INTERNATIONAL COURSE IN HYDRAULIC ENGINEERING

LECTURE NOTES ON
SEDIMENT TRANSPORT 1

BY
H.N.C. BREUSERS

DELFT
1974 ~1975




THNTERNATIONAL, COURSE TN HYDRAULIC ENGINEERING

LECTURE NOTES ON

SEDIMENT TRANSPORT 1

by

E.N.C. BREUSERS

DELFT

1974 - 1975



0.2

INTERNATIONAL COURSE TN HYDRAULIC ENGINEERING

SEDIMENT TRANSPORT 1

CONTENTS

1. TNTRODUCTION
2. PROPERTIES OF THE WATER
3. PROPERTIES OF TEE TRANSPORT MATERT AL
4. INTTTATION OF MOTION
5. TRANSPORT MECHANTSM, BEDFORNS, ALLUVIAL ROUGHNESS
6. BED MATERLAL TRANSPORT -
6.1. BED LOAD
6.2. SUSPENDED LOAD
643, TOTAL LOAD
7. STAELE CHANNELS
8. SITMATTION AND SCOUR
9. SEDIMENT TRANSPORT MEASUREMENTS
10. SEDIMENT TRANSPORT IN PIPES
11. APPLICATIONS




1. INTRODUCTION

4 study of the sediment transport by water is of importance in several
aspects of hydraulic engineering:

— fluvial hydrauiics: knowledge of sediment transport forms the basis for

the design of river training works, navigation improvement, flood control.
- irrigation: design of siable chennels, intskes, settling besssins.

- coastal engineering: prediction of littorsl drifi, design of coastal

protecticn works and harbours.
- dredging: the suction, transport and deposition of material has many

aspects related to the transpert of sedimenis.

The main objective of sediment transport hydraulics is %0 predicid
whether an equilibrium condition, erosion (scour) or deposition (silting)
will occur and to determine the quantities involved. The rate of sediment
transport, expressed as mass, weight or volume per unit time can be deter-—
mined from measurements or from calculations. Both methods only have a low
degree of accuracy so that the sensitivity of the design to possible varia-
tions in the calculated transport rates has to be considered.

The main reason for the empirical character of sediment transport knowl-
edge is the complexity of the transport process. The interaction of a
turbulent fiow, the characteristics of which are only known by empirism,
and a boundary consisting of loose sediments can not be described by simple
equations. Most of our knowledge is based therefore on experiments and
measurements both in the field and in laboratories,

The following subjects will be diséussed:

-~ the flow characteristics of the water.
- the characteristics of the sediments.
= their mutual interaction:
- initiation of motion.
- transport mechanisms.
- bed forms, roughness.
— stable chamnels.
— bed maierial transport - bed load.
— suspended load.

siltation and scour.

— sediment transport measurements.

~ gpplications.

SED. TR. 1 74/75




l.2

These lecture notes should be considered as a introduction to 4he subject.

The following general references may be used for further studies.

S. LELIAVSKY

T. BLENCH

F.M. HENDERSON

F. ENGELUND

E. HANSEN

A.J. RAUDKIVI

W.H. GRAF

H.W. SHEN (ed.)

¥, SELIM YALIN

1955 An introduction to fluvial hydraulics.

Constable, London.

1957 Regime behaviour of canals énd rivers.

Butterworths, London.

1966 Open channel flow (Ch. 4 - Sediment transport)
Mac Millan, New York.

1967 A monograph on sediment transport in alluvigl
sireams.,

Teknisk forlag, Uopenhagen.

1967 Loose boundary hydraulics.
Pergamon, Oxford (good introduction)

1971 Bydrasulics of sediment transport.

Me Graw Hill, New York (very complete treatment)

1971 River mechanics I.
Ft. Collins, Colorado.

1972 Mechanics of sediment fransport.

Pergamon Press, New York.

ASCE, Progress Reports of the Task Committee on the preparation of a

Sedimentation Manual.
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12)

Proc. A3CE Hydr. Div.
Introduction and bropertieg of sediment
Suspension of sediments

Wind erosion and transportation

Initiation of motion

Erosion of cchesive sediment

Sediment measuring techniques: lab. procedures
Sediment measuring fechniques: fluvial sediments
Sediment sources and sediment yield

Transport of sediment in pipes

Hydraulic relations for alluvial streams
Sediment discharge formulas

Pundamentais of sediment transportation

SED. TR. 1 74/75



24

PROPERTIES OF THE WATER

Some of the relevani propertics of water are:

2.1

Property symbel | dimension remarks

densgity oy (kg/mg) -

(specific weight) 3, (kg/mzsz) or (N/m3) Xw =p,-8

specific gravity ] (1) {ratio) g = G/KW or p/pw

dynamic viscosity 7 (kg/msﬂ or Uﬁs/m?) T =7 g%

kinemgtic viscosity u (m2/s) u o= ?/pw

surface tension <3 (kg/sQ) or(N/m)

The followling S.I. unite zre used:

mass (ke) (kilogram)
length {(m) (meter)
time ) (second)
force (kgm/sz) or (M) (Newton)
energy (kgmz/SZ) or (Nm) or (J) (Joule)
power (kgmg/ss) or (Nm/s) or (J/s) or (W) (Watt)

pressure, siress (kg/mse) or (N/mz)

2.1. Dengity (kg/mB)

The density of water varies with temperature T

s |0 L 12 16 1 21 321 (%0
'I'E,;v; 959.87 | 1000.0 | 999.5 | 999.0 | 998.0 | 995.0 | (ke/m")
Convergion: 1 1b/f't3 = 16.02 kg/m3

1 slug/ft3 = 514 kg/m3

The wvariation of the

dengity may be neglected in most sediment transport

calculations:
3 ) e
kg/m 1b/tt slug/ft
0, fregh water 1000 62.4 1.94
o, sea water 1026 63.9 1.99
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2.2, Vigcogity

Dynamic viscosiity (Ns/mz)

Defined as the factor of proportionality in:

pp
which is valid for laminar flow.
dU/ dz = velocity gradient (1/e)
Unit in the ¢ gs (centimeter, gram, second) system: poise
1 poige = 1 dyne.s/cm2 = 0.1 Ns/m2
Conversion: 1 pdl. s/ft2 = 1.488 Ns/m2
(1 pdl = 0.138 N)
1 1bf. s/ft2 = 47.87 Ns/m2
(1 1bf = 4.45 N)

Kinematic viscogiiy (mz/s)

Defined by v = 7/pw
Unit in the ¢ g system: Stokes
1 stokes =1 cmg/s = 10_4 m2 S
Conversion: 1 ftg/s = 0,093 m2/s
7 and v are a function of temperature, The influence of temperature is

significant.

T 0 5 10 15 20 25 30 35 40 (%0 _
v [1.79 1.52 1.31 1.14 1.0l ©.90 ©0.80 0.72 0.65 (10“6 mz/s)

2.3. Surface tension

For the surface Water/air: o= 0.074 N/m‘ at atmospheric pressure.
The variation with temperature can be neglected.
0.454 N/m!
14.59 N/m!

Conversion 1 pdl/ft
1 1bf/#t

il

I

2.4, Uniform flow in open channels

The equaticn of steady, uniform flow is reduced to:

dt QE

dz &%
or t(z) = 0, g(h-2). I

h = water depth
z = digstance from the bed
I = hydraulic gradient or slope

SED. TR. 1 74/75
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The difficulty is now the relaiion between shear siress and velocity

digtribution which is necessary to predict this distribution.

For laminar flow the relation is:

S
¢y
0 g
which leads to the parabolic velocity distribution:
T 2 2
U(z) = &= (8" - (n-2)7)

and a mean velocity U = %ﬁ%. h2

For turbulent flow Prandtl gave the following empirical mixing—length

expression:

w(a) = o, 1° (30U (2)/32)°

Near the bed 1z) = 7(0), the bed shear stress
Ty = nghl

and l =x=
¥ = kappa, von Kérmin's constant == 0.4

Thigs leads to the logarithmic wvelocity distribution:

u(z) = 3/x VenT  1In(z/z)

. . T —
Define wr - Jegh 1 = shear velocity = V/To/pw

and take: x = 0.4
then: U(z) = 2.5 w 1n (z/zo)

z, = the point where U = O according to the logarithmic profile.

g
U(z) is equal to the mean velocity at z a 0.4 h
= 2,5 v 1In (0.4 h/zo)

- 5. 75 u* log (0.4 h/zo) (In —» log gives factor 2.303)

or

al

or

Although the logarithmic velocity digtribution was derived for the area
near the bed, 1% appears from measurements that the logarithmic velocity
profike is a good approximation for the full depth of the flow due to a
simultaneous decrease in shear stress and mixing-length with z.

Values of z, are found from experiments on smooth and rough boundaries.
For smooth boundariss a viscoss sublayer exists in which viscouseffects
predominate. The approximgte thickness of this layer ig 6 =10 u/uﬁ (see
below) and 7, 0.01 6 = 0.1 U/ui. For boundaries with uniform roughness

Nikuradse has found:

SED. TR. 1 74/7
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ZO = 0.03 ks

in which ks Was the size of the sand grains used as roughness. This k  is

used as a standard roughness for other types of roughness.

