill can be obtained " from sediment
‘dzscharge formulae, - the appllcatlon of pr1nc1ples of fluvial morphology,
the use of the regime theory, or other methods that comsider the forces

exerted on the stream boundaries.

URBAN EROSION SQURCES

The task of evaluating urban erosion sources and controlling the
damages resulting therefrom, both on-site and downstream, involves a
consideration of similarities and differences between urban and rural
erosion phenomena. Procedures and guidelines presently available for
measuring, predicting, and controlling agricultural erosion rates are

an invaluable starting point for dealing with urban erosion preblems.

There are many sources of sediment in urban areas, but home building,
highway comnstruction, and other activities involwving earthwork in
metropolitan areas causes special concern. Even the sediment from

"grabilized" sections of a city, from streets and gutters, can be

significant when it is delivered to stream channels incapable of

transporting it, or to estuaries that must be maintained by dredging.

Erosion considerations in areas undergoing urban development are

unique in some respects. The soil loss rates are many times the pre-

(19)




congtruction rates. Damages are usually more serious to downstream
landowners and to the affected municipality than to the developer of a
new housing tract. Exposed subsoils often contain larger particles with
less cohesive material and thus pose special problems because little is
known of their permeability, erodibility, and related properties. The
larger particle sizes of erodimrg subsoils can affect the width~depth
relation and other conveyance characteristics of downstream channels at
a time when the channels are already rapidly enlarging themselves to
accommodate the more frequent and larger peaks and runoff quantities due

"to the increased imperviousness of the basin.

The transition from relativély stable rural terrain to a steady-state
urban envircnment may.take from 2 - 10 years, depending on the size of the
drainage area, the intensity of home building, size of subdivisions, and
sequence of placement of streets, water and sewage systems and other

utilities.

The implications of these comments are important to engineers concerned
with urban erosion rates during the transient period of construction. It
is difficult to design sediment retention works for urban watersheds with
any degree of efficiency since, -during the short period.of inmstability,
ébnormal‘climatié‘cdnditiOnS'cduld causeHlarge.differenées in soil loss.

‘‘ e

OTHER SEDIMENT SOURCES AND EROSION TYPES 4
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Sediments also orlglnate from constructlon activities, logging operations,

excavation and dredging for sands and gravels, mining, and flood-plain

scour. Regardless of the erosion scurce, the movemeﬁt of sediment is
maximized by factors that enhance the processes of erosion and overland
fiow. Factors that affect erosion do not necessarily affect coverland flow
in the same manner. High ercsion rates are a function of soil erodibility,
high rainfall energies and intensities, steep and long landslopes, sparse
vegetai cover, and poor land treatment. Overland fiow rates are related to
most of these variables althotgh such runoff-inducing soil properties as
high clay content and low permeability are not well correlated with
erodibility.
Often-a careful choice of wvariables is poésible that will lessen

.. sediment movement. For example, a minimum or no-plough cultural treatment

ﬁill usually not reduce runoff from agricultural lands (and may increase it

because of reduced evaporation and greater moisture retentlon in the soil

surface profile) but w111 drastically reduce erosion rates and sediment

movement . : (\V)




Frosion by runoff has been treated in the foregoing sections. Wind
is another important eroding agent in many localities, and in geologic

time it played a major role in shaping the landscape.
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a) PZ@T e Size. Ffe_?_agnCJ dictiibution Curve .
b) Determine Dg, , Dig s Pqs , Dios Dis
c) CalculoTe Mean diamiler (Dn) ; qeomelne mean 2ize (Dg) ;
Geomiric STandard Dewiallon (&) ; tradation Coegf. (g);
and --ﬂfé'Z/nt'ﬁ’emg Coefl. ( Cu) -
| é) Discars on e Jfﬁ%@ of Uﬂv’fabmg and 3&&4.@7?@;1 of e
bed materad. | |

@ o

o) Determine the fall Ve/ac,meg cp fediment pasticles ug;‘ns —_
t?,u,log’s Formalo. wiltl diameters of o.4,1.2,.and 2.5 am,
mgﬁggﬂ'we'.[jf . The woler Tempieltie. IS 20°¢ oand The Specibic
ghav@ of The cediment is 2.65.

by Compare The resaifs wilk ThoSe n Fig.(2.2) of Your
LecTure. PrinTed materiad, willk o gﬂxape Lacilor of ©.7 (an
sveiage for QuaiTz - baged €and  materiod ).

¢) Colewlate The fal 'V'e/Oct:[]_ of Pailicly wle median -
cLbO_MJG*— a‘ﬁ Ds’g = .1 Uf’ifj QLJﬁﬂe}MT FO#M{}C[&L V'

Joup- leddute nole | and Compare Te ejults in TP Fform
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proposed by the subcommittee om Sediment Terminelogy of the American
R e S

Geophysical Union is presented in Table 2.1. It has proven advantageous

W

in sediment work because the sizes are arranged in a geometric series

with a ratio of two, and because the sizes correspond closely to the mesh

Coa¥se o b1 )
ey e in the table,.
ST opening in sieves in common use as shown LT e o E«//
( N el ‘M,}";-’\f /'/ el -a-—-’uj)
Approximate Sieve Mesh
Size Range Openings per inch
Millimeters United Stat
Class name Microns inches Tyler standard
{1) {2 {3) (8} (5 {6} (7)
Very large boulders 4,096-2,048 160-80
Large boulders 2,048-1,024 8040
Medium boulders 1,024-512 40-20
Sisel] boulders N 312256 = 0-10
Large cobbles 256-128 o 10-5
Sinai} cobbles i _ 128-64 3“ 5-2.3
Meryoourse gravel, verd dog ol J""“"e/ 64-32 ¢ 2.5-1.3
C ag e geavel CocrfT 5,{ vl 32-16 3¢ 1.3-0.6
Medium gruvel 16-8 3 0.6-0.3 2-112
Fine gravel 8-4 MQ_.}\—O.EE) 5 5
« Very ﬁne wuvel 4-2 10.16-0.08 "9 1¢
47 Very coarse sand Cal 2.000-1.000 2,000-1,006 il 15 8
Course sand 1-1/2 1.006-0.506 i ,000-500 Jeve 32 35
Medium sand 2-1/4 0.500-0.250 500-250 x"fz-/ P 50 &0
. Fine sund 14-118 0.250-0.123 250-125 W 115 120
YVeey fine sand ; [/8-1/16 0.[25«-0.%2 ] i25-42 ; ¢ 250 7 “_3(}
Course silt I 116-1/32 0.062-0.031 62-31 E ‘ "
Mediur silt 1/32-1/63 0.031-0.016 3t-lo : 2\/),, {3 ',
Fine silt 1/64-1/128 0.016-0.008 16-8 ,)
Very Tine st - 1/128-17256 DGDS—D 004 ""\SS 8-
Coarse ciay 1/256-1/512 0.004-0.0020 1 4-2 /
Medium clay 1/512-171,024 0.0620-0.0010 3 2]
Fins clay 1/ 1034-1/2,048 0.6010-0.0005 1-0.5
Very fine clay . ifl.’,{HB 1/4,006 0.0C05-0 0()(}74 0.5-0.24
TABLE. 2.1. Sediment Grade Scale. C 14 @ O/ S'jf ﬁﬂ:’/
e e e S Y

e
Note that the smallest sieve has a mesh size of 1/16 of a millimeter,
This

which, by definition, is the size dividing the sands and silts.
also corresponds roughly to the finest sediment found in appreciable

gquantities in the beds of most streams.

Natural sediment particles are of irregular shape and, therefore,
any single length or diameter that is to characterize the size of a group
of grains must be chosen either arbitrarily or according to some convenient
method of measurement. Three sﬁch diameters recommended for use by the

subcommittee on Sediment Terminology of thejAmerican Geophysical Union

are defined as follows:

1. [ Steve dzameteﬁ,xs the length of the side of a square sieve opening
‘ e T
Ce ,.,.,o:,/ e d rp

through which the given particle will just pass.

2. Sedimentation diameter is the diameter of a sphere of the same

specific weight and the same terminal settling velocity as the

U”/\) _




Deseription

r‘:é}?_ e y HRY ’_3 . Soil Mechanics
Luaboratory criteria
Group
Symbols|i "M Grading Phasticity Notes

Coarse prained
fmore than 30",
Lirger Lhan
TeIpm BS or
Mo, 2 S
sleve il

Gravels

finore than 50% of
contse [raction of
grivel size)

Well graded gravels, sundy GwW 0-3 Cy>4
gravels, with fittle or no lines b (pd
Poosly gruded gravels, sandy Gp 0-3 Mot satislying

gravels, with dittle or no fines

GW requirciuents

Silty gravels, siity sandy gravels

Gt =12

Boelow d-line

ar Pl < §
Clayey gravels, cluyey sandy GC > {2 Above A-line
gravels and Pl =7
Sunds Well graded sands, gravelly SwW (-5 Cy>6
{more than 3097 of | sunds, with little or no fines l<(p<d
coarse fraction of
sand size) Poorly graded sunds, gravelly se 0-5 Mot sutislying
sands, with fittle or no fines SW requirements
Silty sands SM > 12 Betow A-line
or PI < 4
Clayey sands sC > 12 Above A-tine

amd Pt > 7

Duad symbols il
3-42Y, Gines.
Dua! symbols if
above A-ling
wnd 4 < PL < 7

Fine grained
{more than 507,
smatier than

63 um BS or
MNo. 200 US
sieve size)

Silts and clays
{liquid iimit
less than 50}

Inorganic silts, silty or clayey
fine sands, with slight
plasticity

I

ML Use plasticity chart

Inorganic clays, silly clays,
sandy clays of low plasticity

CL Use plasticily chart

Organic siits and organic silty
clays aof lew piasticity

OL Use plasticity chart

Siits and clays
(liguid limit
greater than 50}

{norganic silts of high
plasticity

MH Use plasticity chart

inorganic clays of high plasticity

CH Use plasticity chart

Organic clays of high plasticity

OH Use Plasticity chart

Highly organic soiis

Peat and other highly organic soils

Pt

(va)
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A RIVER AND CHANNEL REVETMENTS

h’_,‘._./’\._/Jk_w.,_.,’.‘ \ \
4 Tal,a/{)i,,,i;/ ! Soil clussificarion according 1o size d/,/. i (a2
Soil ‘ Size: mm Druinuge characteristics (w,,,,:?s)
Clay <0:002 or 2u {microns) {mpervious {intact clavs)
Very poor tweathered clays)
Silt 0-062-0-06 Poor ( ¢
Sand 0-06-2.0 Fair (o7 Bad )
Gravel 2-0-60 Good
Cobbies 60600 Guood
Bouiders > 604 Good

granular soils (D is usually taken as the nominal size; it corresponds 1o the size
below which 50% of particles by weight are smalier) and by sedimentation
techniques for cohesive soils. It should be noted that, as this classification is
based on size, it is not always absolutely logical: for example not all clay-size soils
are formed by clay minerals and vice versa.

The results of sieving and sedimentation analysis are represented graphically in
grading curves such as those shown in Figure 2.1. The x-axis represents the
particle size in logarithmic scale and the v-axis is a natural scale giving the
percentage by weight finer than the corresponding particie size. Grading curves
provide information on the type of soil and on the range of particles of which the
soil is composed. Soils formed by a wide range of particle sizes have gently
sioping grading curves. These well-graded soils tend to have greater strength and
stability than uniform or poorly graded soils, which have steeper grading curves;
however, uniformly graded materials usually have good drainage characteristics.

100 . / 7
840

60 /
40 /
) | /s

Percentage finer

0
6-g02 3008 0-02 0-06 0-2 08 20
Grain size: mm
Silt [ Sand
Cla T
4 Fine |Medium] Goarse | Fine |Medium] Coarse | r2vel
Sy . . : I o .
M [.1 Examples of grading curve.s‘.'@ F—well graded soil: (B A~ uniformly graded soil
'l -_,__/“_'—W ! . 5 i - ¥
taa ¥ oad -r} I wﬂﬂ/ﬂ/;‘) .__.‘j.‘/ A:”:l’)
C/}-f""“’(/r‘ —‘_,l.'/', . wj):j {/"




RIVER AND CHANNEL REVETMENTS

‘ CO{]dlClOﬂS of full-deaifiage S—— L U

W ;Mnternai Friction are also presemed for
granular soils of various sizes and shapes, and for riprap. These values are
approximately the same as the values of the angle of repose, which 1s the angle to
the horizontal at which a heap of material will stand without support, for

@ Values of cohesion and angle of internal friction C C . d))

Material Cohesion ¢ kN/m? Angle of internal friction ¢*: °
Clays
g I Very stff or hard > 130 j
Suff 100-1350 s
’ ) f) 4
(oxog? | Firm to suiff 75100 w4
Firm 50-75 etk
Seft to firm 40-30 by #
Soft 2040 bl
\/er_}j sﬁoftm _ <20 . 2 S
Siley sand - 1734
j ' { Grooular soils " Rounded Rounded and »\nuu!ar
i ( glash ) anguiar ( oA <)
‘;f;%_,;:i_._.;- ! Pacticle ?ize Do ;
<7 < mm 30 ~33 3333
| {~(0 mm C=0 30-32 32-36 33-40
10-100 mm 3 32-37 3340 ~d0y
J Riprap ( D > {og wM) ¢ v s 40-43

@;”?_-;:.m *For uncompacted sund, the angle of internai {riction ¢ coincides with the angle of repose. For
riprap the angle of repose is typically between 335 und 42°,
W -
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FIGURE 2.12
Forces acting on a particle resting on the side of a wrapezoidal chaanel {Graf, 19715

The forces acting on a particle resling on the side of a trapezoidal channel
are shown in Fig. 2.12. The angle of repose ¢ under a given flow condition is
given by (Graf, 1971)

(W, sin 8)7 + 2F, W, sin 8 sin 8 + F3]"

tan ¢ W.cos 0 - F, (2.44)
where Fp = drag {orce, '
F, = lift force,
g = angle of inclination from the bank with the horizontal,
W, = submerged weight of a sediment particle, and
8 = angle of inclination of the shear stress as a result of secondary

motion, which is especially pronounced in flow through curves.
When Eq. (2.44) is applied to the bottom of a straight channel, the channel
side angle of inclination is replaced by the longitudinal angle of inclination «,
and sin 8 = L. In this case, the angle of repose along the channel bottom is
given by .
W, sina + Fp
W, cosa — £,

tan ¢ = {2.43)

The values of Fp, F,, and W, can be computed using Eqs. (2.12), {2.19), and
(2.21), respectively. Substituting these into Eq. (2.45), the critical channel
botiom velocity (V). can be obtained by solving

:\nvnn -
{o;/p — 1)gd

in(tan ¢ cos a — sin )
Cp+Cpland

(2.46)
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FIGURE 2.13 !
Angles of repose of noncohesive material {Lane,
1953).
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The angles of repose of different materials are given by Lane (1953) as shown

inFig.2.13. I
,(\\(W\\mmlm,mm,\qmvxmz&xaa_.6mcnna..mmm.mmm..mm}mmw,mm.\ammwm: curves fof trapezoids with
ent typical side slopes. These curves are based on maximum atlowable
tractiveNpree, and are shown in Fig. 2.14. Figure 2.14{a) is { %m channel -
sides and 244(b) is for the channel bottom. Figure 2.14-fhdicates that the
maximum shear ss is about equal o yDS and 0.75427 for the bottom and
the sides of the chan respectively. Lane’s % also showed that there is

. 2 g2 '
T, = W, cos- Nmzu v (2.47}
an” ¢ :
At the bottom of a nwﬁr §=10, and Eq. (2.47) egoines
- 7, = Ws tan ¢ / (248)

The ratio oqummsm tractive forces acting on the channel
bottom is -

/

- . 1
K=-"2=cos m? -
Ty

sicte. and channel

1an? evi

== 2 49y,
tan? ¢ ¢ 4

1

For stable channel design, the value of 1, can be obtained from the Shields
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importance in abrasion studies.

