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l. Introduction

1.1. Ceneral

Percipitation (rain or snow) leads to run-off. It also leads to soil erosion.
Water and sediment are transported down-hill to the sea or ocean. This
transport takes place via rivers of various slizes and shapes. Knowledge of

the natural processes in rivers (Aiver hydraulics or potamology)is essential
to understand and predict changes that will occur due to natural causes or due

to human interference by rlver engineering worhs. | =

The combined transport of water and sediment is a three dimensional time

depending phenomenon, which is of a complex nature. A complete deferministic
description fails due to the 4fochastic characterof the morphological

processes. At best a rather schematic approach can be used starting from

the equations of motion and continuity of two phases: water and sediment.

This, however, is only possible when analfuvial channel 41s involved !
i.e. the river flowing to its own non-cohesive sediment. The picture can

be completely different if the natural river differs from this idealized

case. This i8 for instance the case when the alluvial bed contains resistant

spots (clay or rock).

Another example that makes morphological prediction for rivers extremely i
&i{fiéult i:ngg; occurence of extremely rare high discharges that cannot be i
predicted. Their influence on the fluvial processes, however, can be extremely
large. This is due to the strongly non-linear relationship between water

movement and sediment movement. .

e El Nifio, a yearly dislocation in one of the world's largest weather systems

over the Pacific Ocean had a large global impact in 1982-1983. "

It has enormous consequences in terms of floods and droughts (Canby, 1984).
Among other things the usual flood of the Chira River (Peru) in the beginning
of the year became so extremely large early 1983, that the river changed its
downstream course over many kilometers due to this single flood.

Early 1984 the tropical cyclone Demoina stayed long time over the Southern
part of Hozgmbique. De rivers Maputo, Umbeluzi and Incomati obtained extremely
large discharges as locally 700 mm of rainfall occured in a few days.

Estimated discharges were about ten times higher than the recorded maximums.



These examples should be kept in mind when morphrlogical forecasts have to
be made: the predictions can be based on the statistical propert.2s of the

discharge. However, one extreme non-predictable flood can change the whole

situation.

The characteristics of rivers can vary largely due to the properties of the
rainfall, the characteristics of the catchment area (elevation, soil proper-

ties, vegetation, etc.) and the influence of men 1h the river system.

These aspects will only be treated briefly in the following Sections of Chapter 1.
In Chapter 2 some essential river characteristics are treated, whereas

Chapter 3 is dealing with fluvial processes due to the combined tramsport

of water and sediment. Finally the principle of morphological predictions

is discussed in Chapter 4. These predictions are necessary to forecast the

morphological changes due to river engineering works.

1.2. Hydrological aspects

Many aspects govern the shape of the

. 1. discharge curve Q(t) of a river. In
F‘:;?;_— 1T T I rTTTTT Fig. 1.1 one aspect has been demon-
. Eb T strated. For the River Rhine a sub-
w <78 I I I R stantial part of the precipitation is
g \\‘ ;’ % in the form of snow. The run-off is
g J ‘L; } "'g then retarded. Part of the discharge
3 Vcﬁzrﬁig;‘ e —I T2 § comes from the glaciers in Switserland.
g - | Ax . II’ w. - O The course of Q(t) is therefore rather
l ':__j_i J_:\' \‘E#I{ l regular. This is contrary to the River
| — T~ 4J§T\\P\- / / Meuse, directly fed by rain on the
N ~__1 ¥ - catchment area which has little storage.
I - S - ._’ Another example of a river with -
i 1‘"'-" reiatively small diflerences between the
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Fig. 1.1. Discharge Rivers Rhine

and Meuse
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yearly maximum and winimum discharges is formed bv the Congo River near
Brazzaville (Fig.-1.2). The values for 1983 were at Brazzaville

- &4 3 El 3 -
Qnax 77 400 w’/s and Qmin 23 000 m*/s. Thus Qmax/Qnin 3.5.
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Fig. 1.2. Congo River near Brazzaville

The above given examples regard perennial aivers: there is a substantial
discharge throughout the year.

On the other hand there are ephemeral adlvers: during a large period of the
year there is little or no discharge. Discharge takes place during a short

period in the rainy season. An example is the Choshui River on Taiwan Island.

(Fig. 1f3).
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Ti3. 1.3. Lower part of Choshui River (Taiwan)




During the typhoon peried (July-September) this . iver carries a stbstantial
discharge. During the rest of the year the river bed is almost dry. There

is a substantial rainfall in the catchment area (2 555 mm/a) but the rain is
concentrated. Therefore in spite of the fact that the catchment arca is
relatively small (3 155 km?) substantial discharges can occur. For the River

Choshui the once-in-hundred years discﬁarge in Hsi-Lo amounts to 24 V00 m®/s.