Smooth boundary Rough bouncary
%z = (0,01 & z == 0.03 k
0 N 0 g
U{z) =5.75 u" log 100 z/8 U(z)="5.75 u" log 33 z/kS
U = 5.75 v* log 40 h/s UL=Y = 5.75 u' log 12 b/x
e v =
—————
= *x : 12h
U= 515w tog (53553
- — L2h
or U = (5.75 \/_é:) - '\/hI . log (——H
k+0.36
T = 18/ A2k
or . U =18yhI .log YT 035

which is the well-known Chezy equation: (see figure 2.1)
U=cynI

A bed is defined as hydraulicaily rough for k £ 0.38

hydraulically smooth fork I}f’f“ 66
The transition laminar —turbulent flow is generally given as
Re = w. h/u = 600 for open channels.

The value of u> is mlated to the velocity distribution by

E_o1, 2ue
~5.75  &(logsz)

bu$ this method gives generally inaccurate results .

Vigcous gublayer &

2-4

In the viscous sublayer viscosity predominates. The velocity

7 ou(z)/ dz

distribution therefore follows from: t{z)

o=t =e ghl=p u
or u(z) _ u z
v
=

Intergection with the logarithmic velocity distribution gives a "theoretical”

value for &:
5 = 11.6 ufu™

In fact tThere 1s a transition zone from the linear 1o the logarithmic profile

extending from:

2
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2.5

Z =5 U/ui to 30 U/ui

Zz)

Roughness value ks

For uniform sediment ks =D : B
For graded sediment kS = D65 :‘290
. _ A

For ripples ks —\9.5 L'l'hripple
Errors in ks give the following errors in C;

k

—actual 1 > 5 10

egtimated
Cost-ant 0 55 12,518

2.5. Turbulence

Turbulence ig a random fluctusting velocity field which interacts with and
derives 1% energy irom the mean flow field. A turbulent velocity field can

only be described by statistical quantities such as r.m.s. values, amplitude

distribution, correlations and spectra. The amplitudes are generally normally
distributed so that the rooi-measn-square deviation gives a good idea of the
fluctuations. o7 = (U—ﬁ)z where U = the instantaneous velocity and U the
time—averaged value.

4 turbulent field has a diffusive character. Gradients of momentum and
scalar quantities are rapidly diminished by this diffusive action.

The analogy of turbulent motion with the movements of molecules leads
1o the analogy given by Boussinesq and the introducticn of =a eddy-viscosity

concept for the appsrent turbulent shesr stress —qu'w'

o e e

— oot
p W Pufm aU/BZ
so that the total shear stress becomes

%) _—
T = U/BZ " P, wWh = (v + em) aU/Dz

£ = eddy viscogity
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2.6

The logarithmic velccity distribuiion
U(z)/u¥ = % in (z/z0)
and the linear shear stress distribution
r(z) = r(o) (hmz) /}1
give¥ the following distribution for e(z)
e(z) = i oz (1 - z/h)
The average value of =(z) (averaging over the depth) is therefore

-E-'=1U.Xh L

6

2.6 Diffusion

The diffusion of scalalr quantities (concentration, heat) is described

by analogy with the diffusion of momenitum by:

N=(D+ EC) aC/&z

in which: B
N = lateral flux of scalair quantity
D = molecular diffusivity

Ec = turbulent diffusion coefficient

C = concentration

The wvalue of D depends on the properties of the scalair

heat in water 0D=0.2.10 -6 mz/s
salt in water D:::2.10_3 mg/s

The ratio of £, to € depends also on the properties of the scalair but the

value of this ratio 1s generally cf the order ons.

2.7 Literature

. Rouse, 1950 Fundamental principleg of flow, Engineering Hydraulics
V.Le Streeter, 1966 Handbook of Fluid Dynamics , chapter 9 and 10,

Mc. Graw Hill New York
J.0. Hingze, 1959 Turbulence, Mc Graw Hill New York
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3.1

3. PROPERTIES OF THE TRANSPORT MATERIAL

Some of the properties of sediment which are often used are :
gize
shape
density
fall veleocity

poroglty

A claggification of particles according to size is given in table
3.1. This table gives the classification by the American (Geophysical Union
for clay, silt, sand,gravel; cobbles and boulders.

Various definitions of Ydiameter" are pcssible :

gieve diameter D = diameter of square mesh sieve which will just pass

the pariicle.

gedimentation diameter Ds = diameter of sphere with same density and

same setiling velccity in same fluid at same temperature

nominal diameter Dn = diameter of sphere with equal volume

trisxial dimension a,b,c {(a = largest ¢ = smallest axis)

Size determination

boulders,cobbles and gravel : direct measurement

gravel, sand sieving

fine gand, silt sedimentation or microscope analysis

3.1.1 Sieving

Sieving can be applied for particles down to 44/Mm but gives good
rasults down to T%/Am. Sleve sizes (openlngs) are made in a geometric series
with every sleve being \// 2 larger in size than the preceding. Taking
every other size gives av/2 series . For most sands a\/2 geries gives
sufficient results but a\//2 series may be necesgary for wvery uniform
sandg. Some general rules for sieving can be given.

1. Do not overload the sieves to avoid =logging, The following

maximum residues on individual 8-inch sieves are recommended

(after Shergold 1946)
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Table 3.1

Major clagsification of sediment size

accs Lo HsA. Einstein

Size Designation Remark
d<0.5 p Collcids Mways flocculated
0.5 p ¢ d< 5 Clay Sometimes or partially flocculated
5 u ¢ d<Ké4 Silt Nonflocculating—individual crystals
64 1 ¢ d4d<2 mm Sand Rock fragments
2mm <4 Gravel, boulders Reck fragments

Imerican Geophysical Union (AQU) grade scale

for particle sizes

0. 00050, O0024

0.5-0.24

Size
Millimeters Microns Inches Class
4 4000-2,000 160-80 Very large boulders
2,000-1,000 80~40 Large boulders
1,000-500 40-20 Medium boulders
500-250 20-10 Small boulders
250-130 10-5 Large cobbles
13064 5-2.5 Small cobbles
6A-32 2.5-1.3 Very coarse gravel
32-16 1.3-0.6 Coarse gravel
16~ 8 0.6-0.3 Medium gravel
84 0.3-0.16 Fine gravel
4-2 0.16-0,08 Very fine gravel
2,00 -1.00 24 000-1,000 Very coazrse gand
1.00-0.50 1,000-500 Cozarse sand
0. 50-0.25 500-250 Medium sand
0.25-0.125 250-125 Fine sand
C.125-0.0862 12562 Very Tine sand
0.062-0.031 6231 Coarse silt
0.031-0.016 31-16 Medium sil+¥
0.016-0.008 16-8 Fine silt
0.0056-0.004 Bz Very fine sil%
0.004-0.0020 42 Coarse clay
. 0020-0.0010 2-1 Medium clay
0. 0010-0, 0005 1-0.5 Fine clay

Very fine clay




3.2

Sieve opening UJ.S. Sieve Maximum regidue in grams
MM, Nno. 2—-geries v/E\series \ﬁfgéries
2.4 8 150 75 38
1.2 16 100 50 25
0.6 30 70 35 18
0.295 50 : 50 25 12
0.15 100 35 18 9
0.076 200 25 12 6

The total sample size should be about 20- 50 grams for &"-inch sisves and

fine sand.

2. A gieving time of 10 minutes with a mechanical sieving apparatus

gshould be used.

3. For coarse sands and gravel the fellowing miznimum size is recommended

to obtain a sufficient number of grains in each fraction (see De

Vries 1971).

Sample size (gram) > 20 , D85

3 D85.in mm.

Sieve types and series are different in various countries, but are generally

based on a {$/2 series.

3.1.2 Sedimentation

For fine sand and silt a size distribuiion can be determined by sedi-

menbtation. For parficles < 50 #m the Stokes law for the settling velocity is

F1G. 3.1

Gloss Funne!

Rubber Pinch Tube
Recorder Switch

Manual Pinch Valve

l— Glass Setiting Tube

/,Tuppinq Meachanism

él |.Chart Cylinder
3 T
—~Recordar Chart
-Recorder Pen
]
s i

Tracking Corriage

.~=SKETCH OF VISUAL ACCUMULATION TUBE AND RECORDING

MECHANISM
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363

valid 3 for coarser particles empirical relations have to be used. Various
principles are used : sedimeniation balances, pipette analysis, visual

geccumulation #ube (fig. 3.1) (for a review see ASCE 1969)

3.1.3 Sige disftribution

By sieving or sedimentation a size distribution can be obtained which
is generally expressed as a "percent by weight" vs "grain size" distribution.
The cumulative size distribuiion of most sediments can be approximated by
a log-normal distribution. A log-normal distribution will give a straight

line if logerithmic probabllity paper 1s used {fig. 3.2)

&&'a0

we

o i0 soa

P44 WeA Sod

s0
'

oL

PER CENT FINER

(33

J Sieve analysis of bed sample Kizu River,
- S Y A at confluence with Uji and Katsura Rivers
: near Yawata Japan.

484 Das  Tes 44

WC 10 E0

VA] e Jlifeiiide s
7

0T RN bl L

c B ow om e o N

SIEVE  S(ZE (mm)

A=
[

L1213

~ i -

Fig. 3.2 Example of cumulative distribution of sieve dlameter on
logarithmic probability paper

From the cumulative size distribution the mean diameter can be defined

- i i
Dor De =% piDi /z"pi
in whkich p; * fraction with diameter Di.