The shape of a solid particle can exert a profound influence on the
e -

drag and attentjon has been directed towards identifying a single shape

e —— .
factor which can be used to characterise the drag coefficient. A
recommended approach is the use of the shape factor defined by

S T e T :
: ?l&f& prelo- el (2.0

iﬁ which a, b, and ¢ are, respectively, the length of the longest,
intermediate, and shortest mutually perpendicular areas of the particle.
Figure 2.1 shows graphically the relationship between drag ccefficient-
and Reynolds number (defined in terms of the nominal diameter} for river
gravel and crushed gravel of various shape factors as defined by

Equation Z.1.
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FIGURE 2,1: Drag Coefficient vs. Reynolds Number for Different Shape Factors.

e e T e S
Practically all sediments, whether borne by wind or water, have their
origin in rock materlal, and all constituents of the parent material can
usually be fbund in the sediment. However, as the materials become finer
due to weathering and abrasion, the less stable minerals tend to weather .
faster and be carried away as fine particles or in solution, leaving
behind the more stable components. The highest degree of sorting of
minerals is to be expected in the fine fractions of sediment. Coarse

material, e.g. boulders, may be a part of the parent rock and centain all

. the constituents of the original material.

Although quartz, because of its great stability, is by far the
commonest mineral found in sediments moved by water and wind, numerous

other minerals also are present, Despite the presence of other minerals,

&
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Appendix 1 Formulae for viscosity and settling
velocity  ~— " T

Kinamatic viscosity, v:

//w'
Fa ” . Vi -5
. ig.l.v-t;:J __:;;/J ;yi“‘ 1.79 010

i » 0.03368T + 0.00022iT?

where T is tha lemperature in degrees centigrade.

There are a number of formulae for calculating settling velocity w,. Some of
these formulae require the dimensionless grain size Dgr to be calculated

2
A T:: 0 & .6 ﬁ}—/; N A
— N — L ] S RN T
where o o Vo = VY e (P * A
y = kinemalic viscosity of fluid in m%/s
D = sediment size inm . - N, fj~
s = ratio of densities of grain and fluid Ty =

\gﬁ ’(::)

Formula given by Mallermeier to calculate fall velocity is:

3
w. - 1Par forp,? <39
* 98D
3 p.21 3 4
1 w, = Y Yar forSQ‘«cDgr < 10
; 6 D

1.5
=L w = 1O D6 for 10t < D3 <3 x 10°
i s WWD""“'“_'"—

Formula derived by Van Rijn for fall velocity is:

3
for Dgr < 16.187

3
W, = 1%7’ {J«] + G.014 Dg? _1} for 16,187 < Dgr < 16187
) L &b Y > S# 250 KF 020595

TR

TR

TR

'
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& {WS - %_ ‘/.1_21 Dg?_ for Dgf > 16187

The formula derived by Soulsby for falt velocity is:
..

“
O [Ws = %.. {@.3{52 + 1_04&)Dgr3 _10_35:| for all Dgr

Fall velocity of the particle, w, in mVs as given by Gibbs et al, 1971.

1

@ ' y [9v2 + 10° D?g (s-1) (0.03869 + 0.0248D)] % -av
i (011607 + 0.074405D] +107°
]
where
v = kinematic viscosity of fluid in mé/s
D = sediment size in mm

sg = specific gravity of sediment

o ) ot
i{"’.:f b > - Acomparison of the predictions of fall velocity as given by these four formulae

'u\{; ok was camied out against a large data sel (115 measurements) of settling

e velocities of natural sands and irregular shaped lightweight grains, Soulsby

ot ,i (1993). e e
—_

The error analysis used was:

N Predicted

1
N ?;1 v Observed

The table below shbws the percentage of predictions lying within 10% or 20%
of the observations. ‘

Formula 10% 20%
Hallermeier = 60.0 88.7
Soulsby 66.1 - - ... 896
Van Rijn 581 B89.6
Gibbs : 348 ' 504

et .
_ j??/ "= [+ almost as good, but more complicated. The poor performance of the Gibbs

o ( The Soulsby formula gives the best results with Hallermeier and Van Rijn
. formula is because it was intended for spheres, not natural grains.
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FIGURE 10.3 Zolo
Relationship between fall diameter and mwwa diameter for different shape factors of nat-
rally wom sand particles (U.S. Interagendy Committee 1957).
o~ :

EXAMPLE 10.1. } Find the fall <¢.wmoQQ of a meditm sand with a sieve diameter of
0.50 mm (0.00164 £1) falling in water at 20°C by two methods: (1} using Figures 10.2
and 10.3 and (2) from Equation 10.10. ) -

e AT

Solution.  From Figure 10.3, for a sieve diameter of 0.50 mm (

.3, : . 0.00164 fY) and a sha
factor of 0.7, the standard fall diameter is .47 mm (0.00154 f1). Then, we calculate wa
for the sphere with fall diameter, d, as '

1.65 Vm 9.81 X 0.00047% P
(1% 107%)?
= 33 50 that 3 = 33 % (1 X 1076y/0.00047

d.

= 11.9

From Figure 10.2, Re
{023 ftfs). .

In m.un second method, which can be used only for sand grains
for the sieve diameter, 4, of 0.5
(10.10) to obtain

70 X 1077 mfs

: s , d, is recalculated
mm to give a value of 12.6. Then, we substitute iate
i

wyd

it = g % [V + 00139 X 126° — 1] = 35

v

from which wy, = 35 X (1 X 1075)/0.0005 = 7.0 X 1072 m/fs ($.23 fufs).

Grain Size Distribution

While some E&:m_ m.onmmm oceurs in rivers with the formation of a thin armor layer
of coarser particles in the bed under conditions of degradation, generally a wide

B, Ofen Cha

..ma..a\?u\ﬁ S ».ciﬂml n:p E

2o

v,

4 %»b@?& F

‘sands, with an estimate of its parameters (mean and standard deviation) being

SYE]

Flow in Alluvial Ghaonels

(A Giroinr wo ) CrapTER 10:

range of sizes can be found in transport and in the riverbed. Some measure of the

I degree of sorting of the grain sizes is required using statistical frequency distribu-

tions. The lognormal probability density function commonly is applied to river

used
to characterize the particle size distribution as obtained from sieve analysis. The
lognormal probability density function simply is the normal probability density
function applied to the logs of the sleve diameters, 50 it is given by

1

in which ¢ = (logd, — p)o; d, is sieve diameter; u is the mean of the lugs of the
sieve diameters; and o is the standard deviation of the Jogs of the sieve diameters.
The geometric standard deviation, o, is used more often to describe grain size dis-
tributions, and it is defined by logo, = o
The cunmuiative distribution fanction, F(£), is used to relate the theoretical prob-
ability distribution of (19.11} to the results of a grain-size analysis. It represents the
cumulative probability that a grain size is less than or equal to a given sieve diame-
ter, and it is measured as the cumulative weight passing a given sieve size as a frae-
tion of the total weight of the sediment sample. Mathematically, it is obtained from
the area underneath the probability density function as
! z

w@uaﬁ

in which 1 is a duminy variable of integration, and 100 X F{{) = percent finer of
the theoretical lognormal distribution. Shown in Figure 10.4 are the individval data

PRiE (ol

et oy {10.12)

§6.88
99.95
39.8

log

84.1%

50%

Percent Finer

15.9%

. b

02
21
0.05

801
0.001 0.01 0.1 1 10

: Sieve Opening, mm

FIGURE 10.4

Size distribution of & sand sample on log-norinal scale.
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i which the constant of 4/3 on the right hand side has been moved to S.m left hand

376 CHAPTER 10: Flow in Alluvial Channels
which is valid up to a Reynolds number of approximately Z X 10° when the drag
crisis occurs as the laminar boundary layer changes to a turbulent boundary layer:
and the separation point moves further downstream on the surface of the sphere.
Tteration or a numerical solution of (10.4) is unnecessary, however, for the mSan“.
range (Re < 1), for which there is an exact solution by Stokes for the drag force
and coefficient of drag under the assumption of negligible inertia terms in the
Navier-Stokes equations; that is, creeping motion. In this special case, C, = 24/Re
or the drag force D = 3muw,d. Substitating the Stokes solution for drag force on
the left hand side of (10.3) and solving for the fall velocity gives Stokes’ law for the
fail velocity: ’

1 (nfy — ed”
18 v

in which v, = specific weight of the sphere; y = specific weight of the fluid; d =
diameter of the sphere; and v = kinematic viscosity of the flujd. Stokes’ law is lim-
ited 1o Re < 1, which can be used to substitute into (10.6) for the fall velocity, w
to obtain the maximum sphere size for which Stokes’ law applies. The result mo%w
quariz sphere falling in water at 20°C is d,; = 0.1 mm, which is a very fine sand.
For spherical particles outside the Stokes range, an alternative to the iterative
solution involving Figure 1.1, or the numerical solution using Equation 10.5, s to .
rearrange the dimensional analysis of the problem. The difficulty with Figure 10.1
is that it was developed for predicting the drag force on a sphere, whereas the prob-
lem of interest here is the determination of fall velogity of the sphere, and the fall
velocity appears in the definition of both Cp, and Re. However, according to the -
rules of dimensional analysis, any dimensionless group can be replaced by some
combination of the other groups as discussed in Chapter 1. In this case, a good
choice would be C,Re? because the fall velocity is eliminated in this group. The
evaluaton of a related dimensionless group can be obtained from
3 (ys/y — gd’

i 2
&.ﬂbw.w = H\M

x@q“

(10.6)

uw,.m s

(10.7)

side. Now define a more convenient dimensionless number, d., given by

h\vﬁo\u\ . Hv%&m i3

du = 5 (10.8)

v

Taking Fquation 10.5 for the drag coefficient and plotting Re vs. d. results in Fig-
ure 10.2, in which the abscissa is calculated from (10.8). The Reynolds number
then can be read directly from the figure to determine the fall velocity outside the
Stokes range.

it remains to apply the methods just developed for spheres to sediment parti-
cles that are not spherically shaped. One method for accomplishing this task is to
define the sedimentation diameter as described in the section on sediment size,
which relates the fall velocity to the diameter of a fictitious sphere having the same
fall velocity as the given particle. Unfortunately, sedimentation diameter varies
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1E5 s
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1E?

1E0 4
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Fall velocity of a sphere as a funiction of dimensivtiless particle diameter d..

with Reynolds number, so it has been standardized for a fluid temperature of 24°C,
and called the standard fall diamerer. If the fali velocity of a sediment has been
measured, its standard fall diameter can be determined from Figure 10.1 and Equa-
tion 10.4. However, for sand grains, the sieve diameter d, usually is raeasured by
taking the geometric mean of the sieve sizes just passing and retaining the given
sand grain in a nest of sieves. What is needed then is a conversion from the sieve
diameter of the actual sediment to the ¢all diameter, which depends on the shape
factor, as shown in Figure 10.3. Once the fall diameter s known, any of the meth-
ods just discussed for spheres can be used to obtain the fall velocity. Fortunately,
the fall diameter does not vary significantly from the standard fall diameter over a
temperature range of 20° to 30°C, . b

A3 an aitérnauve 1o using sedimentation diameter 1o find the fall velocity, the
coefficient of drag of sand particles can be determined directly and given in a G,
vs. Re diagram like that of Figure 10.1. Engelund and Hansen (1967) have sug-
_gested the following best £it to the data for sand and gravel(Re < 10%: :

e e e ™

— 4+ 15

Cyp = Ro

Equation 10.9 can be used in combination with Equation 10.4 for the Fall <n€£€

to obtain an exact solution for the fall velocity, which is given by (Julien 1995):
..\\..\. w AM.,......\ 1 e T it B
M Re = 2 o g[ V1 + 001304 = 1] (10.10)
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Kef. (1)
A

terms of sieve diameter because of the convenience of this method.
Therefore, it is also convenient to have a relation between sieve
diameter and fall velocity. Such a relation is given in Figure 2.2 for
naturall§ worn quartz particles félling in distilled water, and for a
range of water temperature and particle shape factor, SF, as given

by Equation 2.1. These curves give average values that should be
considered as estimates. When fall velocity is of major importance it

should be measured for the sediment of the stream under study.
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FIGURE 2.2: Relation between Sieve Diameter, Fall Velocity, and Shape

Factor for Naturally Worn Quartz Sand Particles Falling

T e

in Distilled Water. (;831:2.65',_ {jgﬁ~f;rf)

In attempts to represent particles falling in a turbulent fluid,
workers have made theoretical and experimental studies pf spheres in
oscillating fluids. These studies showed that spherical particles would
settle more slowly in a fluid oscillating in the vertical direction than
in one at rest. The reduction in fall velocity results from the nonlinear
relation between drag on the particles and their velocity relative to
the fluid. The oscillating fluid is not a realistic model of a turbulent
flow. However, it seems reasonable to expect that because the relative
velocity between the fluid and a particle in a turbulent flow has an

unsteady component, the tendency is for the fall velocity of the

particle to be less than in a quiescent fluid.

(27)
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178 Hydrometry
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o e & S W
Situation Qualitative Turbulence intensity 77T
Straight river or channel reaches and MNormal {low) 0-12
wide naturat bends (R/W > 16)*
Edaes of revetmenuts in straight reaches Normal (higher) 0-20
Bridge piers. caissons and groynes: Medium 1o high 0-35-0-350
transitions -
Downstream of hydraulic structures ~ Very high 0.60°

g( weirs, culverts, stilling basing) ) v

2 . contreline radius of bend; W— water surface width at the upstream -end of the bend {see

Section 1.4.2).

' The lower limit should be used when protecting across the width of the river or channgl whereas

the upper limit refers to local proteciion around piery or Zroynes.