The annual hydrograph Q(t) (or, if expressed in water levels h(t)) is partly
due to the pattern of the rainfall, R(f). The regular shape h(t) for the
" River Congo near Brazzaville (Fig. 1.2) is partly due to the fact that 2/3
of the catchment area is located on the Southern Hemisphere while 1/3 is
situated on the Northern Hemisphere. Therefore yearly two monsoons are present,
This leads to two low-water periods. For the River Congo two other aspects
play a role. The catchment area is not very ondulated and is heavily vegetated.

Both aspects contribute to the regular pattern of h(t).
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Fig. 1.4. Discharges for River Benue and River Faro.

In FPig. 1.4 the'hydrograph Q(t) of the River Benue is given. This is the
main tributary of the River Niger. In this figure also the_hydrog:app“qf
the River Faro, a small tributary of the River Benue 1s_£1§eﬂ. The River
Faro with its small catchment area is much more flushy than the much larger

River Benue. Dischafge peaks of tributaries are demped in the main river.




1.3. Ceological aspects

The geology of the river basin is an important fzctor in the appearance. The
discharge and sediment transport are characterized by the the catchment area
(variation in elevation, erodibility, vegetation, etc.). Consequently a large

variation in rivers is present. Table 1.1 gives some géneral information.

Duscharge
Catchment Water Sediment Sediment as
arca * ppmofl
River Station 10" km? m? ! mmyr.” 10* tonyr.® 107" mmyr.”' discharge (mg1°')
Amazon mouth 1.0 100 000 450 900 90 290
Missizsuppi mouth 19 18 000 150 300 55 530
Congo mouth 3 44 000 370 70 15 50
La Plata/Parana mouth 3o 19 000 200 90 20 150
Ob mouth 10 12 000 130 16 4 40
Nike oclta 29 3 000 30 4] 15 €30
Yenissei mouth 16 17 000 210 11 3 20
Lena mouth 14 16 000 210 12 4 25
Amur mouth 21 11 000 160 52 15 . 150
Yangtse mouth 1.8 22 000 390 500 200 1400
Wolpa mouth 1.5 8400 180 25 10 100
Missouri mouth 1.4 2000 50 200 100 3 200
Zambesi mouth 1.3 16 000 390 100 50 200
St Lawtence mouth 1.3 14 000 340 3 2 7
Niger mouth 1.1 5700 160 40 25 220
Murray-Darling mouth 1.1 400 10 30 20 2500 |
_gCanges delta 1.0 14000 440 1500 10005 36004
Indus mouth 0.96 6400 210 400 300 2000
Orinoco mouth 095 25 000 230 90 65 110
Orange River mouth 0.83 2900 110 150 130 1 600
Danube mouth 0.82 6400 250 67 60 330
Mekong mouth 0.20 15 000 590 80 70 170
Hwang Ho mouth 077 4 000 160 1900 1750 15 000 B
_~Bahmapuin Bshadurated 0.64 19000 940 730 800 < 1200
Dnjcpr mouth 0.46 1 600 110 1.2 2 25
Irmwddi mouth o4l 13000 1000 300 . 500 750
Rhine delia (113 1200 190 072 1 10
Magdalkena (Colombia) Cakamar 0.28 7 000 7%0 220 550 1 000
Vistula (Poland) mouth 019 1 000 160 18 - s 50
Kura (USSR) wouth 018 580 100 37 150 2000
Chao Phya (Thaitand) mowth alé 960 1950 11 50 350
Oder (Cermany/Poland) moath . o1l 530 150 o1l - 10
Rhone (Franee) mouth 0.096 1700 560 10 75 200
Po (lualy) mouth 0.070 1500 670 15 150 300
Tiber (lualy) mouth 0.016 230 450 6 270 850
Ishikari (Japan) mouth 001l 420 1000 1.8 100 140
Tone (Japan) Maisudo 0012 4830 11250 . . 3 180 ) 200
Waipapa (New-Zealand)  Kanakanala  0.0016 46 $00 11 5 000 7 500

Table 1.1. Some basic data of rivers (after Jansen, 1979)

More 1nforma§10n on sediment production in river basins is provided by

Fournier (1969). In Table 1.1 the rivers are listed by the length of the main

rtem,




The difference in average sediment concentration i< large. The champion is the

Yellow River (Huang He) in China. This river is flowing through a loess-area

leading to a substantial transport of fine material.
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Fig. 1.5. Example sediment transport _
Yellow River (Long & Xiong, 1981)
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Figure 1.5 shows some transport
measurements at the station Tungkuan.
Concentrations upto 175 g/liter do
occur.