D. is the geometric mean of the size fraction limits.
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3.4

Also the notation Dp is used which denoies the diameter in a mixture

of which p % is smaller than Dp. D50 is also called the medien dismeter

For a log-normal distribution we can define the geometric mean

diameter
1
Dg = (D84 . DLE)R

ard the geometric standard deviaticn s

- [ D84 De
“g-3{3t + 2]

In geclogical literature also ﬁ-—units are uged

ﬂ = _2 log D506 (DSO in mm)

¢ {1 mm) = 0, ¢ (0,5 mm) = 1 sto.

S g becomes in ﬁ —unite 3 G}5=~% (¢16 - ¢84)

3.2 Shape

Besides the grain-diameter also the shape is of importance. A flat
pariicle will have a smaller fall wvelocity and will be wore difficult to
transport as a rounded pariicle.

Several definitions may be used to characterige the shape :

Sphericity

= ratio c¢f the surface srsaof a sphere and surface area of
the particle at equal voiume
Reundness = ratic of the average radius of curvature of the edges and

the radius of circle inscribed in the maximum projected
area of the particle
Shape factor = 3.f = C/vf;?; in which a,b,c are three mutually perpendicular
axes, from which a is major, b ig intermediate and c¢ is minor
axis.
For spheres s.f = 1, for natursl sands g.f 0.7
Roundness and sphericity are not suited for pracitice whereas the simple
shape factor gives sufficient results.

Wi b

3s3 Density
Most sediments originate from disintegration or decomposition of rock.
clay : fragments of feldspars and micas
silt : gilicas
sand : quartz
gravel : fragments of original rock
boulders : all components of original rock

2

} H . )
0 g L D
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3.5

The density of most sediment particles (< 4 mm) varies between
narrow limits. Since quartz is predominant in natural sediments the gver-—
age density can be assumed Lo be 2650 k’g/m3 {specific gravity 2.65).
Sometimes heavy minerals are present which can be segregrated during ripple

formation or other modes of iransport. Clay minerals range from 2500-2700

kg/ms.

3s4 Fall velocity

The fall velocity of a sediment is an important parameter in studies
on suspension and sedimentation of sgediments. The fall velocity is defined

by the equation giving equilibrium between gravity force and flow resistance :

3 . 1 2 2
g%.. D (ps - pw) g = Cn.3p, W . lﬁ‘ D
—— —_— N

gravity resistance
in which CD = drag coefficient

W = fall velocity
From this relation follows :

1
W ={(4.gD.4)F%R
3 Cy

in which

A =(e,—0) /0,

Values of CD depend on a Reynoldsnumber W.D/U and the shape of the particle
(expressed by s.f = c/+\/ab)

For spherical particles and low Reynolds number (Re <1), CD can e
given by CD = 24/Re so that:

2

i} :,EE - pE gD (Stokes law)
T8 v
Tor large Reymolds numbers CD becomes a constant so that W varies as :
i
(agD) =
-2
Therefore W varies with D 2 a
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3.6

Relations beiween CD' Re and s.f are given by Albertson (1953)

(see fig. 3.3) For natural sands s.f = 0.7. From these relations graphs

for W as g function

10 . — :
4 [ 1] \ T . ‘ . .
. NS T i T of grain size and
i [ | [T f ;
| i i i P N :
4 ‘:Q& — Shape factor = %/ f temperature can be ob-
&\\ Tr.-«..- ] ‘ ‘ . t . 4 ( f‘- . bl )
, 1 :\\33 ":l ; 0.3 .44 . _;ﬁ aine see fig. 3.4
Dol P N:;j_-m--;%f——" ]
NN N e R o e R
S os e S - |
! ! ' i i j i
08 Do L ~o
04 " ‘ 1 | A \ H - —
Do P ; o "
[ H P ! H
[ | ' | - : :
02 ’ — ; : } SE.
i Co | |
[ [ i i
01 L i Lo ! ! 1
4 5810 2 4 g 8100 2 4 & B0 2 4 6 810% 2 3

Fig.3.3 Drag coefficient vs. Reynolds number for different shape factors. [After
AUBERTSON {/953) ]

The presence ol a large number of other particles will decrease the fall
velocity of a single particle. A cluster of particles will have a greater
velocity however. Care must be taken therefore with experiments on the
fall velocity to avoid currents in the fluid which will increase +the fall
velocity of the particle and the influence of concentration should be con-—

sidered.
There are many expressions giving the influence of concentration on the

fall velocity. Based on systematic experiments, Richardson and Zaki (1954)

give a useful expression

w(e) / w(o) = (1-c) 0%¢c

FAN

W(e} is the fall velocity of a grain in a guspension with concen—
tration by volume o
W(o) is the fall wvelocity for a single grain

¢ is a function of Reynoclds number W.D/y

Re < 0,2 a = 4.65
0,2<Re <1 o = 4,35, ~ 0703
1< Re € 200 a = 4.45 Re 0.1
Re > 500 @ = 2.39

The coefficient is slightly dependent on particle shape but this can
be neglected. For fine sediments this means that a concentration of 1%

gives a reduction in fall velocity of 5%.

The fall velocity of a particle in a turbulent fluid can be different

irom that in a quisscent fiaid (see chapter 7.2)
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3.5 Bulk dengity and porosity

In estimating the life of a reservoir and similar cases the calculated
wéight of the sediment transported to the reservoir has to be converted into
volume. For this the dry weight per unit volume of sediment in place, bulk
density, by hag 1o be estimated.

For instance for air-dried fine sediments 1200-2000 kg/m3 (75~ 125
pounds/fﬁB) applies. The same material deposited under coniinucusly submerged
conditions may range Irom 300 - 1000 kg/m3 (20 - 60 pounds/fts). The density
will also depend on the grainsize and silt conient.

Bulk density , Py = the mass of dry sedimentary material within a unit
of volume (kg/mg). (Algo : ™dry density" or Munit dry weighi"). The volume
taken by the sediment depends on the conditions of settling and may be a

function of time due to consolidation. An empirical relation is presented by
Lane and Koelzer {1953) for estimating the bulk density of deposits in

regervoirg

o = p + B log T
bp Hy
T = time in years
P = initial bulk density taken to be the value after one year of
1 . .
congolidation
B = congolidation coefficient
Regervolr operations gand gilt clay
o B o B o B
by ! 0y
gediment always submerged
or nearly submerged 1500 | O 1050 ¢0| 500 250
normally a moderate
regervoir drawdown 1500 | 0 | 1185 45| 750 | 170
normally considerable :
reservoir drawdonn 1500 | O 1275 15] 950 100
regerveir normally -
empty 1500 | 0O 13201 O] 1250 0

For sediments containing material of more than one size class pro-
portional addition of the fractions can be made. A compllation of initial
bulk dengities from various cobservations given by Trask shows apprecizble
deviagtions between the values. Data given in table are based on normal

conditions and applicable for a first estimate.
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4. INITIATTON OF PARTICLE MOTION

4.1 Initroduciion

The equilibrium of a particle on the bed of a siream is disturbed if
the resultant effect of the disturbing forces {drag force, lift force,
viscous forces on the particle surface) become greater than the stabilising
forces as gravity and cchesion. Cohesicn is only important for sediments in
the clay and silt range or fine sands with an appreciable gilt content. The
acting'forceé have to be expressed in known quantities such as velocities

or bottom shear siress. They will have a strongly fluctuating character so-

that the initiation of motion alsc has a statistical aspect.

Theoretical work on the initiation of a motion has started with work
by Brahms {1753) who gave a sixth power relation betwsen flow velocity and
the necessary weighi of a stone and by Dubuat (1779, 1786) who introduced the
concept of bottom shear gitress and did some experiments on particle move—

ment. Mogt of the clder relations have the form:
(4 - 5)v/5\ (Dinm, Uin m/s)

As the"bottom™ is not well defined the use of this type of form:la is

ey

Ubottom, crit ©

limited.

4.2  Theory
White (1940) gave a thorough discussion on the eguilibrium of a grain

on the bed of a stream.

The disturbing force F (resultant of drag

and 1ift forces) will be proportional to -

the boittom shear siress T and the particle
surface area.(D2).
The stabilising gravity force ig propor-

tional %o (ps - pw)g‘DB.

Taking the moment with respect to the

turning peint 5 gives the equation

-2 2
a {o D7 3 oy (ps - pw)g‘D

or 7,3 Cle,-e gD
The factoer C will depend on the flow conditicn near the bed, particle

shape, the position of ithe particle relative to cther particles etc.
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The flow condition near the bed can be described by the ratio of grainsize
to thickness of the viscous sublayer which ratio is proportional 1o

u* D/U = Re” ; a Heyncldsnumber based on grainsize and shear velocity.

4.3 Experiments
The rélation H
Y= T =UEL =1 (%) -1 (D)
(o0 D AgD v

hag been investigated by many suthors especially by Shields (1936) who did
systematic tests and comparsed his results with results from other investi-
gations (see fig. 4.1 and 4.2) . The difficulty in all tests is the defini-

tion of "initiation™ of motion. Is it the movement of the first particle or of a
large number of graing 7 Shields correlated the rate of sediment transport

with‘zo and defined Tor by extrapolating to zero material transport.