*{mportant note: this vaiue refers to turoulence levels persisting downstream of hydraulic

| structures or of stilling basins and concrete aprons. where these are present: the vaiue therefore
does not apply (0 sections very close 10 large weirs or spiflways not provided with energy
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@\‘3 ¢ 3 MEAN FLOW AND TURBULENCE IN OPEN-CHANNEL BEND
ol & 1 ’
: "-i - :} ,
“‘.f..““\» < 4 By Koen Blanckaert' and Walter B. Graf,” Member, ASCE
\3 - . : R .
Ty ABSTRACT: Flow over a developed bottom topography in a hend has heen investigated experimentally, The
ey o measuring section is in the outer-bank half of the cross section at 60° into the bend. Spatial distributions of the
—d *3\ mean velocities. turbulent stresses, snd mean-fow and turbulent kinetic energy are presented. The cross-sectional
© s motion contains two cells of circulation: besides the classical helical motion (center-region cell). a weaker
r counterrotating cell {outer-bank cell) is observed in the corner formed by the outer bank and the warter surface.
¥ “The downstream velocity in the outer half-section is higher than the one in straight uniform -Aow;. the core of
w maximum velocities is found ¢lose 10 the separation between both circulation cells, well below the water surface,
ad | The turbulence structure in a bend is different from that in a straight flow. most aotably in a reduction of the
trbulent activity toward the outer bank. Both the outer-bank cell and reduced turbulent activity have a protective
f effect on the outer bank and the .xcijacent bouom :mci thus influence the stability of the flow perimeter and the
bmd morphology r f-w,/ /_. i }é\} jf/) 4,8 HZ b/‘/r/‘/ ¢ "?J\r’jf” /‘// :,
’ M/bej /Jj'v; {r‘f\'r / ;8:.& {;i,/vf .;w/f.r’-;: ’: ﬁk.mdw[};&) ;!‘.:'-;‘:fé.’) '
INTRODUCT!ON region near the fixed vertical outer bank. Nonintrusive mea-
surements were made on a fine grid with an acoustic Doppier
Most natural rivers meander and tend to erode the outer velocity profiier (ADVP), which simultaneously, measures in-
banks in their successive bends. lmportant engineering efforts stantaneous profiles of all velocity components. This enables
are undertaken on rivers of all scales to stabilize the banklines. one to evaluate the three mean velocity comppaents. v (f =
This is an essential component of projects to improve navi- 5, n. 2). along the downstream, transversal, and vertical axes,
mblhzy increase food capacity and decrease foodplain de- respectively [Figs. [ (a_and ©)], as well as the six turbulent
struction: avoid massive loss of fertile soil (Odgaard 1984); stress components, ~pvj vl (Jf, k= 5, n, z). '
and reduce dredgmg reqmmments of the river. Recently, there This paper aims at improving our understanding of the flow
has been an increased interest in the modeling of the erosional and wrbulence in bends and their relationship to boundary
behavior of the outer bank (see the diS(?UFfSiOﬂ ‘section). How- erosion and spreading (mixing) of pollutants. Furthermore, due
L ever, little is known about the characteristics of the mean ﬁ_OW to the detailed measurements on a fine grid‘ we w;int o pro-
and turbulence near the outer bank, where the flow pattern is vide a useful data set for verification of numerical simulations
highly three-dimensional (3D). of the flow field. The paper gives a description of the experi-
A large amount of research on flow in bends has been per- mental facility, hydraulic parameters, ADVP, and data-treat-
formed in the last decades, but most of the experimental in- ment procedures. Spatial distributions of the mean downstream,
vestigations concentrated on the central portion of the flow velocity, mean cross-sectional motion, turbulent normal and
and. often did not cover the outer-bank rcgion in detail. More- shear SU:ESSeS and mean-flow and turbulent kinetic energy are
-} over, in most Envestiga{ions a fixed rectangular section with a pl’EbEHEed and analyzed. The importance of the observed flow
smooth bed was imposed on the flow. This is different from and wrbulence distributions with respect to the stability. of the
the rough turbulent flow over typical developed bed topog- guter bank and the adjacent bottom are discussed.
4> raphy, as found in nature. Furthermore, int rmost expenmemal : ’

it et

investigations, not all of the three velocity and six turbulent
stress components were measured, and the measuring grids
were rather coarse. A literature review of experimcmal re-
search on flow in open-channel bends is given in Table I.

More recent[y. environmental problems such as the spread—
ing and mixing of pollutants or the transport in suspension of
po!iutcd sediments have become of major concern in river
management. These phenomena are closely related to the tur-
bulence structure of the flow.

The scarcity of reliable experirnental data on the 3D fow
pattern and turbulence structure, particularly. in bends, is re-

sponsible for the lack of insight into the physical mechanisms, .

such as those related to outer-bank erosion and the mixing of
pollutants. Furthermore, this Jack hampers the verification of
investigations by means of numerical simulations.

In this study, detailed measurements were made of a rough
turbulent flow in equilibrium with its developed bottom to-
pography. Special attention was given to the complex flow

"Res. Assoc., Lab. de Recherches Hydrauliques, Ecole Polytechnique
Fédérulc, CH-1015 Lausanne, Switzerkind,

*Prof., Lab. de Recherches Hydrauligues, Ecole Polytechnique Féd-
€rale, CH-1015 Lausanne, Switzerland.

Note, Discussion open until March 1, 2002, To extend the closing date
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October, 2001. ©ASCE, ISSN 0733-9429/01/0010-0835-0847/33.00 +
5.50 per page. Paper No. 22307:
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EXPERIMENTAL INSTALLATION

Experimerits were perforried in-a 8 = (.4 m wide laboratory
flume with fixed vertical sidewalls made of plexiglass, con-
sisting of a 2 m long straight approach section followed by a
120° bend with a constant radius of curvature of 8 = =2 m
[Fig: 1(a); R is negative along the n-axis]. Initially, 2 horizontal
bottom of nearly uniform sand, ds, = 2.1 mm, was installed.
Subsequently, a discharge corresponding to clear-water scour
conditions was established. As a result, the bottom in the
straight apptoach channel remained stable, but'a typical bar-
pool bottom topography developed in the bend. Ultimately,
this topography stabilized and there was no active sediment
transport along the flume. The resulting developed bottom to-
pography is shown in Fig. 1{a). The transversal bottom slope
increases from ~{° at the bend entry to 8 maximum value of
~24° at 457 into the bend and subsequently shows an oscil-
fating behavior [Fig. 1(b)]. A number of analyrical models for
the flow and the bottom topography have been proposed that
qualitatively predict such a behavior (de Vriend and Struiksma
1984; Odgaard 1986). A comparison of different models can
be found in Parker and Johannesson (1989). A supereleva-
tion of the water surface {Fig. 1(b)] develops from the bend
entry onto ~~45° into the bend. Subsequently it remains nearly
constant (the fluctuations are within the measuring accu-
race) ar ~0.65°, yielding a difference of Az, = 4.5 mm =
1.5(B/R)U*g) in water surface elevation betwéen the two

banks.
‘The hydrauiic concf:t:ons of the ﬁow over this bottom to-
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A simple method for measuring shear stress on rough boundaries
Une méthode simple pour mesurer les contraintes tangentielles sur des parois

TUguUeuUscs

S. WU and N. RATARATNAM, Department of Civil Engineering, University of Alberta, Edmonton, Alberta, Canada

ABSTRACT

This technical note presents a simple method for the real time measurement of bed shear stress with a LabView Program for turbulent flow over
vniformly rough boundaries, based on the ¢lassical logarithmic velocity distribution equation. The method is based on a step-wise linearization of
the additive coefficient in the classical logarithmic velocity distribution equation.

RESUME

Cette note technique présente une méthode simple pour la mesure en temps réel de la contrainte tangentielle le long du lit 3 I’ aide d'un programine
LabView d'écoulement turbulent sur une paroi de rugosité uniforme, basé sur I'équation classique de distribution logarithmigue de la vitesse. La
méthode est fondée sur une linéarisation par morceaux du terme additif de I'équation de distribution logarithmique de la vitesse.

Introduction

In open channels, trbulent flow over rough boundaries is common
and it is ofien necessary to find the bed shear stress to calculate the
velocities and flow rate, possible erosion of the bed as well as the

rate of sediment transport. A simple method is-to use the Preston - .-
‘tube (Preston 1954), in ‘which the dypamii¢ pressure Ap measured .

by a total head tube located on the boundary facing the flow, is cor-
related with the boundary shear stress T, using the law of the wall.
For smooth boundaries, the calibration curve provided by Patel
(1965) is generally used whereas for uniformly rongh boundaries,
the calibration curves developed by Hollingshead and Rajaratnam
(1980) may be used. In the course of writing a LabView program
for real time measurement of bed shear stress on uniformly rough
boundaries, it was found necessary to develop a modified proce-
dure and this method is presented herein.

Development of the method

For a Preston tube (which is really a Pitot tbe) of external diam-
eter of d placed on an uniformly rough bed with an equivalent
roughness height of k., facing the flow, neglecting the effects of
turbulence and the Pitot displacement effect, the velocity u, at the
center of the tube, may be assumed to be given by the equation

g_" = 575logly,/ k] + B )

where y, is the distance of the center of the tube from the datum
of the rough bed. u. is the shear velocity, equal to J(Te/ PYiTy IS
the boundary shear stress; p is the mass density of the fiuid and
B is given by the following set of equations {Nikuradse 1933):

B =575logR,+55  forR,£35 (2a)
B =35logR,+639 for35<R, <71 (2b)
B =958 for 7.1 <R, <141 (2c)
B=115-162logR, for14.1<R, 870 (2d)
B=85 for 70 < R, (2e)

Revision received April, 200, Open for discussion till April 30, 2001.
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In Bq. 2, R, = u.k, /v and the vaniation of B with R, is also shown
in Fig. 1. Since B is in general a function of the unknown
parameter R, Eq. 1 may be seen as an implicit equation for cal-

culating the shear velocity u..

5 + - + g g
0 10 20 30 40 50 60 g 70

Fig. 1. Variation of B with R,.

For a given roughness and Pitot (or Pre_stqn) tube, the first term
on the right hand side of Eq. 1 is a constant, which may be writ-
ten as A. Multiplying Eq. 1 with R,

R, = AR, + BR, " (3)

where R, = upk/v and R, can be calculated for a given fiuid,
roughness and measured velocity. The first term on the right hand
side of Eq. 3 is a linear function of R,. For R, <70, the variation
of the second term with R, is shown in Fig. 2 which is simpler
than the variation of B in Fig. 1. When R, is greater than 70, the
second term is also a linear function of R,, equal o 8.5 R,
Approximating the nonlinear variation of BR, by two linear equa-
tions (shown as dotied lines in Fig. 2), Eq. 3 is rewritten as

Ry = AR, +aR, + b . £4)




where a and b are constants. The constants a and b were found
to have the values of 9.94 and ~4.70 for R, in the range of 1.0 to
14.1; 8.30 and 19.50 for R, in the range of 14.1 to 70 and 8.50
and 0 for R, 70. Fig. 3 shows the relative error introduced by the
linearization of BR,, which is less than +2% for R, in the range
of 8 to 70 and less than 5% for R, in the range 1to 8.

BR, T
I
i
500 T
{
400 +
i
!
i
300 +
: BRs :
200 + j= =~ §94Rs- 47
N O 8.30Rs + 19.3]
]
100 +
!’ !
o ; } : ; : ; 4
0 10141 20 30 42 50 & g, 70
Fig. 2. Variation of BR, with R,
5.0 - ;
[
40 :
30 ,\
2 20 :
= 10 \
A oo / / e
} " -
EE 10 y | L~
v - 44~ +
n!% ;
= 20
30
40
50 +¥ e e e ! .
8 10 20 30 40 50 60y, 70

Fig. 3. Variation of the relative error of linearization with R,
Eq. 4 may be rewritten as

Ry~b

R, =
f A+a

&)

In order to calculate the shear velocity with Eq. 5, it is effective

to start with the (a = 8.30 & b =19.50) set for R, ixi the interme-
diate range of 14.1 to 70. After calculating R, from Eq. 3, the
proper values of a and b are obtained to give the final value of
. from the equation

. v
— b
Hg - k-

A+a

6

u. =
This technique has been successfully built into a LabView pro-

gram and has been used to measure the bed shear stress in a
project on flow around simple bodies.

EHIRT WO B

Conclusions

A simple method is presented in this note for the real time
measurement of bed shear stress for turbulent flow over uni-
formly rough boundasies, based on the classical logarithmic
velocity diswibution equation. The technigue is based on a
step-wise linearization of the additive coefficient in the classical
logarithmic velocity distribution equation. The relative error
introduced by this approximation has also been assessed.
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Appendix T, Notation

The following symbols are used in this note:

constant in the velocity distribution equation;
coefficient;

coefficient in the velocity distribution equation;
coefficient;

diameter of the Preston tube;

equivalent sand roughness;.

parameter equal to ugk,/v;

parameter equal to wk/v; .
velocity at the geometric center of the tube of diameter
of d;

Ux shear velocity;

Yo . distance of the gcometnc center of the tube from the
Ap dynamxc pressure. mdlcated by the mbe '

v kinematic viscosity of the fluid;,

p - ‘mass density of the fluid;

T boundary shear stress.
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Dear Doc Hydro: Everyone is familiar
with the Shields diagram for critical
tractive force (initiation of motion), but I
haven’t seen other publications written by

Shields. Who was Shiclds and whatever
happened to him?

Albert F. Shields (1908-1974) was an American
who obtained his doctoral degree in Nazi

Germany from the Technischen Hochschule
Berlin in 1936, Going to Germany on 2
scholarship, his original intent was to do a thesis
on ship design, but the only available research
assignment was in the field of bedload sediment
transport. The now famous Shields Diagram (see
below) appeared in his doctoral thesis and was

Shields was unable to find fulltime employment

"in his newly chosen field upon returning to the

United States and had a successful career as a
machine designer and inventor. At the time of his
retirement, he held more than 200 patents in the
oonuﬂgated-box machinery design field .

For more information on the fascinating chain of
events surrounding Shields and the eventual
discovery of his work in America see:

Kennedy, LF.,, 1995, The Albert Shields Story.
ASCE Journal of Hydraulic Engineering, p. 766-772.

Abschigtfen

Y, 4
J

I L4
X SN RofThin '
“E \J\z\ .f

T st

Abb. 6.
gegen die Reynold'sche Zahl des Kornes =

T
Schieppspannungsbeiwert o~

!‘d

The original diagram by Sh

lelds: Shields, A. 1936. “Anwendung der Achnlichkeitsmechanik und der

Turbulenzforschung auf die Geschiehebewegung.” Mirteilungen der Preussiischen Versuchsanstalt far
Wasserbau und Schiffhau, Heft 26, Berlin, Germany (in German), English translation by F.P. Ot and J.C. van
Uchelen available as Hydrodynamics Laboratory Publication No. 167, Hydrodynamics Lab., California Institute

of Technology, Pasadena
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V‘/ f The initiation of motion is involved in many geomorphic and hydraulic problems such

ﬁ,) as clear-water scour, stable channel design,and rip-rap design,each of which is considered
/’ in later lectures. These problems can be properly handled only when the concept of the
i T threshold of motion is clearly understood. :

Many experimental studies on the inception of motion have been carried out since the
original work of Shields and, although there are some minor differences in detail, the general
trend of Shields’ results has not been questioned. The least data are available at the fine
material end of the Shields’ curve. In 1973, Mantz (5) reported some results from
experiments with small flakes. His experiments covered flakes with a range of fall diameters
from 22 to 80 um and face diameters of up to double this size. The plot of his experimental
data at the inception of motion has a much flatter slope than the line of Shields. The lower
entrainment values of flakes are explained by the fact that the flakes are separated by a fluid
film and, hence, are able to slide more easily because only fluid friction has to be overcome.