The Yehe River, a tributary upstream
of this station flows through a hilly
loess-area with quite some gully
e10440Nn. There the mean concentration
is even more than 300 g/liter. The
Yehe River has a catchment area of
only 3208 km?; the sediment yield

is above 14400 t/km?.a. On the other
hand the St. Lawrence River (Canada)
is carrying very little sediment;
this river flows through a number

of lakes.

The present geological processes can still influence a river basin. Near the
confluence of the River Magdalena and the River Cauca (Cdiumhin) the Island

Mompos is situated. This area is due to subsidence caused by the tectonics

in the Andes. Under natural conditions the subsidence is balanced by the

yearly sedimentation during floods.

Another example is reported dy Murty (1973). Jue to ecarthquskes in the

Himalayas-slidings occur which bring suddenly and locally large amounts of

sediment in the Brahmaputra River. This causes the low water levels and the

high water levels to rise (Fig. 1.6).
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Fig. 1.6. Water level rises Brahmaputra River indirectly due to earthquakes

(Murty, 1973)

The composition of the rock that is the source of the sediments (= erosion

products) determines the morphological

Fig. 1.7. Classification of transport.

processes.

8D LDAD
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In Fig. 1.7 the usual (qualitative!) definitions of the various modes of .

transport are given:

-2 -

Bed material transport is the transport of the size fractions that are present
in the bed material of the river.

Washload is the transport of the fine
quantities in the bded.

‘articles that are not found in appreciable
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The bed materiul transport is determined by *he rompnsition of (™« hed and

by the hydraulic charactericstics of the stream. It can be determined hy

transport formulae,
On the other hand there is washload. The amount of washload in a reach is only

determined by the upstream supply. Hence it is not determined by the hydraulic

parameters of the stream.
This brings forward a.problem because a sediment-water sample taken from the

stream will contain sedirent belonging to the bed material load as well as

to the washload (Fig. 1.7).

In practice dependiﬁg'of the geological features of the catchment area rivers

can be distinguished into two types.
In Fig. 1.8 a qualitative plot is given of

the contribution of the various fractions

(Di)-to the total sediment transport in a

river.

contribution to
totol tronsport

River A indicates rivers like the River
Rhine, the River Niger and the River

Magdalena. A certain range of grain-

sizes is hardly present.

Fig. 1.8. Definition of washload.

On the other hand, however, other rivers like the Serang River on Java do not
have such a clear distinction. For type A washload can be characterised by a
single grain diameter (50-60 ¥m). For rivers of type B the grain-size

alone cannot be a criterion for the distinction between the two types of

transport.

Sieve opening

D, (vm) 150 | 105 [ 75 | 62 | s0 | 42 |35 25 0
P{Dil ]

(1) lo.o | 2.6 | 4.6 6.9 9.1 11.5)14.64 ] 21.9] 100

Table 1.2, Grain-sizes of suspended sedidment (Serang River)
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As an example Tabhle 1.2 givi. = prain-size anal-sic of a sediment-water

samples taken from the Serang River.

A possible way of distinction seems to be the one indicated independently

by Vlugter (1941, 1962) and Bagnold (1962). The energy balance for particles
in the stream is considered. Particles require energy to remain in suspension.
On the other hand while floating downstream particles deliver potential

energy to the stream.

According to this hypothesis the transport of particles with fall velocity

Nc becomes unrestricted 1if
W_ £ u-i (1-1)
For quartz (ps = 2650 kg/m®) this criterion becomes
wc < 1.6 ui : (1-2)

This VEugter-Bagnofd criterion does not only contain the characteristics of
the sediment (wc) but also of the flow (ui). This seems logical: washload
is by definition not taking part in morphological processes. If in a river
a dan is built with a reservoir then the value of Wc is decreasing in the
direction of the dam, according to Eq. (1-2). If the reservoir is large
then eventually almost all sediment is trapped, even what was washload in

the undisturbed river.

Remark: The data of the Serang River is Table 1.2 show that all (finé) grain-

- sizes are present. It is a typical example of river type B in Fig. 1.8,
The Serang River gets its sediment from the erosion of limestone.

The geological features of the river basin influence the character of a river,

The following examples can be given:

e Some rivers have their origin in a lake. For the Nile River the origin of
the White Nile is Lake Victoria, whereas the Blue Nile comes from Lake Tana_
(Ethiopia). Moreover, the discharge of the White Nile is influenced by the
swampy area tthe Sudds) where much water i1s lost due to evaporation., The
Shire Rivar (Malawi), a tributary of the Zambezi River originates from
Lake Malawi.



o Some rivers have a 'rocky section' in their .lluvial course. This is for

instance the case with the Orinoco River. Whe Rufiji River in Tanzania has

a rocky section at Stiegler's Gorge. At those reaches (nearly) all sediment

is transported as washload.