A1l1 other theorstical consideration; based for example con drag force

due to velocity will give the same result that

=2 ‘ *®
Yo = Ucr / tgd = £(Re™)

Fer large Re™ (rough bed) it can be seen that USE varles with ¢ D
(fig. 4.3) . For equal values cof h/D and therefore equal values of g/

it follows that ﬁﬂﬂvsland that the critical wvelocity of a stone is prepor-
tional to the 1/6 power of the weight of the sione (or gtone weight propor-
tional to ﬁé (Brahms)! ).

A.4 Infiuvence of various faciors

4.4.1 Effect of criterion

It ig clear that the critical wvalue of Zb will depend on the crite-
rion for initiation of motion. To get an objective criterion Neill (1968, 69)

propoged the parameter

¥ = n D/UF

in which n is the number of grains displaced per unit arez and unit time.
Shields graph corresponds roughly with a N=value of 15.10_6 for coarse
material. For designs of bottom protections etc. a much lewer criterion

should be used (for instance ¥ = 10'6).
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4.3

d.4.2 Effect of particle shape

Shields experiments were done with several types of material and syste-
matic influence cf shape could be obzerved. Tests at the Delft Hydranlics
Laboratory with coarge material showed that the critical wvalue of ¥ is the
same for various shapes (spheres, cubes, broken stones etc) if the nominal

diameter is used for comparison.

4e4.3 Bffect of gradation

I+ will be clear thait a wide gradsticn will have an influence on 2-cr

In practice however fthe gradation has an influence for D90 / D10‘> 5 only,

(Knoroz, 1962) because the larger grains are more exposed and smaller grains
are shielded by the larger ones. Therefore DBO ig a good mezsure for most
samples.

For a wide particle gradation the effect of armoring will occur which
means that fine particles are eroded and an armor layer of coarse particles
is formed, which prevents the bed from further scour. This effect is wvery
important in degradation downstream of dams (Livesay, 1963, Gessler 1965).

In that case D can be taken as a representative value for the mixture.

95

Aofo4 Effect of h/D

For small wvalues of h/D (waterdepth /particle diameter) a deviation
from Shields graph 1s possible because Z; ig not representative in that case
for the turbulent flow structure. The turbulence gtructure near the bed in
an infinite fluid is completely defined by bed shear siress (ZB) and. rough—
ness (KS) but for small values of h/D also the waterdepth gives a limitation —
on gime and fregquency of the large eddies. Also the ratio of eddy duration
and the time necessary to accelerate a particle becomes small sothat an

influence of h/D may be expected {more stability with smaller h/D).

A.4.5 Influence of bed slope

For 2z particle on a large longitudinal slope the value of‘Zbr will be

reduced. For a horizontal bed the relation
F/G>%an ¥ is valid
in which i# is an angle characteristic for the siability of a2 pariicle.

Tor 2 bed slope of o the critical condition becomes

o) + @ sine S tan.yo

G cosa
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2.4

so that F (a) becomes:

i (a)

il

G cosa tany— G sgsina

and
“cr(a) = F (o) = & cosa tg¥ — Gsina =
¥ cr{o) F (o) ¢ tg a

gin (¥ - o)
sin ¥

(given by Schoklitsch in 1914)

X {a)

For a cross-slope § a similar reduction in %er

can be computed

\/FQ (8) + ¢° sin 2 8 5 tan g /
G cos B ../
<
: e
or ‘ \ < )
F (B) =\/G2 0052 B tan2‘f” - G2 gin 2 g RS /

e

T

sothat: . P S .

K () = _Yor(Bk cos g /1 ~(dm gy Ganp ‘J-/ B
¥ cr(o) tan 7

(given by Leiner 1912)

For a combination of slopes (a, B) the reduction facior

K {a,8) becomes X(a), K(B).

4.5 Cohegive sgediments

A cohesive character of a soil will increase the resistance against

erosion. Emperical data on critical wvelocities are given by Lane 1953,

material loose moderately compact compact
sandy clay 0. 45 m/s 0.8 m/s 1.25 m/s
clay 0.35 m/s 0.8 n/s 1.2 mn/s
lean clayey soil 0.30 m/s 0.7 m/s 1.05 m/s

Several authors have tried to correlate critical shear stress with mecha-
nical properties of the soil (esiltcontent, plasticity index, vane shear
strength) (see Smerdon and Beasly (1959), Carlson and Enger (1960},
Partheriades (1965,1970). From the data given it appears that for cohesive
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4.5

goils with D5O = 10 - 100« a critical shear velocity Uzr of 3 - 4,5 cn/s
ig possible.

There is some tendency for an increase of Uzr with vane sghsar strength

and plasticity index.

For very recently deposited sediments (silt in estuaries) Migniot
(1968 ana P&&theniades (1970} give relations between Ufr, vane shear sirength
and dry weighti of the sedimenisg. Minimum values are in the order cof Ufr =
1.0 cm/s (congolidation period of some days) to 3.0 cm/s for congolidation
pericds of some weeks.,

For an exact determingtion of a critical shear stress of a cohesive

soll a special test for each soil will be necessary.
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5.1

5. TRANSPORT MECHANISM, BED FORMS, ALLUVIAL ROUGHNESS

5.1 Introduction

For turbulent flow over a rigid bed a description of the flow giructure
could be given only by empirical methods. Botiom shear stress, waterdepth
and bed roughness were the mest importani parameters. Descripfion of particle
motion under the sction of the flow is also largely empirical sothat it is
not difficult to undersitand why there is only a limited theoreiicalbasis for
the relation hetween flow and sediment transport.

Mogt of the existing knowledge i1s obtained from experiments and general
physical argumenis. For the initiation of motion a reasonable picture was
obtained in this way. At greater values of the bed—sheér stress sediment
transport will increase and deformation of the bed will occur. As the deforma-
tion is also time-dependent and nature is always unsteady, an equilibrium

gituation will be hardly found in praciice.

5.2 Trangport mechanism

According to the mechanism of transport two major modes may be dis-—
tinguished :
1. Bed load - movement of particles in contact with the bed by
rolling, sliding and Jumping '

2. Juspended lcad- movement of particles in the flow. The gsettliing

tendency of the particle is continuously compensated
by the diffusive action of +the turbulent flow field.
A sharp distinction is not pessible. A general crliterion for the beginning
of suspended load is a ratio of shear velocity and fzali velocity ux/wwz 2
Sometimes also saliation load is mentioned. This is the mode where particles
bounce from ane pogition to another. This is only important for particle move-—
ment in air. The maximum particle elevation of z particle moving in water is
in the order of 2-3 times the diameter sothat this mode of transport can be
considered zs bed load.
According to the origin of the transported material a distinction is

made as follows :

A. Bed-material — This transport has its crigin in the bed, which

transport means that the transport is determined by the bhed
and flow conditions (can consist of bed load and

sugpended load)
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B. Wash load — Transport of particlesnot or in small gquantities in
the bed. The material is supplied by external sources
(erosion) and no direct relationship with the local
conditions exist (can only be transported as suspended

load, generally fine material <5Q/wm)

Pzl

mechanism {bed material traﬂsportlﬁx\
i ~

$ origin
tsuspended loadl

TR T

Wash load is not important for changes in the bed of a river but only for

s

sedimentation in reservoirs eic.

5.3 Bed Forms

Much literature exists on the classification and dimensions of bedforms,
mainly in the form cf empirical relations. Bed forms are of interest in prac-
tice for several reasons.

—~ Bed formsg determine the roughnesss of g stream. A changs in
bed form can give changes in friction factor of 4 and mors.

— Navigation 1s limited by the maximum bed level and depends
therefore on the height of the bed deformation.

— Bed forms can influence gediment transport.

A generally accepted clagsification is the following :

A. Lower flow regime (Froude number Fr = T/ /gh <0,4-1)

A1 flat bed At values of the bed shear stress just above the critical,
sediment transport without deformation of the bed is possible. Grains
are transported by rolling and bouncing.

A.2 ripples For sediment sizes ¢ 2mm and an increasing bed shear stress
small regular waves appear with wavelenghts in the order of 5-10 cm
and heights in the order of cm. They become gradually irregular and
three—-dimensgional in character.

A3 dunes For all sediment sizes and increasing shear stress dunes
are developed. Dunes are more Iwo-dimensional than ripples and have
much greater wavelengths and heights. The crests of the wave are per-
pendicular to the flow, the form is more or legs triangular with a

gentle slope along which the particles are transported and a steep
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downsgtream slope where pariicles are deposited. The angle of this slope

is roughly the angle of repose of the material.

B. Upperflow regime ¥Fr> 0,4-1,0

B.1

B.2

flat bed As the velocity is further increased, the dunes are
flattened, gradually disappear and the bed becomes flat. Sediment trans-
port rates are high.

antiduneg A further increase in velccity and Froude rnumbers around 1,0
causes the water surface to become instable. Interaction of surface
waves and the bed (sediment transport is maximum under the troughs of
the waves)gives a bed form called antidunes.

They can travel upstream and occcur in trains of 4 to twenty. Antidunes
and surface waves grow in amplitude and often break in a way similar o
ocean waves.

chute znd pools At still higher velocities chute and pocls are formed.

For an illustration of the bed forms see fig. 5.1 (Simons and Richardson

1968).