1.4 The Competent Velocxty Approach

Some authors prefer to express the inception of sed1ment motion in terms- of the
average velocity because it is a more familiar parameter to practising hydraulic engineers
than is the shear velocity, The main drawback in using the flow velocity as the threshold
parameter is that the boundary shear stress for the same mean velocity of flow decreases with
increasing depth of flow. Other authors have used a critical bed velocity in place of a critical”

._..1.6.
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FIGURE 10.6 . .
An alternate form of the Shiglds diagram for direet determination of critical-shear stresg

(after Julien 1995). (Source: P ¥, %I«.Em? wm.wo.w__,cu and Sedimentation, © 1995, ngw&wm
University Press. Reprinted with the permiission of Cambridge University Press.)

angularity of the mamam.ﬁw: this formulation, 7., varies from 0.039 for very fine
gravel to 0.050 for very coarse gravel to 0.054 for bouiders in the constant T, Tegion
in which 4, is greater than about 40. u

The variability of the constant value of 7., for large values of the boundary
Reynolds number and the scatter of data in Figure 10.5 emphasize that a range of
“critical conditions” shoulé form the Shields diagram. Accordingly, two additional
curves appear in Figure 10.6, which are defined by * 1 fimes the standard eror in

log units befween the curve in Figure 10.5 and the data given there.

Regardless of the value chosen for the Shields parameter, a comesponding
value of critical velocity can be caleulated from Keulsgan's (1938) equation for
fully rough turbulent flow. If the critical value of shear velocity, u.,, is related to 7,

with water as the fluid, Keulegan’s equation becomes
i AT

TN e 122
;\ﬂu\nu I ...'\\ Rty ﬂ\n = 375 T ﬁrm.m - Hv%&mo HOW e :,O H\_..v

k;

in which 8G = specific gravity of the sediment; R = hydraulic radius; and k, =
-equivalent sand-grain-roughness, whith varies, as discussed in Chapter 4, from
1.4d,, t0 3.5dp,. It is of interest to note that the. critical velocity, which is a mean
cross-sectional velocity, varies with the hydraulic radius and therefore the flow
depth for the same value of the mﬁmaw parameter. Hence, reports of critical veloc-
ity for sediments of varying grain size shouid nwﬂw%onmﬂwﬁ% a specific depth
range over which they are applicable! If Manning’s equation is used iinstead of
Keulegan’s equation with Emnamm.mmz expressed in termas of a Strickler-type

Rl ILHAF LI L. LAY 101 £ hARS 4 Seks amrmmmamenn o

expression (n = c,dif"), then the critical water velocity for a very wide channel can
"
be expressed as

v, = .MI (SG — 1) T difyd" (10.18)

n which K, = 1.49 in English units and 1.0 in S1 :.m:m.w ¢, = constant wm.mﬁmnwﬂwm
type relationship for Manning's » (n = ¢,ds), which is equal to oow in mmmw "
units and 0.0475 in SI units; SG = specific gravity .cm the mmm:ugmw _%. i:nam eal
value of the Shields parameter; dsg = Bw&mm. grain a.ESnn.wn m.ma Yo iw epth o o
form flow. (Note that a vaiue of ¢, = 0.034 in wﬂwm:mr units commonly is use
i stant, as discussed in Chapter 4. ‘

be MW%M_MHMMW% ts such that the flow is not fully Sm.mr Envc_msp Eww the ,um_mcm
of 7., is obtained from the Shields diagram and mﬂwmﬁ.:caa into & Keulegan-typ
wmcmmou for velocity derived by Einstein (1950) and given by
_ 12.2R'x

wﬁm
in which ., = critical value of the shear velocity = [7., (8G — Dads " MM wi
hydraulic radius due to grain roughness, Eanwwma@.a of form aomm:mw.mw nw.%ow. mow
ripples and dunes (to be discussed in the next section); x =2 correction mr o
smooth and transitional turbulent flow, which is equat t© .gEQ.moH Hq.amm ,.omma ﬂE&
-lent flow; and k, = equivalent sand-grain roughness, e,.;:ow mE,mHE Bm%ﬁ ﬁM 50
the 65 percent finer grain size. The correction mmmSh x isa ?nawon,om kJ ,wwwl 5 méw
in Figure 10.7, where § = viscous sublayer thickness = 11.6 viul and u. = shear

: . V, = 5.75u., log (10.18)

1.8

(A1)

1.6 i //

/ N Futly rough 717

mooth

0.6

04— . 0 100

kel8

FIGURE 10.7 o 3
Binstein velocity correction factor, x, for calculating mean velocity in smooth and transition

turbulent flow (Einstein 1950}.
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velocity due only to grain or surface roughness = (gR'S,)%5 i )

1o bed forms so n.ra hydraulic radius R Hmm,, and %Mm.wmmﬁ%onm MOHEMMMMH Mwn y mmﬁw @

mﬁcﬁnnﬁ flow, with the result that Equation 10.19 reduces to Equation 10,] gt

iments coarse enough to fall in the fully rough turbulent regime. T orsed
The R.Eam.m«wmmm for critical velocity in Equations 10.17 wo 18, and 10

be placed in dimensionless form in terms of a critical value of the sedi It -

ber, N, as defined by (Carstens 1966) et

‘English units). For dsyfy, > 0.1, Manning’s n begins to vary with depth as the
ighness elements become large relative to the depth as discussed in Chapter 4. In
is zone, Manning's equation teads to overestimate the critical velocity; while
sulegan’s and Neill’s equations underestimate it and so are on the conservative
de. Manning's equation provides a more conservative estimate if ¢, = 0.039 in

Find the critical shear stress and criticai velocity for a medivm
“sand with dyy = 0.2 mm (9.8 X 10 ft) and a medium gravel with dg, = 10 mm
(0.0328 ) for 2 uniform flow depth of water (20°C) of 1.0 m (3284,

N, oo te _A._
% QQISW&Q Qo.w.oW

Neill (1967} has done extensive experiments on “first displacement” of uniform}

graded gravel and : : P 3
given b uw proposed a best fit relationship as shown in Rigure 10.8 mmw

Solution. First caleulate the diniensionless sediment number, dx for both m.n%ﬁmma
sizes. For sand with a specific gravity of 2.63 and water with a viscosity of 1 X 107¢
m?¥s (1.08 X 1073 £1%/s), d. is determined by ” S

(SG -~ 1)edl, |"» _ [1.65 X 981 X (0.0003)° B q Y

o _\—0.20
do = =
v? S (X 107

N =2.50( £ ,.
50 % {10.21)
in which d, = geometric me i
s = & ! an diameter and y, = depth of uniform #
”.Mmmnaa Mw Pagdn-Ortiz (1991), Parola obtained similar experimental Hmmmwmum%”
us Mn%y ow over a gravel bed when utilizing Neill’s criterion of first displa ¢
omnwm . ﬁin..wmm mominoavmnmom in Figure 10.8 are Equations 10.17 and 10.18 Emoﬂnw
sc (With 7, = 0.045; k; = 2dy; dsy = d; and the Strickler constant ¢, = 0,034

. A similar calculation for the gravel yields du = 253, Then, from Figure 106, 7., =
0.041 for the sand and 0.045 for the gravel with the former in the transitional turbulent
range and the fatter in the fally rough turbulent range. The corresponding value of crit-

ical shear stress for the sand is .
7= (¥, = V)dsTee = 1.65 % 9810 X 0.0003 X 0.041

0.20 N/m? (0.0042 Ios/ft")

i

and for the gravel it is 7.28 Nfm? or Pa (0.152 Ths/ft?).

“[o find the crtical velocity for the sand, use Equation 10. 19 with x determined from
Figure 10.7. Assume that no bed forms exist at initiation of motion, so that K = R. Take
k, = 2d5; = 0.0006 m (0.002 ft) and § = 1L.6 v/, = 11.6 X 10757 (0.20/ 160012 =
220 % 1074 m (2.69 X 1073 ft). Then, kJ§ = 0.73, and from Figure 10.7,x = 1.57 50
that the critical velocity is caleulated from Equation 10.19 as

10

Too = 0.045
¢n=0.034 (EN)

12.2ygx
k

el

\ﬁﬂ
v, =575/~ log

(122 X 1.0 X 1.57)
0.0006

Manning o .
= 037 m/s (1.2 ft/s)

i

Neill's data 575 % (0.20/1000)'% X log

NSC

For the gravel, use Equation 1¢.18 (Manning) with ¢, = 0.0414 and K, = L0 for m.w
units to obtaia :

K, 13,16
<ﬁlmmm..:ﬂn&mc§

< ﬁ..ﬁ

#

E _
x.x._:x.._mx.%urﬁ
YT Qmmcoﬁv Acm: Q 8. . E\m
or 4.66 ft/s. For comparisen, the reader can confirm that the critical velocity for the
gravel from Equation 10.17 {Keulegan) for the same value of e, is 1.37 m/s (.50 £us)
and from Equation 10.21, itis 1.01 mvs (3.31 fu/s). The latter value from Neill's resuits
is considerably more conservative than either Equation 10.17 or 10.18 for this value of

RMQ__%O = (3.033.

1 N R
007 L w _:2:A

Os0/¥o

FIGURE 10.8
Critical sediment nember for initiation of motion of coarse sediment (data from Neill 1967)
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Unit tractive force in terms of yyS§

Figure 2.2: Shear Stress Distribution in a
Typical Trapezoidal Channel Section. -
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INCIPIENT MOTION CRITERIA AND APPLICATIONS 47 i 48 SEDIMENT TRANSPORT

2.8.2 Curved Channel

T
’

The stable channel design methods based on incipient motion criteria stated in T
previous sections of this chapter are inmtended for straight chanuels. For a .
curved channel, the velocity is generaily higher near the concave side. This
uneven velocity distribution is related to the uneven shear stress distribution
across a curved channel. Figure 2.15 shows the boundary shear distributions in 2
curved trapezoidal channels measured by Ippen and Drinker (1962). Depend-
ing on the smoothness of the channel boundary, the maxirgum shear stress in a

(o Ty

LEGEND
" & MIT24 in. smooth channel
. A MITI? in. smocth chanoel

A USBRIZ4 in. smwoth channel o
1 G IOWAT? in, smooth chaanet
L O MIT24 in. rough channel
r iBw |67 (T’ Y= 2 gh
8D = 1208 1 RN NUPUN VI DRSPS RPN W SPIIS VAP PP S
Ge0A5 N N 2 3 4 3
Umidnn .
18 r, = Centerling tadius of bend o
2 = Water-sucfece width ac .
 upsteeam end of bend FIGURE 116
= Average . : .
% iy vnﬂg_ %ﬁk Maximum boundacy shear stress at channel bends {U.S. Army Corps of Engineers, 1970).
Flow —= = Local boundary shesr as
alfecred by bend

curved channel can be 2-3 times the shear stress in its approaching straight
(@) Smooth chamnel channel. The U.S. Army Corps of Engineers (1970) suggested that Fig. 2.16 be

: used to determine the ratio between maximum shear at a bend and its straight
approach channel as a function of the channel radius of curvature and the

48,40 In. channel width.

e sirtsss 1 4
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$.
(Tl T 28 .
r il )28
BiD =113,
Q= i1
UmLIONF

Wer edge
\\ (5) Rough chanmel

FIGURE 218 . !
Boundary shear distributions in curved irapezoidal channels (Tppen and Drinker, 1962). _
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Table 2.1: Table of Complete Elliptic Integrals.
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2.3 Non-scouring Erodible Bed Channels
'(a) BED STABLITY

_Where a channel 18 deSIgned to carry clear water, or water <ontaining fine sadiment
which will not deposit, the maximum allowable bed shear stress is thar at the inception of
motion of the bed and bank particles. Clearly if the maximum bed shear stress exceeds the
value at the inception of motion, scour will occur and the cross-section charactensucs will

change. This is an unstable condition.

- The turst, and simplest, example considered is that of a rectangular channel with a
mobile bed and ngid walls. In this case, the problem may be soived by direct application
of Shields' enirainment functioni. The problem becomes even simpler when the flow is
governed by the right-hand limb of the inception curve [see Figure 1.3] where F.oisa
constant. [f it is assumed that the fluid is water and that S, = 2.63, which is true in mos:
cases in practice, it can be readﬂy shown that a constant value of F, at the inception of
motion corresponds to a grain size,{d exceeding 6 mm.) This corresponds to coarse alluvium.

Shields' entrainment function.may then be written as - .« T
. £ KA,
Ts foovasé LN w J_“" Ty .,
FS - 0056 - 7 {28) Visies =
Td (Ss_l) %{ f, s da
Since r, = H_*/RS;\-}::,quation (2.8) may be written in the form L -
RS .
e = (0.056 . - (2.9)
d6,-0 )
- g
Then, with S, placed equal to 2.65, Equation (2.9) becomes 3 ~5c; ~
. ) dye~"
i pdiedts | Ld = 11Rs ? (2.10)

Equation (2.10) gives in simple form the minimum size of stone which will remain at rest
on a honzontal bed of a channel of gzven R and S. The application of the equation 15 best
ilustrated by an example.

(0d 4 /m .

Determine the dIanSIOnS of a rectangular canal for use in uerrmn where the slope 15
pre-determined and given by S = 0.01, The canal is to carry 10 m*/sec. of clear water and
s to be scour free. The banks are protected from scour. The bed material is a coarse quanz

gravel with a dz5 size of 50 mm and specific gravity of 2.63.

Solution

For a dy5 of 50 mm the threshold of motion will occur when the flow is fully rough
turbulent - t.e. when F, = 0.056. Equation (Z.10) is then applicable and ‘

2.3
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* equation 1§ used.

d _ 0050 -
(S 1rx00l |

B -

- 0.45m -

@

[f it is assumed that the channel is wide, then ¥ ~ R =0.45m.

The next step is to calculate the mean velocity in the canal, for which Mansings

+

Now, o = 0.038 (dy5)"8
= 0.038 (0.050)/8

= 0.023
R¥Igu2
V o=
n
(0.45)*°(0.01) 2
0.023
_m: = 2. 33m/sec.
The final step 1S to use the continuity equation to calculate the canal width:
Q =VXA=VXyxB
B = 10
© 235 X 0.45

= 8.72n.