{g) Typicol rippie pattern {e) Plane bed

e

(#) Antidune standing waves

-~ = \
d ‘\/ -

{€) Dunes {g) Antidune breaking wave

i
e

(¢) Woshed- out dunes or transition (A) Chutes and pools

Fig.5.1 Idealized bedforms in alluvial channels, [After Smaons et al, (1961) ]

5.4 Classification Criteria

Several anthors have itried to develeop theoretical explanations for the

origin of ripples and dunes (see for example Exner (1925) who discusses the

growth of an initial instability on a sand bed.
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Other authors have agssumed potential flow to predict the reaction of
the main~flow on variations in bed level. (Kennedy 1963, Engelund 1966).
The result of Kennedy's work is a relation between the wavelength A of the

bed deformation and the Froude number (see fig. 5.2)
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Fig.5.2  Compatison of predicted and observed bedform regions. [After KENNEDY
(1963).]

Regults of the theoretical models are not very convincing tothat we have to
rely again on empifical correlaticns.

The first classificaiion was given by Liu (1957) who proposed uﬁ/w vs U D/U
as a criterion for ripple formation. This disgram was extended by Simouns

(1966) for other bed forms (see fig. 5.3).
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Fig.9,3 Criteria for bedforms. [Afrer SiMons et al (1961a) ]




Simons et al 1963 gave a diagram based on grainsize and streampower (z%-ﬁ)

gsee Tigs 5.4.
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Fig.5.4 Rel.atio-n of bedforms to stream Fig.5.5  Stability diagram; the bedforms are indicated. [dfrer
power and grain diameter. [After Stmons ENGELUND ef al. (1966) ]
ef al (1963a).]

The Froude rmumber has to be considered as an lmporiant parameter as well.

This wag done by several authors. (Garde-Albertson fig. 5.6} and by

Engelund {fig. 5.5). % is the valuiégﬁ computed from U by assuming the grain-
gize as bed roughness.

It must be borne in mind that the transition in prgctical conditicrs from
one bed form to another may show an important phase lag with changes in
flow condition.

Raudkivi (1967) has measured the shear sitress distribution on a dune
profile (sse fig. 5.7}« The maximum shear siress on the upperpart of the
ripple had about the same value as for a horizontal bed with the same mean
velocity and grain roughness. Behind the steep dowmsiream face of the dune
an eddy develops. Around the reattachmentboint the flow ig very turbulent so-

that particles are transported in bursts.

5.5 Alluvial roughness

The bed forms discussed in par. 5.3 all have their specific roughness.
For a flat bed without transport it can be assumed that the roughness is in

the order of the grainsize (for example D,_ or D9O)’ For flows over ripples

65
and duneg the total resistance consiste of two paris :

the roughness of the grains and the form drag of the bed forms. The rough—
neas of a Gune bed is much greater than that of a flat bed and the corres-—

ponding friction factor is also much larger. Dunes generally give the
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maximum roughness of a flow.

A flat bed with sediment transport (B.1) can have a friction factor
slightly different from that of a flat bed without transport. The presence
of antidunes does not appreciably change the magnitude of the effective
roughness of the bed if compared with a flat bed. If the waves breEk however,
the friction factor will be increased due to the energy dissipation in wave
breaking.

Tt cannot be expected in general that the friction factor of an allu-
vial channel is constant. Experiments have shown that the friction factor can
vary by a facter 5 or more. This is demonstrated in fig. 5.8 and 5.9 wherse

changes in bed form give a great difference in bed rcoughness.

0 016
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ci2 4 v
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Ly © =2 008 f j
e X
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% X .
L 002 % -
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Lower regime (dunes} Upper regime (Plung bed, -
stonding waves antidunes) -
/ / o 1 2 3 g5 4 5
[ - 1 1 3 i L L H 1 ] I
10
/ o 01 02 03, .. 04 05
. /. %, TP
L]
// Fig.5.9 Flow resistance due to bedforms.  [Affer RAuDxIvI(1967) ]
© 51 0 56 10

Velocity 1ps

Fig.5.8 Relation of hydraulic radius to velocity for Rio Grande near
Bernalillo. [Afrer Noroin (1964).]

Figure 5.9 shows that the same value of'zb can occur for different
values of U (take for example‘fo = 0,1 1bs/ft2) . Dus o phase lags
between bed form {and roughness) and flow condition rivers very often

exhibit hysteresis effects in discharge-stage relations.

Prediction methods for the roughness of an alluvial stream generally
divide the total shear ro or friction factor (C or f) into two parts, one
for the grain roughness (surface drag) denoted by Zé' or C* or ' and

one for the form drag-(Z;", o oor M),

SED.TR. 1 74/75
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By definition:

=2 -2 2

o=t v+t CTC =0T+ o= g fr
o) 0 0
1 8g
f igs defined by I = slope % . z—ﬁi-. 515 o= 02

Several procedures are given in literature.

1. Binstein — Barbarossa (1952)

E.B. divide the hydrsgulic radius Rklin two parts: Rh' and Rh"
Tt
where R ' + R, "' = Ry and Eh'/Rh" = To'/ro" i is computed by
taking k= D,. and ¥._ by taking:
s ﬁ1)65 35 _
P
35 Rh'.I

With the diagram given in figure 5.10 the value of ﬁyUx" is found by
trial and error For larger wvalues oflPBS (¥ 5) deviations are suggested

by other authors (see figure 5.11).

"1/35

Fig.5.11  Flow resistance due to bedforms; curve 1—river

. data, curve 2—flume data. [After SiMONS ef al. (1966).]

2. Engelund and Hansen (1967)

B. and H. give an expregsion for f'' of the form:

frr =a Hg/h.k H = dune height ) = dune length h = water depth

SED. TR. 1 74/75




5.8

and. intrcduce the dimensionless parameters

Ty = t/agAD ri' = T'/p gAD ri" :aFg/HADk I = Froude no.

Engelund concludes that Ty is a function of Ias' only (see figure 5.12)

in which @ =1t

E
X
8
|
6r X
| y
x X “,’
/7
2t Xgo S a
/ % Antidunes
s ’n{’
® 10 y& .
o8l Standing waves and
Flat bed
06 r o.é'
04t i
02F  ~®=006+040%,
S~ f %
'y

oA . ) | : 1 | ) -

001 002 004}" 01 02 0408 10 2 4 6

Fig.5.12  Flow resistance given by Eq (11 83). [Afrer ENGELUND
et al (1967)]

3, Alam and Kennedy (1969); Lovera and Kemmedy (1969)

=3

A., L. and X divide the friction factor into twe parts: for !
a graph is given based onrexperimeﬂis with fiat beds with transport
{gee figure 5.13) and f'' is given as a function of ﬁy g]DE50 and
h/D50 (figure 5.14). Most of the observations are for D50 { 0.5 mm.
The accuracy of all these predictionms is limited but may be used
a5 a Tirst estimate. If accurate dats are nesded, observations in the

field for the specific situation are nscessary.
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6 BED-MATERT AL TRANSPORT

Bad material transport can be divided in bed load and suspended load.

Both modes of transport have an influence on processes of erosion and
deposition. Many relations between sediment transport and flow conditions
are based on the bed shear siress. It has been shouwn that the bed—shear
stress may be divided in a form drag and a roughness drag. It will be
clear that the form drag does not contribute to the transport but that only
the roughness drag will be of importance. Meaéurements of water depth and
slope give the total bed shear stress, so that most transport relations
require a reduction of the total bed shear gtregs to a value which is
reilevant for the iransport.

Thig reduction factor is called the ripple factor y. Theoretically one
should expect: p = %%'z (é;ﬂz
Many zuthors use p as a closing term, however, &0 that various expressions
are given. This manipulation with the Dbed shear stress has led several
authors to use the mean velocity U instead of T, as the important factor
for the sediment transport. The problem then is that the same value of' U

in different water depths will give differeni sediment trangport rates, so

that again some correction is necessary.

6.1 BED LOAD

Because several auihors use some type of a physical model to predict
a sediment transport relation it is not surprising that most formulas may
be expressed as relations between dimensbnless groups. The most common are
a group related to the transpord:
g = spY? (g0)%]
S = transport in m /m +Se transport = volume of grains
For comversion to total volume, S has %o be divided by (1-eg)
in which ¢ = porosity.
(o ~p /0y
grainsize

A
b
and a group related to the flow:
. %2
w =T /agD
(the parameter used by Shields for the initiation of motion).

Some of the relations given in literature are the following:

ED. TR. 1




6.2

1. Du Boys (1879)

Du Boys gave a simple model in which layers of sediment move relative
to each other. The number of layers was proporiional to ro/rcr

The resulting expression is of the form:

S =consts T_ (1 -7 )
o o] cr

Although the physical model is not very convincing, it has been found that the

form of the relation can be used to describe experiments in a reasonable

Wayo =

2. Kalinske (1947)

Kalinske assumed that grains are transported in a layer with thickness D

with an instantaneous grain velocity Ug equal to:

U =b(U_-U_)

g o cr L
UO = instanianeous fluid velocity at grain level -
Ucr = critical fluid velocity to start grain movement -

For UO a normal distribution is assumed:
— 2 .