Since this is a minimum width, a conservative value would be 10m.

. The width to debth ratio is, thus, 8.72/0.45 = 19.38. It is lefc'"z}s an exercise for the
reader to test how this ratio varies for larger (less erodible) and smaller (more erodible)
sediment particles. This test can be used to check the validity of the conclusions reached in
Section 2.2. :

Equation (2.10) is applicable only for particle sizes larger than 6mm. -For smaller
particles the value of Shields entrainment function at the inception of motion will, in general,
differ from 0.056 and must be determined using Fig. 1.3. The details are left s an exercise
for the reader. S BT '

Once the value of F, at the inception of motion has been determined, it is substituted
for 0.056 in Equation (2.9) and the solution follows the same steps as in Example 2. 1.

...... N e

........ e . n—‘“*-'h--..u....u...\...,-‘---_._,__m__m R =
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For practical design purposes; it may be conservatively assumed that, on the bed. the
shear stress has the value vyS and that on the side slopes, the shear suwess is given oy

- 0.75 “/yS.. E

Finally, application of Equation (2.16) requires knowledge of the natural angle of
cepose, &. of the sediment. Extensive tests by the US Bureau of Reclamation have shown
that ¢ depends on the size of the sediment particles and on their shape. The results of these
tests. are plotted in Figure 2.4. Note that the abscissa of Figure 2.4 is in inches.

i~
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Figure 2.4: Nawril Angles of Repose of Non-cohesive Sediments.

The application of Equation (2. [6) to ti’:e design of a stable 'trapemidai channel in
coarse sediments is best illustrated by an example.

. ) - M
wde (7 Eampsaz ) N

A channel which is to carry 57 m?/sec is to be excavated on a slope of 0.001 through
country made up of coarse alluvium having: a dys size of 37 mm. The stones can be
described as “slightly rounded”. Assuming that the channel is to be unlined and of
trapezoidal section, determine suitable values for the base width and side slope.

-

Solution: From Figure 2.4: ¢ = 37°.
. sin ¢ = 0.602

2.8




~

" A slope of 144 H:1V, ie. cotd = | 5, might be 00 close to o for comfort, 5o a slope of

Any convenient value would do for. the side slope 4, ;:;rcjvided it is materially less than ¢.
(.75 H:1V is utilized. - -

cotd =1.75 ' : .
sin.@ = 0.4%6

Then from Equation (2.16)

CTe |, [0.496)2
?: 0.602|
- 0.567 .
at the theshold of. motion. Thus the design criterion to be used is that

7o <0567
TC N

where 7, is the actual shear stress on the bank, equal t0 0.75 vyS$, and 7. 1s the critical shear
stress required to move stones of this size on a flat bed.

7

c .
Now, i ol 0.056 _ .
So, =, = 0.056 x 1000 x 9.81 x 0.037 X 1.65
= 33.54 N/m?
and the limiting condition is that
o = 0.567r = 19.02 N/m2

19.02 .
0.7 x 1000 x 9.8] x 0.001

o= 2.585 m.

[t is wise tonbuild in a s.afet}} factor of, say, 20% and reduce the maximum depth to about
2.1 m.

The final stage is to choose a base width b-so that the channel will deliver 57 m*/sec
ata depth < 2.1 m.

Now, n - = 0.038(0.037) /6 - | .
= (.022 ' ./

s

29

vy



_9%, = AR™J from Mannings equation
e -
e arP = |57 x 002

39.66

Il

. _ \ g 23 ’
24 + 3.675) [‘fﬁ *81';’31 - 39.66

- o

This equation is best solved by trial, leading to a value of b = 10.33 m. Since this is 2
minimum (0 avoid scour, a conservative value would be 10.5 m with side slopes of

[.79 H:1V.
\._..,....___../.__

() MGST EFFICEENT STABLE CROSS-SECTION

~
—

Although the trapezoidal shape discussed in the previous section is commonly used
in practige, it is not particularly efficient because the condition of impending sediment motion
occurs only over a very small length of the wetted perimeter. On the other hand. the ideal
stable hydraulic cross-section would have reached the stage of impending motion at al} points
of the cross-section at the same time. For a given sediment and discharge, this ideal section
has the least excavation and width and the maximum allowable mean velocity.

The shape of such a section has been developed at the US Bureau of Reclamarion,

using methods suggested by Lane (1,2,3,4). The method depends on the use of

Equation (2.15)-to determine a condition of limiting equilibrium at each point on the cross-

sectional profile shown in Figure 2.5, It is assumed further that, with reference to

\ Figure 2.5, the shear force on the surface element DC is due only to the weight component
- of the prism ABCD resolved down the longitudinal slope of the channel. This assumption
a neglects lateral shear forces between adjacent prisms due to the transverse velecity gradient,
but more precise studies by the US Bureau of Reclamation have yielded very similar results.

The force équilibdum yields
7Y Ax S = 1, 2% | | (2.17)
coséd

where Ax is the length AB.
5 = vyS cos § (2.18)

Noting that r_ is the maximum critical shear stress at y = yj,

2.10
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Figure 2.6: Stable Cross-section for Threshold Conditions
with Iaserted Constant Depth Section.

The application of the procedures of this section are best Ulustrated by an example.

W& iy

A non-erodible channel is to be excavated on a slope of 0.001 through country made
up of a coarse alluvium having a Dys size of 10 mm. The stones can be described ajs
“slightly rounded”. Assuming that the channel is to be unlined of most efficient cross-
section, determine its shape if it is to carry a discharge of (a) Sm’/sec., (b) 2m7/sec,

Solution
From Figure 2.4, ¢ = 29°.

[t is common to adopt a safety factor for the stated natural angle of repose. It a
factor of 1.25 is used (7), the natural angle of repose for design is 29/1.25 = 23° -

A}

—_— . 0.056
vdgs(Sy -1y

-

Now,

So, T, 0.056 x 1000 x 9.81 x 0.010 x 1.65

i

9.064 N/m?
Y Yo S

1000 x 9,81 x 0.001

0.924 m

Yo =

H

s



If a safety tactor of 20% is adopted, the maximum depth is reduced to 0.74m. Then from

b

Equation ( _.MJ)

y = 0.74 cos (x tan 23°/0.74)

i

0.74 cos (0.574x%)

where the term 1n brackets is in radians.

The dlscharce capacity-of the cross- section without central insertion may now be

““CaiCLliatEfd from Equauons (2.25) w0 (2.28), Table 7 .1 and Mannings aquauon

From Equation {2.25)
2 % {0.74)%tan 23°

i

, = 2.58 m?.
From Table 2.1
E = [.509
From Equation (2.28)
R;F yg C0s ¢/E
= (.74 cos (23°)/1.509
= 0.45im
2.
Q = Ag Rﬂn S

where n = 0.038 x (0.010)/6 = 0.018

_ 2.58x(0.451)%3 x (0.00n"
| 0.018

272 m3fsec

i

(@ Q= Smsec. > Qg

Thus, a section of uniform depth of 0.74m must be inserted between the two curved banks.
Its widih may be determined by tral from Mannings equaton.

A = 2ytané + yg X b

Il

2.58 + 0.74b.

From Equation (2.26) and allowing for the additional width

2.15
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P = 2E.p
. sing
2x0.74
‘ L.509 + b :
5in23° |
= 5716 + b S,
R . 258+0.74b '
5.716+0
N 'AREJBSUZ
Q - |
5 = [(238:0.740)3 000112

(5.716 + )3 0.018

(2.58 +0.74b)53
(5.716 »p)¥3

= 2.846

Solution by triaf glves b = 2.35m. The tota] surface width is then given, with the aid of
Equation (2.24), as '

B = wyytan ¢ + 2.35
7 X 0.74/tan 23° + 2.35

i

(b Q' = 2m¥/sec. < Q.

Equation (5.29) must be used, yielding

Bxﬂ%[%~§%]xﬁ
where, from Equation (2.24),
| B' = xyyung
= 7 X 0.74/tan 23°
= 5.48

B = 0.75m.

2.16 - I
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TABLE 7.8 A design procedure for unlined, stable earthen channels channel is to be unlined and of trapezoidal section, find suitable values
Step Process of b and z.
i Estimate n or C for specified material composing the perimeter Solution
2 Estimate angle of repose for channel perimeter material (Fig. Step I Estimate n from Table 4.8
7o ‘ n = 0.025
3 Estimate channel sinuousness from the type of topography .
through which it will pass and determine the tractive force Step 2 Bstimate the angle of repose.
correction factor {Table 7.6} 3
. . dgs = 3em = ——in = 1.18 in
4 Assume side slope angle {Table 7.2) and (bottom width)/ ® 2.54
(normal depth of flow)
5 Assume sides of the channel are the limiting factor in the From ¥ig. 7.9
channel design o = 34°

8 Calculate the maximum permissible tractive force on sides in
terms of the unit tractive force. Use the correction factor from
Fig. 7.7a and the sinuousity correction factor {step 3)

Step 3 Estimate ommzsa sinuousness correction factor (Table 7.6).
C, =07

7 Estimate tractive force ratio [Bq. {1.3.7)] Step 4 Assume side slope 2:1 and b/yy = 4.
8 Estimate permissible tractive force on bottom (¥ig. 7.10) and Step 5 Assume side slopes are a limiting factor
correct for sinousness {step 3} '
o Combine the results of steps & 1o 8 to determine the normal Step 6 Find maximum permissible tractive forces on sides (Fig. 7.7a).
depth of flow vy 7, = QLTByyNS
10 Determine the bottom width with the results of steps 4 and 9 Step 7 Wmagmwm tractive force ratio {Eq. (7.3.7)].
11 Compute @ and compare this value with the design flow @p,
return to step 4, and repeat the design process with trial b/fy T sin? D
ratios until @ = @ K=-= 'l
Th 1n” o
12 . Compare permissible tractive force on bottom (step 8) with - ~1 () = o
: actual tractive force given by vy»S and corrected for shape ['= tan™ (%) = 26.6
(Fig. 1.7a) g
. . sin® 26.6°
13 Check 1. Minimum permissible velocity if the water carries. K= L gint 34° = 0.60
silt and for vegetation -
2. Froude number Step 8 Estimate permissible tractive force on bottom (Fig. 7.10).
14 Estimate required freeboard [Eq. (7.1.1)] or (Fig 7.1) 7 = 0.47 1b/ft? for dys = 1.18 in (30 mm)
15 Summarize results with dimensioned sketch

Correct for sinuousness.
1y = Cyry = 0.75(0.47) = 0.35 Ib/ft* (17 N/m?)
Step 9 Estimate yy.

PURE

viilw {\u\ll/l'[l/
A channel which is to carry 10 m*/s (3560 £t3/s) through moderately roll-
ing topography on a slope of 0.0016 is to be excavated in coarse allu-

vium with 25 percent of the particles being 3 em (1.2 in) or roore in —r .@qm - w o LR
diameter. The material which will compose the perimeter of this chan- ST s
A nel can be described as being moderately rounded. Assuming that the /. Finer 1, = K,
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G.qm,%.%z.m = Krp

0.60(17)
= = 0.88 m (2.9 ft
YN = 075(9658)(0.0016) m (29 1)

Step 10 blyy = 4
= 4(0.88) = 3.5 m {11 {t)
Step 11 Determine Q.

A = (b + zy)y = [3.5 + 2(0.88)](0.88) = 4.6 m® (50 £t7)
P=b+2yV1+ 2= 35+ 2088V = 7.4 m (24 ft)
A 46

= 0m (2.0 ft

R=%m= = (.60 m { )
243 2/3
Q= AR VS = Pm%%mv V0.0016 = 5.2 m®/s (180 £t¥/s)
n .

Q is less than @p and, therefore, additional computations are
required in which b/yy is variable and C,, K, permissible
and z are constant.

Biyy vwm Bbm Amf Pm Rm &m

& 0.88 4.4 5.4 8.3 085 8.5
8.26  0.88 7.3 8.0 11 0.71 10.2
815 088 72 7.9 i1 0.71 10-

Then, for z = 2 and blyy = 8.15, yy = 0.88m (29 ft), b = 72m (24
ft), and @ = 10 m%/s (350 ft¥/s).

Step 12 Check tractive force on bottom.
Permissible r, = C,rp = 17T N/m®  (see step 8)
Computed 7, = 0.99vynS {Fig. 1.75)
= {1.99(9658)(0.88)(0.0016) = 13 N/m?® (0.27 1b/ft})

Since this is the actual, computed tractive force, the design is
acceptable.

Step 13 Check velocity and Froude number.

10
mnuM;ﬂwwm = 1.3 m/s (4.3 ft/s)
This velocity should prevent vegetative growth and
sedimentation.

Step 14 Estimate required freeboard from Eq. GW.H.E.

Then . F=Cy = V16(2.9) = 066 m {2.2 f)

The results of this design are summarized in Fig. 7.12.

mn must be emphasized that wrm approach &mncmmmm in ﬂrm foregoing section
is not the only methodology which can be applied to the problem of designing
stable channel sections. For example, the basic principles and results associated
with the concept of threshold of movement can also be applied to this problem.
Shields {1938) used an experimental approach to define the threshold of move-
ment, and his results can be stated in terms of two dimensionless parameters:

where Rs = a Reynolds number based on the shear velocity and the particle

r conservative design d can usually be assumed to be the diameter of the o u
article of which 25 percent of all the particles, measured by weight, are Hﬁmmm.w =
The results of Shields are usually summarized in a graphical form (Fig. 7.13) in

DESIGN OF CHANNELS - 303

in
VgD

Therefore, this is a subcritical fow.:

F = = (.48

Design depth of flow = 0.88.m (2.9 ft)
Design flow = 10 m%/s (350 ft%/s).
Estimate C in Eq. (7.1.1) as 1.6.

e T T RUSPRRPI

T

e ot N

By = C*Q

{7.3.13)

v

T uf

TS S nd (S, - Dad

F, (7.3.14)

gize (this number is also known as the particle Reynolds number)
us+ = shear velocity
= fluid kinematic viscosity
S, = specific gravity of the particles composing the perimeter which is
usually taken to be 2.65
= diameter of the particles composing the perimeter of the ormmsﬁ

10.7m ol . 7T i

FIGURE 7.12 Summary of results for Example 7.3.

1
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FIGURE 7.13 Threshold of movement as a function of particle Reynolds num-
ber. (Shields, 1936}

which the curve delineates the threshold of movement. These results have been
confirmed, in a general sense, by the theoretical results of White {1940) and the
field results of Lane (1955) which are summarized in Fig. 7.10a.

If it is assumed that S, = 2.65, then when R« exceeds a value of 400, the
perimeter particle size must be in excess of 0.25 in (0.006 m). In this case, the
channe! perimeter material can accurately be classified as coarse alluvium, and
Eq. (7.3.14) becomes

T

—— P = (),056 7.3.15
dv({S, — 1) ( )
where 1, = YRS
Therefore,
YRS IS
= = (3,056
d(8, — 1)  d(2.65 — 1)
and d = 11RS (7.8.18)

Equation (7.3.16) provides a simple method of estimating the size of the mate-
rial which will remain at rest in a channel of specified R and S. Note, for c&:.mm
of d less than 0.25 in (0.006 m) Eq. (7.3.16} is not valid, but the curve in Fig.
7.9 can be used to find appropriate values of F, and analogous relations can be
developed for these sizes.

AT

m EXAMPLE 7.4
In the previous example, the specified slope was 0.0018 and wm. vm«.nmsﬂ
.of the channel perimeter particles were 3 em (1.2 in) or more in diam-

e
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eter. Use the results summarized in Fig. 7.10 to show that the design
arrived at in this example represents a conservative design.

Solution

Assume S, = 2.65 and that B ~ 3y, for wide channels. Under these
assumptions, 18q. (7.3.16) becomes for level surfaces

vd
T o=
11

From the previous example, the tractive force ratio is

Ty

“=K =
Th
I vd ) .
Substituting 7, = T and 7, = (.78vyynS in the above equation
vields
DQWJ\QZW _
Cvany - 7%

or the maximum value of yy for a stable channel is

.. C,d(0.60) _ 0.75(3/100)(0.60)
A1(0B)S 11(0.75)(0.0016)
Thus, the previous ‘computation yields a conservative result for yy. It

should be noted thet this result provides a check on the validity of the
solution obtained by the recommended design methodology.

YN = 1.0 m (3.3 ft}

— i.\\,ii
A NURSSN
he Stable Hydraulic Section.” ,\.\..M Ty

i

Foad fr ¥ e BT FpE

Lo

The permissible tractive force design techniques presented in the previous sec-
tion yield a channel cross section in which the tractive force is equal to the
permissible value on only a part of the wetted perimeter, usually the sides. It
seemns logical to attempt to define a channel cross section such that the condi-
tion of incipient particle motion prevails at all points of the channel perimeter.
The equations defining this channel section were developed by the U1.S. Bureau
of Reclamation (Glover and Florey, 1951) for erodible channels carrying clear
water through noncohesive materials, and this methodology yields what is
known as a stable hydraulic section of maximum hydraulic.efficiency.

The assumptions required to develop the equations defining the stable
hydraulic section are:

1. The soil particles are held in place in the channel by the component of the
submerged weight of the particle acting normal to the bed.
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2. At and above the water surface, the channel side slope is the angle of repose
of the noncohesive material under the action of gravity.

3. At the centerline of the channel, the side slope ia zero, and the tractive force
alone is sufficient to produce a state of incipient particle motion.

4. At points between the center and edge of the channel, the particles are kept
at a state of incipient motion by the resultant of the tractive force and the
gravity component of the submerged weight of the particles.

5. The tractive force acting on an area of the channel is equal to the component
of the weight of the water above the area acting in the direction of flow. If
this assumption is valid, then there is no lateral transfer of tractive force,

It is noted that with the exception of assumptions 2 and 3, these are the
same assumnptions which were used in the previous gection.

Consider a channel of longitudinal slope S with the side slope being defined at
any point in the section (x, y) by the angle I (Fig. 7.14). Then, by assumption
5, the critical tractive stress acting on area AB in a unit length of channel.is

B yyS dx
* V(do)?t + (dy)?

From the previous development, the critical tractive force acting on the side of
the channel is given by

= vyScosT (7.3.17)

tan® I
tan? o

r, = Krp, = yynS cos T 1 - {7.3.18)

where 7, = vyxS is the tractive force at the centerline of the channel where the
depth of flow is y. Corbining Egs. (7.3.17) and (7.3.18) and solving for y yields

\ - o

EIGURE 7.14 Schematic definition of parameters for stable
hydraulic section.
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y = YN Vtan? « —~ tan® T’ (7.3.19)

“tan o

Substituting dy/dx = tan I' into Eq. (7.3.19) yields a differential equation that
defines the shape of the cross section

2 2 o

d .
Ai&v + hlu\lv tan o — tan @ = 0 {7.3.20)

dx YN : .

_ (Given the condition that at x = 0, ¥ = yn, the solution of Eq. (7.3.20) is .

x tan o .
Y = YpcOs Ailolv {7.3.21)

Y

An alternate form of Eq. (7.3.21) can be obtained by .:oﬂﬂw thatat x = 772, y
= (. This condition can be satisfied only if

Ttana

S o =w| | ﬁq..m.mmw
T tan « .
or Yy = : (7.3.23)
g . )
Then Eq. (7.3.21) becomes
rx : . i
Y = YnCOS Almﬂ (7.3.24)

Equations (7.3.21) and (7.3.24) define the channel section which has the small-
est width and the largest hydraulic radius for a given area. Thus, this channel
has the greatest hydraulic efficiency of all stable, unlined, earthen channels
built through noncohesive materials at a longitudinal slope S and carrying clear

water.
The HBow area of the channel defined by Eqs. (7.3.21) and (7.3.24) ig

T2 T/2 : - -
A =2 \h, ydx = 2yy ‘ﬁ cos A%V dx = 2Tyx (7.3.25)
0 0 . ¥N T .

and the wetted perimeter

T2 B3
d 2
P=2 % 1+12) dx = 22X EGsin ) (7.3.26)
0 dx sint a .

where E(sin o) = a complete elliptic integral of the second kind. m.mmms a) can
be evaluated either by standard mathematical tables or by

2 2 . .
Efsin o) H...W 1 - .W sina — w M mwbmn ”
2 ” - £7.3.27)
tﬂ.m_m sina
2-4-6) 5 _
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The discharge of the channel can then be computed by the Manning equation

0= 2.98v%*(cos o) VS
T n(tan o) E(sin a)]??

(7.3.28)

The discharge @ is the flow that would be obtained in a channel designed
for the greatest efficiency in a given noncohesive material at a specified longi-
tudinal slope. If the design discharge & is larger or smaller than @, then the
channel defined by Egs. (7.3.21) and (7.3.24) must be modified. If Qp > @, then
additional flow area must be provided; however, the maximum depth of flow
can be no greater than the stability depth yy since an increase in depth would
result in an increased tractive force and instability. Therefore, a rectanguler
section is added at the center of the theoretical section (Fig. 7.15). The addi-
tional width required, 7%, is found by a trial-and-error solution of the Manning
equation or

1.49 [(2yk/tan @) + T'yn}"?

Qo= VS [2yvE(sin a}f{sin ) + T']%

(7.8.29)

If Qp < Q, then economy dictates that a portion of the theoretical section
must be removed (Fig. 7.16). The width of the channel which must be removed,
T is also found by a trial-and-error solution of the Manning equation

_ 149 5 {(2y%/tan o) [sin(T tan a/2yy) — sin(T” tan a/2yn) )"

€ n (2ynftan o) Elsin a, (#/2){(1 — T7/T)]

{7.3.30)

where Efsin o, {x/2}(1 — T*/T)] is an incomplete, elliptic integral of the third
kind. T can be estimated by assuming that the mean velocity in the theoretical

FIGURE 7.15 Definition sketch for stable hydraulic section
where § << §p.
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/

T -

T
-J-

T,

\

FIGURE 7.16 Definition W
skelch for stable 'hydraulic
section when @ > @p.

section and the adjusted section are equal and thus that the discharges are pro-
portional to the flow areas or

) 2 -N o ¥
Q=g e, (7.3.31)
tan o T
— 1y 2
and Q, = ALz T tanay, (1.3.32)
m

Combining Egs. (7.3.31) and {7.3.32) results in an equation which can be used
to estimate T

?ﬂ ﬂf ;. .MIUV s.w.wa

> [ EXAMPLE 7.5 )

P Tl . . .

Design the stable section of greatest hydraulic efficiency for a canal
which is to be constructed through a noncohesive material on a slope
of 0.0004. Preliminary testing of the natural material which will com-
pose the channel perimeter indicates that r, = 0.10 1b/ft? (4.8 N/m?%,
n = 0.02, and @ = 31°. The design flow is 300 t*/s (8.6 m%/s).

Solution
The depth of flow can be determined from Eq. (7.3.2) where it is
assumed that yy = K.
To = YYNS
T, .10

YN =TS T 62.4(0.0004)

The shape of the channel is obtained by combining Egs. {7.3.23) and
{7.3.24)

= 40 f} (1.2 m)

x tan 31°
4

x tan o
YN

= 4.0 cos(0.15 x}

¥y = Yy COS v = 4.0 cos
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TYN 47

= o = 91 f£ (6.4 m

and T tan o tan 31° ( )
A = 2Tyn = 221 = 53 ft? (4.9 m*)

a w
The discharge of mvmw channel can then be found from Big. {7.3.28).

9.98y%(cos «)”*\/S _ 2.98(4)%(cos 31°)*1/0.0004
Q= T tan alBsin ] 0.02(tan 31°)(1.46)*°

140 ft/s (4.0 m*/s)
Since @ < Hp, & trial-and-error solution of Eq. (7.3.29) for T is

i

required.
_ 149 [(2yhftan o) + T'yn]*"
@b = n Vs [(2yn/sin o) Elsin o) + Ty
nQy __ [@yktan @) + Tyl
149VS  [(Zyn/sin a)E(sin a) + T3
0.02(300) __ [2(4)*/tan 31° + 4771%*

1.491/0.0004  ([2(4)(1.46)/sin 31°} + Ty
(53.3 + 47"

201 =
0 (22.7 + T)¥°
Trial (53.3 + 4T Y
T, ft (227 + TP
5 140
1% 188
11.5 203

Therefore, the top width required to convey this flow is (21 + 11.5) =
32 ft (2.8 m). The results of this design are summarized in Fig. 7.17.

e e ™

.rt:a..l..\n
Channe Losses

Although a channel may require lining for many reasons (Section 7.2), one of
the primary reasons for lining & channel constructed in materials which would
otherwise not require lining is seepage losses. The loss of water due to seepage
from an unlined channel depends on a variety of factors including, but not Tirn-
ited to, the dimensions of the channel, the gradation of the materials composing
the perimeter, and the groundwater conditions. Although a number of attempts
to theoretically estimate the seepage from a channel have been made (e.g., Bou-
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wer, 1965), direct measurement of seepage loss is still Emmmﬁ&. There are basi-
cally three direct methods of measuring seepage loas:

1. In an existing channel, lined or unlined, selected reaches of the channel may
be isolated by dikes to form closed basins of known volume. A mass balance
will then suffice to estimate the seepage
loss. Since this method usually requires
that the channel be removed from service
for an extended period of time, these tests
are normally performed in the “off sea-
son.” In such a case, care must be taken to
ensure that the losses measured are typical
of the season of interest. '

2.1f a very careful record of the inflow and
outfow to a reach of channel is kept, seep-
age loss may be estimated from this
record. In this method, the canal is not
removed from service, but the accuracy of
the method is less than that of the previ-
ously described ponding method.

11.67

FIGURE 7.17 Summary of results
for Example 7.5. .

3. In the case of a proposed channel, test reaches of the channel may be nosw
structed and the ponding method used.

A fourth method which is relatively simple but reliable is based on historical

measurements. In Table 7.9, a set of values originally developed by Etcheverry

;

and Harding in 1933 are summarized (Davis and Sorenson 1969). The values:in
this table are the result of many field measurements and have been found to
be reasonably accurate; however, it is recommended that these values should
be used only as a design guide given a specific site. : :
A fifth method of estimating the seepage from an unlined or partially lined
channel involves the solution of the relevant porous media equations for &
appropriate set of boundary conditions. Subramanya et al. (1973) examined two
cases of seepage from partially lined channels. In this investigation the h,oxoﬁw-
ing assumptions were made. First, the lining was assumed to be impervious msf
its thickness negligible. Second, the porous material beneath the channel ﬁmum
assumed to be isotropic, homogeneous, and of infinite depth. Third, capiliary
action was assumed absent. {
The first situation considered by these investigators was a channel in which
the sides were lined but the hottom was unlined (Fig. 7.18a). In Fig. 7.19 the
results are graphically summarized. In this figure, g = total seepage loss per
unit length of channel, K = coeflicient of permeability of material underlying
the chanpel, § = angle made by the sides of the channe! with the horizontal in

()
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unit tractive force. In a wide channel, yy = R and Eq. (7.3.2) becomes T, =
YYNS.

In most channels, the tractive force is not uniformly distributed over the;
perimeter, and, therefore, before an accurate design methodology can be devel]
oped, the distribution of the tractive force on the perimeter of the channel must
be estimated. :

Although many attempts to determine the distribution of the tractive force
on a channel perimeter have been made using both field and laboratory data?
they have not been successful {Chow, 1959). In Fig. 7.7, the maximum unit tras-
tive force on the sides and bottoms of various channels as determined by math-
ematical studies are shown as a function of the ratio of the bottom width to the
depth of flow. It is noted that for the trapezoidal section, which is the section’
generally used in unlined canals, the maximum tractive force on the bottom s’
approximately yyxS and on the sides 0.76vynS (Lane, 1855).