1 (Ub'dUo)

£ (0) = gvEm o =2

g = r.m.s. value of velocity fluctuations

Teking the number of grains per unit area p/ﬁVQLD% and using ﬁ;‘then the

rean rate of particle movement, by dry weight per unit width and time is:

2 = :
o ‘D. U L

oo
where U =b/ (U -u_ ) £ (u)au
g _ o cr 0 o
C

The resulting expression may be made dimensionless with the parameters ¢

and Y’ with the resuld: -
17 r 1 O 12 } O 12 [
— 2 e e _ ——
f=2.5 v /VZ— exp. [ 2r2 ( - -1) ( l) erf

1 o 12 DP‘

in which T = Cr/ﬁ; (see figure 6.1)

Kalinske did not reduce the bed shear stress, so the relation is valid

for plane beds only.

SED. TR. 1 74/75



6.2 e

: TR
t T o
b o e D SR ] .:.e 4 = —
I - 1 ! : ™~
_, + S ©
T | . [BEAN
+1 1 I n
- ]
- g et o
_ }
__ ‘, ! a8
T [+ ym “,1, 2
! 5 as
: :
7 M,
IiaRE ! -3
- S
" -+ ]
[
o
733
o
o
s ; : oy
e R 5
3
- S
[=} o
] oy QWD W v M o
L,
3 . 5
e & ¢  §: . § §
§ LT ETSEE B L2
S $5% 5 88 £ § B%
= g Q& T E@| 8 ©H §gAo
= X I W © o & W @<
2 o~ 1T . : ;
L MO b _
v S _ + |
s | _
<lg I _
: X i + "
n L1} — —
- S\ _ _

i i i

COMPARISON OF BED~LOAD TRANSPORT EQUATIONS

FIGURE 6.1



3. Meyer — Peter and Miller

M.P.M. have performed a large number of experiments in a wide {lume
with coarse sands. The resulting empirical expression may be written in

ﬁsand}f/units as:
g = (4% - 0.188) 3/2 (figure 6.1)
By compariscn of results with flat beds and dune beds the ripple facior
is found:
p = (C/C')3/2 (theoretical exponsnt 2)
For a mixture M.P.M. take:
Dm = D = Ep. D/Ep as the relevant parameter and for the grain roughne

D= D9O.

4. Binstein {(1950)

Einstein gave a complicated statisiical description of the grain
transport process in which the exchange probability of & grain is related
to flow conditions. The resuliing expression is given in figure 6.1 in a
graphical form. -

For the determination of the ripple factor p a graphical precedure is
given by Einstein. He used D = D35 as the relevant parameter for the

transport and D = D,_ for the roughness. The correlaiion is not walid for

65

large rates of transport because there the transport varies with the first

power of velccity i only.

The relations given wers for bed-load. In mosit conditions a predominant
contribution of suspended load will be present. The final accuracy of the
bed-material discharge will depend therefore mostiy on the accuracy of the

suspended load determination.

6.2 SUSPENDED LOAD

Suspended load can be determined from measursments of U(z) and c(z)

and integration of':

h
8 = '/” c(z) U{z) az

\\c&/ et vie (=)

e o A el ee e A EES s
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6.4—

In most cases estimates based on theoretical expressions will be
necessary. The basic equation describing the conceniration distribution
in uniform steady flow is:

d
W - G+ £ - _'E' = O
. s oy
The. first term W. C (W = fall velocity 3 C = volume concentration of

sediments) represents the settling tendency of the flow. The second term

represenis the diffusive action of the turbulence. £ is fhe turbulent
diffusion co&fficient. An explanation for this term is the following. Water
packets moving upward carry a larger amount of grains as packels moving
downward Dbecause there is a concentration gradient. Although there is
no net transporit of water there will be a net vertical transport due to
this exchange of water packets, which will be proportional to the local
value of the concentration gradient.

If it is szssumed that the diffusion coefficient for sediment is

equal to the coefficient to the exchange of momentum, then:

*
e, = €, = Xu y (1-y/h)

The resulting equation may be integrated and gives:

cly) =(h—y a )Z

C(a) N2 h-2

with z = W’/JuruEE . a is a reference level where C = C(a).

For a graphical presentation see figure 6.2
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Fig. 6.2 Distribution of suspended sediment; comparison of experimental data with
Eq (8.35) [After Vanont (1946) ]
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6.5

From this figure the following rough critiria may be given

W/xu? uﬁfw. degeription

2 | 1.2 é some suspension

0.8 3 | concentration at surface > O
0.25 10 fully developed suspension
0.06 AC almost uniform concentration

The last criterion shows that pariicles < 50 p (W < 0.2 cm/s) are uniformly
distributed for u£j> 8 cm/s or U % 1—1.5 m/s.

to
1.

24

Although the basic equation is very simple, some critical remarks have
be made: |

The term W.C. should be {1 -C).C.W to account for the presence of the
particles (see Hunt 1954). This correction is not important for C « 1.
The fall velocity is changed by the presence of other particles {see
chapter 3) and by the turbulent movements of the water. Symmetric vertical
velocity fluctuations give a-symmetrical drag forces for non-Stckes
particles. Therefore, although the mean value of the vertical velocity
is zero, there will be a resultant vertical force which will reduce the
settling velocity.

The expression for_es gives e, = 0 fory =0 or éC/&y = oo gty =0
which is not very real.

The valve of ¢ = C{a) is not given. Several assumpiions are made in the
literature. Einstein (1950) divides the computed bed-load by a layer
with thickness 2 D and by the velocity in this layer.

The value of C(a) ig one the problems %o be solved in sediment fransport.
%ﬁg gg%gﬁ%tgfd%igrigggig?eés influenced by the pre_sence of the particles.
suppresses the vertical velocity fluctuations and gives a decrease in the
momentum diffusion coefficient. This is similar to a decrease in the
value of x%. In fact several expressions have been given in which x
decreases with the power to keep the sediment in suspension:

CoW. /UL T (see figure 6.3)
Velocity profiles become less "full"™ by this effect. Care should be
taken in the application of this correigtion because the determination
of X from velocity profiles or concentration profiles is not very

accurate. For literature see Binstein and Ning Chien (1954) and

Ippen (1971).
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6. The assumpiion £, = Ep has also some objections. It is not necessary
that the diffusion of particles is not equal to that of momentum.
Measurements by Coleman (1970) show indeed that ES-—values derivea
from concentration profiles give some differences with values of

£ obtained from

e =¢ =xUy(1-y/h)

S m

and =

T+ is a reasonable assumption, however. Differences bhetween Eq o

are generally put in x which is often used as a closing factor.
It U(y) and o(y) are known, integration will give the suspended load.
The integration camnot be performed analytically. Oraphs are presented

by EBinstein {see Graf 1971 p. 189-195).

A
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6.7

6.3 TOTAL LOAD

The total sediment load of a stream can be determined by adding
~ the bed-load and the suspended load. Thig ig done in the Einstein (1950)
procedure. This proceduré was modified by Colby (1955, 1961). Also
Toffaletti (1969) gives a procedure which is especially adopted for
computer programming.
Besides these "adding" procedures several direct empirical relations

are proposed in literature:

1. Shinohara and Tsubaki (1959) gave an empirical relation:

@ = 25 g}'s (- 0.038) (see figure 6.1)
The corresponding ripple factor p = (C/C')
2. Garde and Albertson {1961) gave a graphical relation of ﬁ/W;Z
with 57U§ as the third variable. The resulting & - % relation is almost
jdentical with Shinohara (figure 6.1) '

3. Colby (1964) has given a graphical relation between total load, mean
velocity ﬁ} flow depths and grain-size with correlationfactors for
temperatureand silt content (see figure 6.4 and 6.5}

4. Engelund and Hansen (1967) gave an emperical relation of the form:

2.5
$=0.05 with: p = (02/8‘)0'4

{(u> 1 in this case)

The formulas is based on measurements with D50 < 1 mm and gave gocd
results in comparison with sediment transpori measurements in rivers.
At Lgﬁée:values of v , the sediment rate increases with the fifth

power of the velocity.

T4 must be noted thet due to the strong variation of sediment transport
with velocity, predictions of $otal sediment lead will not be very
accurate. Differences of a factor 10 beiween varicus formulas or between

computations and measurements are no exception (see figure 6.6 and 6.7).
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7.1

7. STABLE CHANNELS

7.1l Intrcduction

For the design of stable channels two approaches can be distinguished:

1. The tractive force {Lane)

2, The regime theory (originating in India. Developed by Kennedy, Lindley,
Lacey, lglis, Blench).

material is cne in which scour of banks and changes ir zlignment do not
occur. Deposition on or scour of thebedisnot objectionable in general, provide
there is equilibrium over a long period.

The stabilily of a channel depends on the properties of the excavated
material, (grain,size, cohegion) of the flow (discharge, silt content,
transported material} and the design variables such as profile, shape, sbpe.
Sediments intrcduced in the channsl must be conveyed in view of the delinition

given above.

7.2 Tractive force theory

This approach is specially suited if the flow transporis very little
or no sediments. The design is then based on a limiting velocity or critical
shear stress of the bed material.

For uniform cohesionless material, Shields graph may be used to compute
Topt In practice materials will have a wide gradation and will have some
cohesion due to the silt content. For these materials, Lane's (1953) design
curves are recommended (see figure 7.1)

It must be noted, however, that the large values of Top 28 compared with
Shields wvalues are dus to_the fact that rcr—values'are based on actual
channel roughness, including irregularities, bedforms, whereas Shields
graph is based on z flat bed. When there is some bed load, the problem is
more complicated and calculations should be made tco check the {ransport
capacity of the channels.