When a particle on the perimeter of a channel is in a state of impending
motion, the forces acting to cause motion are in equilibrium with the forces
resisting motion. A particle on the level bottom of a channel is subject to the
tractive force A,r, where r;, = unit tractive force on a level surface and A, =
effective area. Movement is resisted by the gravitational force W, multiplied by
a coeflicient of friction which is approximated by tan « where W, = submerged

particle weight and a = angle of repose for the particle. When motion i
incipient,

Traputold, 1 =2

0.8 i

*/«;wmuo_a. 1 =18

A
)

Recsanpisa

a.4

Unit Tractive Force in Tonthe of

o 4 1o
fAniic 0! Sottom Yidih 1o Depth ot Flow
u:.x

(a)
Channel Bottom

1.0, y ﬂ

Trapozolas, ¢ 1.5 and 2

[

Ay = W, tan o G.w.w*

Ty = A an o (7.3.4)

or \ Roectangles

0.8

A particle on the sloping side of a channel is subject to both a tractive force
7,4, and a downslope gravitational component W, sin I" where Ts = unit trac-
; tive force on the side slopes and I' = side slope angle. These forces and their
resultant V{W, sin T)? + (7,4,)% are shown schematically in Fig. 7.8. The force
) resisting motion is the gravitational component multiplied by a coefficient of

/ friction W, cos I' tan «. Setting the forces tending to cause motion equal to
. those resisting motion,

Teo
SN VS

Q.2

inlt Tractive Force In Tonths of

W, cos I’ tan « = (W, tan D)% + (Ar)? (7.3.5)

W,
: or Ty =
4,

i0
A

Ratio ol Boltom Width to Depth of Flow
v..qz

(b)
FIGURE 7.7 (o} Maximum unit tractive force w.n
terms of yyys for channel sides. (b} Maximum unit
tractive forces in terms of yyus for channe! bottoms.

cos I" tan « {1.3.6}

K=-2=c¢osl

) J% e . 293
\L..MVL .M.\v ﬁ.\gu&w\\, xﬂ,.rlhk\\\&«h\,\. |

A.lsultt\}l.lﬂll\.\l\illlilrirlinriliil\lll!ﬁlct. o

y where K = tractive force ratio.
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A 3
m \\\\\\“N\M\\\\ m IABLE 7.6 Comparison of maximum tractive
\“N“U\\\\\ forees for canals with varying degrees of
mHum 5] 5 12 sinuousness (Lane, 1950)
. gl—.% ey e .
a » % e
; Yig L L L Le . Relative limiting
: 13 \.\ £ £ tm\ = 7% u? g Degree of sinuousness tractive force
Sl 2 8 5 - : —
i 2] H \\ = 5 3 ; Straight canals 1.00
; S E{l\no\ “ //rm g g ke ‘ Slightly sinuous canals 0.90
: g \\ N M 8 DQDAHHW. Moderately sinuous canals 0.75
\a\w\\ N z L ] Very sinuous canals - 0.60
A 3 i
> 5
M ciples. From Eq. (7.3.1) the critical tractive force on the channel boundary for
: a depth of flow y, is
m o " m £ & : .
ﬁ - é 2 ..mm Te ™ ..«m_.mw :..wmv
i . . . S
] L/Q] 2104 SMIOTIL WUD SIqRRTIIg 2 m Where R, and 5, are the hydraulic radius and slope, respectively, corresponding
M m 8 to the depth y,. Then, for any othex uniform depth of flow y» in a.channel whose
; " // - 5 g bed is composed of the same soil type, the critical tractive force is -
T 53 e :
s & b=t 38 5 :
m m 2 - ..“ FO.‘ Te = J\.mw.m.w,m - Aﬂ.wwv
s €8 o S :
¥ m o 5% Since the same channel perimeter material is involved in both cases, the critical
223 @ J tractive forces must be equal, and hence :
E @ 1 ot
£ 9 b w R -
/m = IEFE - RS, = RS,
SR -2 : RS
w58 3 s gt . i R . .
<, >3 + - & 5% or : = : {7.3.10)
- 5 oo 5—i lm K] .m R, S
[ - & @ . = . . . . . . . . .
RSN mm H m m,ll e 3 El Pa Considering the Manning uniform flow equation fur both situations, it can be
\ & 3 NS T B demonstrated that
) 2z — 5 83 _ 273 .12
/ d e 5 & &7 Uy Ry Sy
\ E 3o E B peih S g
m =2 a g~} % - Iy .m,m_ mp
5 08 / :fg s E=B o
PR S o e et R B g~ and substituting Eq. (7.3.10), :
itz \ Z m g3 - 16
$ 2 A §o 4 B[R}y (7.3.11
w5 £ . : = = == =
2 W = J ¥ a = .m m..w Ly »qm_. H.u
S | S84 ; . . . .
£33 / - 58 The parameter k in Eq. (7.3.11) cap be considered a correction factor which
—i$: g o m - should be applied to the maximum permissible velocity {(Table.7.5), if the uni-
S ~BE form depth of flow y, is different from the depth of flow corresponding to the
A . ] e W ,m g maximum permissible velocity. If y; = 3 ft (0.91 m) and the channel is wide,
= H o [ - @ .
i .wu“ anzon o .M. M w m l_m Mwb.. AQ.W.HHV becomes
z 4 BA[IOBA) U BIGEESwIG e m m /5
Yz : ) . .
_Nm = - : AQ.MW.M?v
296 3 _
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The above Wmmc,mﬁs.g leads to large discrepancies between o fiputed ani
measured discharges under flood fiow (above bank-full \M‘B.m“mw conditiong
The interaction wﬁsmwwzﬂ.vm:mmoéma moving berm fows and the fast moving
main channe! flow significantly increases head _oﬁwﬁﬂwm aresult, the nmmnw&.m g
computed by this conventional Ew?.e,af wili_oVerestimate the flow, Gm:.mmum
the recent research data from the Flogd Channe! Facility at Wallingforg

Ackers'? has shown that the &@m@\mnnwwy gen the conventiona] nm_ns.“
lations and the measured flow.is"dependent on A flow levels. He formy. -
lated appropriate correctios factors for each regioh.of fow: a detaileg
exposure of the mnm_wmwﬂmm the research is beyond the scone of the book,

R,

L R VN \

P

The design of open channels invoives the selection of suitable sectiong
dimensions such that the maximum discharge will be conveyed within the
section. The bed slope is sometimes constrained by the topography of the
land in which the chanpel is t0 be constructed. )

In the design of an open channel a resistance equation, the Darcy of
Chezy or Manning, may be useq. However at least one other equation g
required to define the relationskip between width and depth. This second
series of equations incorporates the design criteria; for example in rigid
boundary ?o;-ﬁoe@_mv channels the designer wili wish to mini
construction cost resulting in what js commonly termed ‘the most economic
section’. In addition there may be a constraint on the maximum velocity

o prevent erosion or on the minimum velocity 1o preveat settlement of
sediment,

mise the

In the case of erodible (unlined channels excavated in natural ground e.p,
clay. silts: etc.} the design criterion will be that the boundary shear stress

exerted by the moving liquid will not exceed the ‘critical tractive force’ of
the bed and side material.

i — sk
||||W@ Rigid boundary channels — €Conomic section. L L P\ Na_MLY ﬁ\\\t\N\ﬁ

sing the Darcy-type resistance equation, ioa L.

- A_
(o= did ) St

88 A . KAW PR
Olb. %w»uwolmu:m
A=ty P=if(y)
L
Q max. is achieved when m@s =(j.e, 4 Am,lv =0
dy dy \ p

3ATdA At dp

P dy P? dy )
whence 3P da A de = §

dy dy
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Figure 8.4 Trapezoidai channel )
P i J erimeter
. i da = - then for Q max.. = = 0. i.e. the wetted p
For a given area m,w_z = dy .
: i .84
is 2 minimum. For a trapezoidal channei (see fig A v‘\u x\
i “ . . . .
A={b+ Ny)y (el N.Lr\
P=b+2y Vi+ N .
For a given area A,
.UHW!Z<+N< Vi N2
b
rQmax. =~ N2 VI N =0
For “dy 7
: . | S
i.e ﬁﬁiﬁw.*.zv&izu\‘rwv Vil + N
€y

4 w_ : Pmm centre .:w q.?ﬂ
t can wv@ _.3 1 2 i mwnw 15 ﬁhaw.-.f: C‘_m:— )
i Ci ﬁwﬂ OM r s ’
S W HWJW 3 semui ' . ‘ . )
_.wﬂ.ri.ﬂ Suf MNOW wﬁ ﬁl: ﬂuﬂ ﬁmﬂwmﬂzm.—m~ to MFW wmaﬂm WZQ UWQ‘ m s HW—G most G.ﬂ .W:”O T1c
wuﬁ 5.1 % S ﬁOmw . .
section a roximaies as O~ mm a —Muum wa ﬁ:ﬁ_.m_mwm sechion ’t_:ﬂ: 1§ KNOwn

to have the least perimeter for a given Mnmm.l y (
For a rectangular section (N hn ov&.m%_ v 2
e T
S i ary channels (erodi . .
> e et _uoa:a. ’ > theory and the ‘maximum veloc
The ‘critical tractive force’ theory and s for sabiity,
ly used in the design of erodi :
concepl are commonty us oy P

% - oA .
i\ Critical tractive force theory = f.i..w&u\ ;\om T called the
N0 force exerted by the water on the wetted area o
”:Jm .omomm " The average ‘umit tractive force’ is the a e
fvn by . = R S.. Boundary shear stress is not, no r.. uniformly
he Gistri c.w.o; varies somewhat with channel shap e
e il e maximum shear stress on the bed may

given by %,
distributed; bution varies :
o R on ; . 8.3} however.
o mmmm. Muow Em and on the sides as 0-76 pg v S, (See mm w%\.w?mm e
,wwm S:wmﬁ Wwﬂmawmmow depends on the channel aspect ralio. biy ¢
the she

[oe A
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Figure &5 Distribution of shear stress on channel boundary
-, f
\r..\.k_.u\ o b

m bed/side shear stregs ﬂ \ﬂﬁx\_\\/\ v
2w Aspect. ratio, b/y

< Table 8.2 Maximu
.o -
Crisa S

Yo max/ 02YSy s max/ PEYS,

2 0-890 0-735
4 0-570 0-750
>8 0-983 0-780

W= WrS, = GvS,
If the shear stresses can be kept below that which will ca
of the channe] cOcmamQ to move, the channe] will be sta
tractive force of a particular material i
cause erosion of the material

of the channel is subjected,

use the materia[

on a horizontal surface. Mat

in addition to the shear force due to the flowing
water, to.a gravity force down the slope. It can be show

n?mnm.m.ﬁuoﬁd
m:m:mﬁ%mumran:.:.oﬁ tractive force the maximum critical shear stress dye
to the water flow on the sides is

erial on the sides

repose of the material. .
Table 8.3 gives some typical values of critica) tractive force and permissible
velocity,

nv@ Maximum permissibie fmean velocity concept,
This appears to be a rather
significant effect on the bound
the values in Tabie 8.3 for
depths below 1 m.

B Sy

. and ¢ is the angle of

Q
S T s
uncertain concept since the depth of flow has a
ary shear stress. Fortier and

Scobey® published
well-seascned channels of small bed slope and
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Steady Flow in Open Channels
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Table 6.9, Summary of regime rélations for hydmulic goon\ciry of rivers,

Source Formulac Remarks
Lambor I = [ given n = 10 al - Lamhaor's Contraction constant,
{1966) For Centml Europen rivers:
13 /8 ’
Ao = 13.34 [9%—} n =155+ 216 - Vistula River
n = 12.0 4+ 18.2 - Oder River
n = 14.6 + 19.1 - Elbe River
= 7.1+89 - Wara River
a = B/h, - shape factor of the cross-section
B = el
w=Laiipn
A= Bk,
Grdanin I= I given Rivers in the Soviet Union M = 1.05 -
(1976) Grifanin’s similarity constant for non-emdible
and non-siiting channels
P=k(Q/P)
M 1/2
R; = -—-—Q-‘-Tr
g/
A= R,
5P 1247
k= Hﬂ7—"
M
Gridin I'=17 given Rivers in the Soviet Union:
{Altunin A = 0.7 4+ 0.9 - mountain (gravel bed) rivers
formula) A= L1+ L7 - lowiand (sand bed) river
B = AGSS /102 m = L0+ 0.8 - gravel bed rivery
‘ m = 08 + (1.5 ~ sand bed rivers
a == B4 12 - gravel bed rivers
hy = B™/a a =4+ 3 - sand bed rivers
Bray {1982) 1. Threshold method
B = 483Q3™
k = 0.0585 Q°4230'°~"’
u =3 530207!51}01&5
I'=0968Q; "B DI
2. Kellerhals™ method
B =326Q}™ ‘
= 0,400 y4~0.120
h =0.183Q4% D]
u= 167 Qg-":}"ﬂ“.,bm
— -0. 0.920
I'=0026Q; Doy
Bray (1982) 3. Best-fit dimensionless expressions For Alberta gravel-bed nivers Q) —~ 2-year flood

B = 2.68 Q4% D 0

h = 0,20 Q337 p§8

u= 187 Qg'lmD%zjj

flow

The ranges of the parameters:
Q; = 5.5 + 3920 [m’/s]

B = 143 + 566 [m] (at @)
h = 0.442 + 6.93 [m] (at Q;)
I = 0.00022 + 0.015

Dsy = 19 + 145 [mm]

(149)
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Table 6.9. (Continued).

Source Formulae Remarks
= —0.375 no.937
I'=0063Q;™ "Dy
4. Best-fit expressions
— 0.528 1y ~0.070
B =383Q5°%Dg,
h = 0.246 Q4331 p 205
u = 1.05 QY140 plos
. —0.334 140.586
I=0018Q; D
Hey (1982)  Rj = 0.161Q9 D0 For data from 66 sites of gravel-bed rivers in the
‘ UK
The ranges of the parameters:
haax = 0.252 Q)38 D016 Qs = Q1.5 — bankfull discharge = 1.5 year
~ fiood
Quy = 2.12+ 820 {m®/s)
I = 0.679 Q7> S88 Dg7 Sp=7.5-10"5+374.10-2 [m¥/s)
Dsg = 0.021 +0.190 [m]
o5 = 2.03 = 852
p=I/I op = [Des/Dis] /*
€y = 7.92 = 83.76 per cent
L, =218 I = 0.000334 + 0.0215
Hey (1985) B =433 QE}?O Vegetation I Data from 62 gauging stations of gravel-bed
rivers in the UK (with bankside vegetation).
The ranges of the parameters:
B =333 Q(g}sn Vegetation I Qjp = bankfull discharge
Qby = 3.9 + 424 [m?/s]
Sp = 0.001 + 14.14 [kg/s]
B =273 Q" Vegetation Il Dsp = 0.014 + 0.176 [m]
Op = (1/2) iOg(Dg‘;/Dm) = 0.24 + 0.68
Ir = 0.0219 4+ 0.00166
B =234Q° Vegetation IV
= 037 p-0.11
h=022Q%7 Dy, ‘
hgax = 0.20037cp Q?i& DS-BG.ZJ.
— : ~043 10,75 o0.10
1= 00870%9p @/ p2Js s
p=1Ic/I
Lys=6318
Brownlie Flow depth for the lower regime Range of data used in analysis:
{1983) Dsp = 0.088 -+ 2.8 [mm]

0 S

h 0654 1—0.254 0.105
Do = 03724 ¢, T oy

Flow depth for the upper regime

== 0,2836 g0625 7-0.288 o080
q« ﬂﬂgﬂ
g=Q/B.

o =4 (g% + p)

g = 0.012 =+ 40 [m?/s]

Q = 0.0032 + 22000 [m®/s]
T = 0.000003 = 0.037

Ry, =0.025 + 17.0 [m]

T = 0+ 63°C (temperature)
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Table 6.9. (Continued).

Source Formulae Remarks

Hincu h=803Dg (QU/%)-"'N Ficld data collected on earth canals in India, and
and on cerain stable reaches of some Romanian
Batuca nvers

{1988)

B =021 Dy (Qu/DH)™™

T
u = 0.61 (¢D50)™* {Quy/D3)

0.52
! —0.48
B = 0056 D

Julien (1988) h ~ QV/a Dx=D/t @=3/b g}/
B ~ Ql+2a)/s p-(+tal/t i/t g +ai/e

o~ Qa:/n D{E-a)/a el/a e:‘/“
o Q-Me D3b @746}/ 9;1/6

where
a=243x
b= 4+ b
Wilson (1988) B ~ Q% Values of exponents « and B are shown in
h~QP Fig. 6.13
I ~ Q“(“_ﬁ)
" p TTTTY : T S A B
4 b . —
- - T —
= R € »6001
& b FCR =000 . ]
T WPy
~\ B FOR C=001
o enrd
o -
op L2 1l ; o popaaal Fig. 6.13. Exponents for Wilson's regime relations

a1 _ ¥ pimn] (after Wilson, 1988).

equations, can be used for the design of stable gravel-bed rivers with small sediment
transport. The Kellerhals” method can be acceptable for estimating channel slope; how-
ever, this method for estimating channel width, depth and mean velocity is the poorest
(sce Table 6.10). Bray explained this by the fact that Kellerhals” channels were pri-

Q1Y)
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5 Regime Theo

The problem of determining a stable cross-section geometry and slope of an

alluvial channel has been the subject of considerable research over eighty &
years and continues 10 be of great practical interest. Ignoring plan geormetry
an aliuvial channel can adjust its width, depth and slope to achieve a stable
condition in which it can transport a certain amount of water and sediment.B
Thus, it has three degrees of freedom and the problem is to astablis
relationships which determine these three quantities of width, depth and slope

The various approaches to this problem fall into two_broad categories: !
empirical regime and the analytical regime methods. The empirical metho
relies on avaijlable data and altempts o de armine appropriate relationship
from the data. The usefulness of this method depends on the quality of t
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_data and the validity of the assumed form of the relationships. It has always

been acknowledged that the various coefficients derived may not be truly
constant but may vary stightly and that the equations should only be applied
in situations similar to those for which the data were collected.

The analytical method relies on specifying equations which describe the
dominant individual processes such as sedirment transpont, flow resistance, and
bank stability. This approach can only be successful if the dominant
processes are correctly identified and appropriate equations exist to describe
them adequately, These approaches represent two extremes and obviousty
it is possible to combine aspects of both.

5.1 Empirical regime theory

The theory was first developed by British engineers working in the Indian sub-
continent in responsa to the problem of designing large |mgataon canal
systems. Extensive measurements were taken on existing stable channels,

. that is channels that were ‘in regime’. Lacey {1929} was instrumental in

developing this data into a series of design functions:

V = 0.625 /1R (104}

P=484JQ (105)
% 2 106

S =0.000304f,°Q ® (106)

where:

Q = discharge (m%s)

u . = mean velocity of flow, Q/A (m/s)

R =  hydraulic mean depth, A/P (m) - (Hydraulic Radius)

P. =  wetted perimeter of flow (m)

S = slope of channel

fy =  asilt parameter for sediment size

A =  cross-sectional area of flow (m?)

The_" silt parameter was related to sediment size, D (m), through:

Although there were three main equations to correspond with the three
degrees of freedom of adjustment of a straight channel, algebraic manipulation
could, and, did yield countless others. For example using the continuity

| equatson (1 04) couid be repiaced by

R = [m]ﬂ (108)

(\ V)
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The general form of the equations can be written as:

P e

d =1 (Q) | (109)
B =1, (Q) (110)
S =1y (Q) (111)

5.2 Analytlcal regime theory

in the analytical approach two sets of equations are readily available defining
the sediment transport and the frictional characteristics, but i is unclear what
"“lo use as a third. Several proposals have been made for a suitable equation,
some concerned with bank stability, others based oh some varialional principle
such as minimum stream power of minimum unit stream power.

The table below makes reference to several sediment transport and alluvial
roughness functions already mentioned in chaplers 3 and 4 and "he vanety
of functions used to describe the third fundamental physical process which
controls channel geometry. All the methods are based on sound physical
principles, taking account, to varying degrees and in different ways, of the
need for dimensional consistency, similarity piinciples and the mechanics of
bed material movement and turbulent suspension. They were mostly, and in
some cases entirely, based on the analysis of laboratory experiments in
flumes, within the individual researcher's framework of physical principles,

— et I s
wb G, 5/;«;!/ ST Cerd

Author Date | Functions used .| Comments
Smith 1970 | = Colby sand transport i Compuler program
1974 | » Modified Einstein-Brown | Confirmed by Lower
e Regime width ~...'1 Chenab canal data
Chang b | 1979 | » Various transport egns | Lower and upper bed
1985 | - Various resistance forms could give dual
- vgqex | * Min stream power | solution. Design charts
Ramette | 1979 | « Meyer-Peter bed load 1 Algebraic solution
1980 | = StricklerorE& H | Extended to meandering
+ Max bed load and scour | and braided natural
concept ' channels
Ackers 1980 | » Ackers and White Numerical solution with -
» White, Paris & Bettess | graphical representation.
+» Regime width | Confirmed by Lower
Chenab

- S R-358KF--C205BE——
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P

Author Date Functions used Comments
Whits, Paris 1881 + Ackers and White 1 Table developed
and Bettess » White, Paris & Bettess from computer
» Oplimal principle { solution
Bakker, 1986 | « Ackers and White Confirmed by
Vermas and » Van Rijn bed roughness | data from
Choudri » Lacey width with Pakistan canais
revised coefficients (ACOP) '

- As-shown~inthe table some of the methods are based on empirical width

functions and others include optimal principles.

5.3 Reglme width equation ,
While there is a consensus of opinion on and good confirmation of channel
design based on one or other of the recent and reliable combinations of
functions for transport and for resistance, the same degree of consensus has
not been reached in terms of a width-controlling function. Widtt can be based
on a regime-type function with its coefficient value determned from the
characteristics of the banks themselves, for example the values of K, given by
Simons and Alberison (1960) for different regional conditions, in the equation;

i % .
B=KQZ + Wik Function (112)

The table below shows the K, values for regime width equation.

Classification ¢ 6t/ o} » (o S o K, ( metric ) T
“ Sand bed and banks ‘ " 5.34
" Sand bed and cohesive banks : 4.71

Sand bed and cohesive banks with heavy 3.08

sediment load, 2000 -8000mgm/l

Cohesive bed and banks | 398

Coarse non-cohesive material , 3.17

(o L ih s _Anexample of this method was used by Bakker et al (1986) and used the Van
74

Rijn (1984) friction equations, described in Section 4.1.3, combined with the
Ackers and White sediment transport equations detailed in Section 3.5.1.

- The channel width is determined from the Lacey regime equation but with

revised coefficients. Using the ACOP data Bakker et al determined the K
.coefficient obtaining K, = 4.7 for the Punjab and 4.0 for the Sind. '

There is an alternative to using an empirical width function, which then meets
the requirement for all functions to have a sound basis in physics. This isto

‘use optimisation concepts to determine width. The premise is that the natural
;\_/‘WMM,«\,W

W)




adjustment process develops towards a channel which has maximum
efficiency in transporting the waler and sediment: the geometry adjusts so that
the channel slope finds a minimum consistent with the two process functions
for transport rate and channel resistance.

5.4 Chang's method (1985)
Chang developed a graphical method for the design of stable alluvial channels
with sand bed channels with 2 to 1 side slopes. Under the inflow quantities
of water discharge, sediment load, and its characteristics, a canal has three
degrees of freedom in its width, depth and siope. These three variables are
e e taingd -such.that.the inflow discharge and bed load are transported at the
minimum channel slope while fulfiing the usual hydraulic laws of flow
resistance and bed-load transport. Gn the analysis the bed load is used since

it is primarily responsible for mmoulding the shape of alluvial channe!s.) <

-~ The method should be M flow regime and with
ripple and sand beds. e A e
M

PO Nt .

G . i) S _ 000238
e S T e _J_i. - (113)
. - Q B .
{Bed (oad) d
The graphs for using the Chang method are shown in Figures 8 and 8. The
lower bound of Figure 8 is at the threshold for bed movement which may be
represented by the equation (113):
where: Sg= critical channel slope corresponding o bed-ioad threshold.
4 = Dy, Of bod. mtrem'wi _
The graphical relationship for width in Figure 8 can be represented by the
following equation:
.05 . p .
B =417 |2 - Sel o or B= (&) (114)
V]
Therefore the width is primarily & function of the discharge; its dependence on
S and d are not very significant. The depth in Figure & can be represented by
the following equation:
e s S 3 ' .
LG TR-o00ss| S - 2| @ (115)
‘ - ya Jd
D

Therefore the depth is more dependent on S and d than the width. The
graphical relationship for bed foad in Figure 9 , can be represented by the
following equation:
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(116)

in which Qg = bed-load discharge.

The design chart for stable aliuvial channels in Figure 8, when used in
conjunction with Figure 9, provides a simple graphical method for design of
channels. Given the discharge of a channel, the slope should be chosen so
that it falls along a line of constant uS in Figure 9. Then the width and depth
of each channel are d:rect[y obtained from Figure 8. '

5.5 White, Paris and Bettess method (1980)
The theory is based on sediment transport and frictional characteristic and
advocates a variational principle based on the assumplion that an alluvial
channel adjusts its geometric characteristics and gradient in such a way that
the sediment transporting capacity is maximised. Although there is no physical
justification to support the principle of maximising the sediment transporting
capacity it is regarded as a useful hypothesis which leads to acceptable
predictions over a large range of flow conditions.

Six variables that describe the channel system are considered: the average
velocity, V. average depth, d, slope, S, discharge, Q, sediment concentration,
X, and channel width, B. "Relating these variables are equations for the
continuity of water flow, sed:menttranspon formulae, flow resistance formulae,
and the condition that the sediment transport should be maximised, or
equivalently the stream power minimised. If two of the variables are known
then the others can be calculated. For example knowing the discharge, Q and
the slope, S, the comesponding values of W, d, X and B can be determined.
Implicit in this method are the assumptions that the flow is steady and mform

and that the bed and bank material is nonc hes:ve

The Ackers and White equations (1973) are used o calculate the sediment
concentration as detailed in Section 3.5.1. White, Paris and Bettess (1980)
describe the movement of sediment in terms of three dimensionless groups in
the pred;ct;on of alluvial friction as described in Section 4.1.5.

One extra equation was needed to solve the system. The hypothesis used is
that for a particular water discharge and slope the width of the channel adjusts
itself 1o maximise the sediment transport rate. If one imposes values of
discharge and slope but does not impose the condition of maximum sediment
transport, then there are a family of solutions each with different values of b,

- X, vand d, only-one of which provides the maximum sediment transport rate.

All the remaining solutions have sediment transport rates less than the
maximurn and widths both fess than and greater than that provided by the
maximurn transport rate. These all represent possible solutions of the system
if it is constrained in some way, for example, by the relative eredibility of the
bed and banks. Thus, a channel with banks which are less erodible than the
bed will have a width smaller than that corresponding to the maximum
sediment transport case, while a channel whose banks are rnore erodtbie than
the bed will have a width correspondingly larger.
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HR Wallingford has published a set of alluvial channel design tables based on

‘this methodology, to avoid the engineer having the burden of a complex

computational procedura,(White et al 19813)

The tables should only be used for channels passing through homogenous
alluvium and shoukd not be used where the composition of the bed and banks
are markedly different nor where there are constraints on the width or depth
such as the presence of inerodible material. The tables presented by White,
Paris and Bettess can only be used for the determination of the geometric and
flow characteristics of stable alluvial channels.

P R

xampie 5.5 } Use of White, Parls and Bettess tables for desigh of stabie

— alluvial channels

A channel is required to canty a discharge of 10md/s at a slope of 0.2 107,
the D, of the bed matetial being 0.35mm. What are the suitable slable
dimensions for the channel?

The appropriate table is reproduced in Figure 10. If one looks down the
column corresponding to a discharge of 10m°/s one can see that the slopes
corresponding to sediment concentrations of 10, 20, 40 and 60 ppm are 0.09
+ 102, 013 * 10°, 0.19 * 10° and 0.24 * 10°.

The siope 0.19 ° 102 is closest to the required slope of 0.2 ° 107°
corresponding to a sediment concentration of 40ppm. An approximation to the
required channel characteristics are given by:

velocity 0.63m's

depth 1.32m
“surface width 12.1m

sediment concentration 40 ppm

Interpolation within the table in Figure 10 could be used to refine this estimate.

5.6 Application and use of regime theory o
The original application of regime theory was to irrigation canals. A
characteristic of such canals is thal the range of discharge is fimited so that
there is little inherent difficulty in deciding the discharge 1o be used in the
regime relations. More recently regime theory has been applied to natural
rivers. By contrast natural rivers have & wide range of discharges varying
throughout the year and from year o year. It is thus more difficult to know
which is the discharge that should be used in the regime theory.

It has been assumed that the dimensions of a river channel can be related to
a particular discharge, referred to as the dominant_discharge. At this
discharge, equilibrium is most closely approached and the tendency to change
is least. This condition may be regarded as the integrated effect of all varying
conditions over a long period of time. Unfortunately there is no universally
agreed method of determining the dominant discharge.

Regime theoty can be used in the design of physical models. As part of an

Jinvestigation for an irmigation scheme, HR Wallingford designed a mobile bed
model of the Sabi River, a large sand river in Zimbabwe. - The river channel

was in regime and the physical model was designed on the basis that the

(n6)

SR 358.KF 02/0%85
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model channel must also be in regime. The resulling model successfully
reproduced the behaviour of the prototype.

" River improvements or changes to river due to maintenance can have a
morphological impact. Regime theory can be used in assessing the impact of
these changes to a river, HR Wallingford (1992).

Using ideas from regime theory a method for predicting plan shape and the
impact of change on plan shape has been derived. The method is based
upon the principle that plan shape results as a compromise between the
regime slope required for equilibrium and the slope of the river valley, Bettess
and White (1983).
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6_Sediment Samphng and analyéis

As the behaviour of sediments is very dependent on sediment size, it is
imporant to establish the size of the sediment under consideration. There are

a number of concems that must be considered when collecting sediment
samples:

(1) the sample should be representative of the sediment under consideration;

(2) the sample that is collected should be representative of the sediment that
is present, that is, sampling should not preferentially select some sizes
at the expense of others;

(3) - the sample size should be sufficient to ensure that the required statistics
can be determined accurately.

]

These aspects are considered in more detail,

(1} The sample should be representative of sediment under consideration.
Particularly in gravel rivers there can be significant variations in sediment
composition both in plan and through the depth. Care must be taken in
selecting a sample site to ensure that the sample will provide the required
information. The beds of gravel rivers are frequently armoured, that is,
the surface layer of sediment is coarser than the underlying sediment.

This should be considered when selecting an appropriate method of
sampling. The reader is referred to BS 3680 Part 10E: 1983/1SO
9195:1992, Sampling and analysis of gravel bed material

SRR

(2) The sample should be representative of the sediment present. The act
of sampling can quite frequently introduce bias into the sample. Most
forms of sampling introduce some form of bias, for example, when grab
samples are collected from underwater, it is common for fine sediments
to be washed out of the sample preferentially. One should be aware of
possible sources of bias and try to design the samplmg size to overcome

them.

(3) The sample should be sufficient to determine required statistics with the

enctgh to enable an adequate size grading to be carried out. This
normally means that there is a sufficient number of particles in each size

O,

(hs)

‘required degree of accuracy. Samples should, if at all possible, be large -

class. For silts and clays this is normally rottoo difficult and depending
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