Bank stability will depend on the characteristics of the bed material
ané the side slopes of the channel. From experiments and calculations it
appeared that for trapezoidal channels with side slopes 1:1 to 1:2.

The following values can be giﬁen for the shear siress .

T, horizontal part of the profile = pghl

O
T side slopes = 3/4 pghlt
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For non-cohesive materials the reduction of o due to the side slope was

given in chapter 4:

T__{B) 2
cr \ t .
= cos P 1- LA see figure 7.2
1 (0 g
cr
CTTTTITITIT T T
i 15
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Fig. 71 Critical shear stress as function of grain diameter, [After LanE (J953}]

. N _ _ a0
Assuming Tside’/rhorizontal = 3/4 and @ = 30-40" it can be seen that a

side slope of' 1:2 fo 1:3 isg necessary. For practical values of ¥ see
figure 7.3.

A theoretical stable prefile for which at all points the same critical
cenditions occurs is found in the following way. Assume that the local value
of +the shear —stress 1 (y) is proportional %o the local water depth h (y)
and acts on a length of 1/cos g (y).

Then t(y) = 1 < hiy) . hm;;' cos B (y)

max
in which h ig the maximum depth with corresponding T .
max max
With the reduciion formula for ICT(B) the following theoretical sinus
profile resulis:
h :_ :;_‘].- - . \
a/n =sin(y/a___.tg¥]

max ax
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7.3

The width of the channel is then B = n. hmax./’tgf3.but may be extended of
course with a horizontal section.
I{ is clear that the sinusoidal profile is difficult to construct and will be
approximated by a trapezoidal profile in practice.

Lane (1953) gives some reduction factors to account for the

smiosity of channels.

—

Channel type rcr/rcr straight Uor/Ucr gtraight
straight 1.00 1.00
slightly sinuous 0.90 0.95
meoderately

sinuous 0.15 0.87
very sinuous 0. 60 0.78

Also local effects of contractions, bridges etc. should be considered,

In applying Shields graph for coarse material (Sicr‘z 0.06) for the
stability of giones on revetments and banks care should be taken with the
criterion (general movements). For a safe design without movement of the

stones a value or = 0.03 is recommended.

7.3 Regime theory

With the tractive force theory designs of channels can be made. Another
approach o the problem is %o study succesfull alluvial channels. Numerous
studies of man-masde and natural alluvial channels have given empirical
relations between depth, width, velocity, discharge, sediment fransport and
material characteristics. These technigues are referred to as'}egime theory"-
Usually three equations are presented: (1) a flow formula which gives the
required slope (2,3) formulas for channel depth and width. Regime theory
originagted in India where extensive canal Systéms were built. One of the
disadvantages of the regime theory is that results are related tc a specific
area, s0 that application fo other areas can giveerrors.

"Regime” can be defined as a situation in which a channel will noi
change on a long-term average. Short term changes will occur with charges in
in discharge on sediment iransporti.

Important contributions were given by Xennedy, Lindley, Lacey and Blench

(1957). Some of %the results of Blench are given here. Blench gave thres

equations
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7.4

H
Il

U2/}1 Fé bedfactor (ft. s - units)
Us.h/A P = gide factor A = area of crogs section

" 5/6 B 171% U1/4
b 5

1.63 Q0. g(1 +¢/2330)

(1) Fy
(2) P

(3) 1

i

I = siope

v = viscosity of water-sand mixture

c bed load concentration in pep.m. by weight

il

From these equotion the following equoibns are derived:

B=a/h= AP /F).Q
h = \3/(FS/F82) - Q
g- & Fo.F,.Q

Blench suggests: FB = 1.9Vfif(l'+0.012 c)
with D in mm, sard range only and FS = 0.1, 0.2,0.3 for loam with very
slight, medium and high cchesion. For practical applications tests in

gimilar channels seem necessary.

Simons and Albertson (1960) have analysed a large number of Indian and
American canals. The results presented are valid for sediment concentrations
£ 500 p.p.m. and grain sizes 0.1<D< 7.5 mm. From figure 7.4 %o 7.8 width
and depth can be selected. Curves E should be used for channels with high
sediment load only. From ihe graphs A = P. R czn be computed and also
] =(3/A. Values of depth, average width and top width can be adjusted as
required o maintain these values of hydranlic radius and wetted perimeter.
If $he bank is non-cohesive, the side slope must not exceed the value for the
angle of repose given in figure 7.3. For a good design values 5-—100710wef
than the angles given should be taken. Figures 7.9 to 7.1l can be used to
estimate three values of the slope S (depth = D in Simons notation, W = width,
R = hydraulicradius). The designer must now invoke his engineering
judgement, guided by these slopes to arrive at the design slope.

1t will be clear that with the regime theory only rough estimates of
channel dimensions will be obtained. Experience in a specific area will be

of equal importance.
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8. RIVER BED VARIATIONS, AGGRADATION AND DEGRADATION

A naturagl river will never be in an exact equiiibriuvm condition.
Variationg in discharge can give variations in bed level, roughness etc.
Also changes in the regime of a river may give deviatiéns from an equilibrium
state., If the sediment discharge S entering a river reach is greater than
theequilibrium value Se aggradation will occur untill a new equilibrium
is approached., Some examples: _ -

- aggradation upstream from a reservoir,

~ tributary chaanel bringing heavy sediment load to a main channel
giving local aggradation,
- river regulations eliminating floods which fofmerly periodically
cleared the channel of accumulated sediment.
Some examples of degradation (S ' Se):

— degradation downstream of dams,

- canalg in fine material carrying clear water, .

— realigned channels with increased slope.

For calculations or non-sieady or non—uniform conditions it is necessary
to introduce a sediment transport relation of the form s = a.v
For the transpori relations given in Chf 6 values in the order of 3 -7 are
found. (high values for low transport rates), with b = 4 to 5 for high
sediment rates and fine material. {Engelund b = 5, Shinchara b = 4.6).
Applicaticn is shown in the following example.
What will be the reaction of a river %o a local decrease in width?
Suppose CQ, = G}O {continuity) So = Sl (after some time continuity of
gsediment transport) S = s.B B = width.
C1 = CO (Chezy value, %ndexll ; newbsiégation; index O = old situation)
From S = B.s5 =RB.av =B .al .h (v=Q B
it follows that:

-t p

b1
! ( E.)
ho Bl

From the Chezy formula it follows that:

p w2 /2 oy Y21/
1 1 1 o0 o)

With the relation for hl/ho it follows thats
- 3
I {Bl P 1=

v

i
o [+
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8.2

It can be seen from the equation for hl/hO that for a large value of b and

values of BO/Bl not far from 1 | that :
hy/h =~ B /B

or the decrease in width i1s compensated by an increase in depth. The slope

will always decrease.
This rough approximation only gives a first estimate. For accurate

values detailed computations or model studies will be necessary.

Computation on river—bed variations

The reaction of a river o a change in its regime (meander cut-off,
dam) can be computed with the equations of motion and contimuity of water and
sediment. In most cases non-sitcadiness of the flow may be neglecited so that

the following equaiions are valid:

(1) UéU + gah 'gi U—L—) k = waterdepth
¢ R 7z = bed level from reference datum
C = Chezy wvalue
(2) w.n-=q R = hydraulic radius
(3) & =t (v q = river discharge//m'
s = sediment discharge /m'

dz  ds
(4) F3+az=0

Solving these eguations requires numerical techniques (see Vreugdenhil and

De Vries 1973, De Vries 1973).

As & first approximation it may be assumed that the flow is uniform

and two—dimensional sc that equation (1) reduces to:

(5) ds _ U2 _ U (¢ =u.n)
JE C2h C2q

or % _, 10 U
‘)X 02q )

Combination with (3) and (4) gives:
(6) Jz _, 9%

- =0
ot sz
1 ¢%q. (ds/ay) 1 U. {ds/au Yo .3
in which: k = 3 5 =3 T . (ET)‘
U 0

in which T = slope and index o refers to the original, uniform situation.
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8.3

After linearination {possible for U/UO = 1)

Uo(ds/dU)
k = = e—

or for 8 =au :k:-lg-b.

oHlU‘

The egquation (6) is a parabolic one (dif‘f‘usion equation) for which solutions

are known. This will be applied to compute the reaction of a river to a

sudden decrease in sediment discharge s which will give a decrease in bed
and water level of Z, after a long iime.

Introduce z' = z (x, 0} -z
with the boundary conditions:

z' (x,0) 0

z' (0, t)

It

it

Z
o]

The solution of (6) is given by:

T

—2——' = erf_c (X/Z\./-]E%)

0

2
in which erf_c is the function: eri_c(a)= F%: ﬂ_g di
P

oo

From this solution one can compu‘té for which time t50 at X=X, 50% of the

final lowering of the bed (ZO) has been reached.

Thig is the case for erf‘_c(xo/Z Vi . tSO)‘:::O.B

or X, = 1.0. Vv k t50' (see tables for erf c(a)

or tSO = Xo

From comparison with the solution of the full equation it appears that this

gsolution ig wvalid for: XO> 2 Io « h

Suppose 8 = 104 mg/year (river with B=100m S = 106 mB/year)
I=210%
b=5Hm
h=3m
Then the solution is wvalid for x> 30 km
4
k = _g'. lo-“Z‘ = Ou 83 - 108
2.10
3.2
or o, = @L()é)-— = 10 years
? 83 10
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8.4

This means that at 10 km from the discontinuity 50% of the expected change

in bed level will be reached in 10 ysars.

This means that the reaction of this river to change in regime is relatively.

slow.

For a move complete treatment of these problems see the references

cited agbove.
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9.1

9., MEASUREMENT TECHNIQUES

9.1 Introduction

Besides computations on sediment transport also measurements are
necessary for a good description of a river and of the consequences of
changes in regime. The existing technigques can be divided into two groups:

~ Measuremenis with samplers

- Tracer techniques

9.2 Megsurements with samplers

Due to the difference in mechanism cof bed-load and suspended load there

are different samplers for sach type of transport.

1. Bed-lcad samplers

Varistions in bed-load transport and the influence of bed forms

will give large variations in results with samplers. For a significant .
value of the ved load a large number of observations has to be taken.
Bedforms can give variations in local transport rate of 0-~2 s (zero in
the trough of a sand wave and 2 s at the crest of the wave). It is
therefore advised to take many samples at various locations instesad
of taking long sampling times.
Further problems with bed-load samplers are:
l. I+ is difficult %o give the equipment a coerrect vertical and horizontal
alignment with the bed.
2. The meter should be calibraied to determine the efficiency which is
also a function of the amount of maierial catched. ?
3» It should be avoidéd that the sampler collects bed material during |
the lowering of the instrument.
4. A sampler disturbs the flow field. Scour and a decrease of velocity

in the sampler can occur.

Most samplers are of the box or basket type and consist of a pervious con-
tainer. Water and sediment enter the sampler: the sediment is catched. As
an example figure 9.1 is given. This sampler is used extensively on Dutch

and other rivers.
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9.2

(@)

Fig. 91 Arnhem sampler (BTMA). (a) The Arnhem sampler {after HusBeLL (/964)].
(6) The new Arnhem sampler with an improved frame construction. (¢) The emptying of
the instrument; the catch is measured volumetrically.

2. Suspended lozd samplers

The amount of material catched depends on the hydraulic goefficilent
(U inside /U outside) and the efficiency (% of material catched) of the
ingtrument. Both factors have t¢ be determined by calibration. The following
points should be considered:
1. Suspended load shows large fluctuations sc that repeated sampling is
necessary.
2. Suspended sedimeni sampling alse includes part of the wash load.
3. If only concentration is measured also velocity prdiles have tc bs
measured.
There are two types of samplers:
a) concentration samplers: a value of water is sampled at a certain level
or as an average over the depth

(Nansen bottle, mouse trap, depth integrating samplers)
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b) suspended-load samplers — suspended-load(U.C.}is measured at a point
or by integration over the depth.
For an example see figure 9.2 (Delf3 bottle) The bottle acts az a sand

trap sc that most of the material is catched.

Rear side closed Rear side Vertical section at the gxis of the contoiner
without lid
(g}

(5)

Fig. 92 The Delft bottle. {a) Schematic sketch, (b) suspended on a cable

3. Bed-material samplers

Numerous devices are described in literature tc collect bed-samples.

Several types may be distinguisted: grabs, corers etc.

9.3. Tracer techniques

For sediment transport messurements also tracers can be used. Grains

ars marked so that their transport characteristics are not changed, are

added to the flow in small quantities and their displacements are determined.

From their displacements the transport can be computed.
Several types of iracers are used:
1. Fluorescent (luminofores). Marked grains can be detected after sampling
under U.V. light. Different iypes can be used simultaneously.
2. Radio active. Natural sand is provided with a coating with radicactive
material. Digadvantage: public health is important because relatively
large quantities are necessary to remain above the back-ground level of

radio—activity. Advantage: detection in situ.
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3. Activation analysis. Particles are marked and radiated after sampling.

Difficult procedure; applied for silt.
Several techniques for the interpretation are used:

1. Constant injection method. A constant amount of tracer material (rate 1)

ig distributed over the profile and injected during a long itime-interval.
At a downstream cross seciion samplers are collected and concentration

as a function of time ig determined. After some time the conceniration becomes
constant = Cd Then the rate of transport can be computed from the

relation:
8 = I/Co

“

2. Point-injection method. At a certain time an amount of tracer material

is injected. At several downsiream locations conceniration is determined
as a function of distance. From the displacement of the centre of gravity
of the conceniration-distance curves the average transport velocity can
be computed. Multiplication with the effective depth of transportation

& gives the rate of transport. The effective depth is of the order of
half the height of the bed forms and can also be determined by sampling

in the bed. Both methods are relaitively inaccurate.

Problems with these technigues is the length of the measuring interval, the
fact that the external conditions have to be constant and the large number
of observations. Some of these restrictions can be diminished by applying
’&ispersion methods"., The data are compared with a theorefical dispersicn

model. {see De VRIES 1966).
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10.1

10. SEDIMENT TRANSPORT IN PIPES

10.1 Introduction

Sediment transport in pipes is of importance in the field of sewage
transpert and dredging. In both cases the purpose of the system is to
transport solids without deposits at minimum head losses. Imporiant aspects
of this way of 3Iranspori is the prediction of head losgses and of minimum
{or critical) velocities to avoid deposition.

In pipe transport several modes of transport can be distinguished:

1. for fine sediments and high velocities a pseudo-homogensous suspension

ig formed, The criterion for a fully developed suspension was UK/W > 10C.
For ﬁVUE:z 20 it follows that ﬁyw > 200. This means in practice
(ﬁ'= 3-4 m/s) a value of W<2 cm/s or D < 150 um.

2. heterogeneousg suspension. For smaller velocities and ccarser material

a hetercgeous suspension is formed with a strongly anon—uniform concentration

digtribution.

3. 8liding bed regims. For very coarse material all sediments will be

transported sliding along the pipe wall. The criterion for beginning

of' suspension was Uifw > 1.5. It foliows then for ﬁ/w > 30 or W > 10 cm/s,

D1 mm.
Thus: D < 150 um pseudo-homogeneous suspension
150 yum<D < 1 mm heterogeous suspension

D % 1 mm sliding bed
In practice transition mones between the various regimes will be found.
Typical head-loss curves for pipe-line Iransport of sediments are
given in figure 10.1. For large velocities losses apprcach the loss for
clear water, but at the critical velocity where deposiiion sitarts
head-losges strongly increase.The difference between head-losses for

the mixture and clear water increase linearly with concentration.

Criticol deposit velocity i

Ty ’
i3gs 139 A1825 -
" S a 1232
tog e 231315 ha maa A W2
o o C=125 | 41068 129 %88
=, : 1027
£ soF R e et g 9 NI -
£ C: 755 823 899 908 50T AR 85
S 2__‘—_‘_/6_‘—-_‘- 52, //» 360
E 70 5275
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& L 653 355
= C-
) e T 3 E R e
— | 507
353, 1085 Crear woter
0 rheod-tess |
[ 244 curve
r s .
N . E <250
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1 15 2 3 4 5 6

¥V, mssec

’rjig.TO-“‘ Head loss vs. velocity relationship with equiconcentration :
lines. for sand graded to 6.44 mm  {After ConpoL1os e af (/963 ] SED. TR. 1 74/?5
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10.2 Critical velocity
The critical velocity is defined ag the velocity where statlonary

deposits are formed at the bottom of the pipe, or by deposition from the
suspensicn or because part of the sliding material comes to rest. This
condition is very critical for the operation of the pipe line because
arcund the critical velocity head losses are at 2 minimum and a decrease
in velocity will given an increase in head loss.

A large number of data and formulas are given in literature. The best

known are the results by Duraﬂd.@953} {ges figure 10.3 , where }
FL = Vcri‘t/‘fz gh(2a) and a = pipe radiug).

From experiments 1t follows

that the critical wvelocity 12
1
- + §
Ucrit increases with (2 a)%, | JEEEEL_
glightly incresases with

=15 %
=10 %
5%
2 %
e

Nyl

transportconcentration ¢ (up

zaiil

LN T o o
[T

to volume concentrations of

15%) and increaseswith grain

gsize D up to D =1 mm. 05 1 ! s
4 mm

The wvalues given by Durand
cimistic f Fig 103 1) value vs particle diameter, concentration as parameter.
are someWhat pessimistic for [After DURAND et al (1955) |

by

e sand in largs diamesters;

1
R4
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1C. 3

here an increase with a smaller exponent (1/4 1o 1/3 ingtead of 1/2)

gives better results. For more information see the literature.

10.3 Head losses

Most (empirical) relations for the head losses in sand-water mixtures

have the form:

I,=I,+C.f (uy 22, grain characteristics)
Im = hydraulic gradientfor the sand-water-mixture
Iw = hydraéllic gradient for clear water
]
I =

w  2a 2%
For A smooth-pipe values can be used, because the sand polishes the surface
of the pipe. For Im various relations are proposed for example:

Durand (1953):

{see figure 10.2, vo»W D=32a d =D = grainsize)

FilhrbSter (1961):

Im_Iw _ Skt
C T u
m
in which Slc't is a parameter depending on grain size

(see figure 10.4, d = grain size, D => pipe dameter)

From experience with dredge pipe lines it appeared that the relation
glven by Fihrbdter is suited for fine sand and large pipe diamster and
that Durand's equation is good for smaller pipe diameters and coarse sand.

For further information see the literature (par. 10.4.)
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