Example: knowledge of the geology of a river is essential for the understanding

of the character of the river and the use of a river. A typical

example is reported by Neill (1973) as given in Fig. 1.9.
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Fig. 1.9. Geology influencing the selection of bridge site (after Neill, 1973).

By studying the geological characteristics of the river valley a bridge site
could be selected where it is unlikely that in future the river bed will shift.
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1.4, Literature

There exists an abundant amount of literature on potamology and river ergineer-
ing. Most of it is sc;ttered in articles. Part of it 15 from a geological
(sedimentological) nature, others arc directed to river engineering. A few
handbooks exist. Scheidegger (1970) has tried from a geomorphological point of
view to describe some river processes in a quantitative sense. A mathematical
approach to various hydrological aspects of rivers 4is given by Eagleson (1970).
Schumm (1972) and Leopold et al (1964) describe some morphological problems.

For the direction of river engineering Shen (1971) and Jansen (1979) can be
mentioned. The first book contains a number of separate contributions whereas
in the second book an integrated approach is offered. Much information on

sedimentation engineering is offered in Vanoni (1975).

Obviously books do not give during a long time the state-of-the-art. For
recent finding articles are the appropriate source of information. For
instance Jansen (1979) contains material that has mostly been compiled a
decade ago from now (1985)., The effort spent in the Netherlands on the
nesearch project on adlversin a close co-operation between Rijkswaterstaat,
the Delft Hydraulics Laboratory and the Delft University of Technology
during more than one decade has brought forward results that have not yet

been incorporated in handbooks. In these lecture notes part of the results

are treated,

AU



2. River characteristics

2.1. General

Given from upstream a discharge Q(t) and attached sediment transport S(t)

of a grain-size D through a v:llgy with a slope i, a river can have many
shapes. Human interference can have altered the shape by major river training
(normalization or canalization) or by smaller works like local bank pro-
tection.This all influences the appearance of a tiver. Moreover, the river may
change its shape as a function of time.

Some general characteristics are treated in this Chapter.

2.2. Planform |

In Fig. 2.1 the idealized course of a river is demonstrated. From the
head waters the river reaches the middle course as a braided river
gradualy becoming a meandering alver until in the lower course a delta

formation may take place. In the case of a sea (or ocean) the influence of

the tides is present in the delta.

; I ' I
middle course [ lower | erosion
| course | base

headwaters

sea

|

Ibrﬂided meandering:
Fig. 2.1. Idealized river

A meandering river is characterized by a single channel whereas a braided

river has a number of channels, Leopold and Wolman (1957) have made clear

that slope and discharge characterize the planform.
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Fig. 2.2. Planform types (after Leopold and Wolman, 1957)

They also mention sinaight alvers as a type of planform. However, this form
seems to be unstable. In a straight river there is a tendency to meander

in the river bed. There appear alternate bars propagating downstrean slower
than the normal bedforms. These alternate bars have also been noticed

in straight ilborntory flumes with a mobile bed (Wang and Klaassen, 1981).

The composition of Fig. 2.2 brings forward the problem of schematization

of the discharge Q(t) into a single discharge. In Pig. 2.2 the bank full dis-
charge has been taken. It is the discharge just large‘enough to fill the fow
‘waten bed. Roughly speaking it is the discharge that occurs once or twice in an

average year.

Figure 2.3 gives an example of a river in which part is braided and part is
2eandering. There are indicatious that che braided part of the Tigris River
(the reach upstream of Balad) has an awmoured bed. Armouring is a result of

a degradated bed composed of different grain sizes. Sorting processes are res-
ponsible for the fact that finally the toplayer of the bed consists of coarse
grains (thickness 1 to 2 D) above the original sediment mixture.
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Human interfcrence can transform
a braided river into a meandering
one. An example is piven in

Fig. 2.4, Normalization works in
the 19th century in the River
Rhine downstream of Basle
(Switzerland) have changed the

planform.

The artificial new meanders have
fixed banks. If the new course

is made straight, alternate bars
are likely to occur. This a

nuisance for navigation.

Fig. 2.4, Normalization of the

River Rhine downstream of Basle

(19th century).

More downstream of Basle the original meandering River Rhine has also been

normalized. Figure 2.5 gives an example.
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Pig.'2.5._qumalization of the River Rhine upstream of Mannheim (19th century)
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In normalized rivers the natural appearance can hardly be recognized. In Fig. 2.6

the change of the River Waal (the main branch of the River Rhine in the

Netherlands) in the course of time is represented.

Fig: 2.6. Develépment of the River Waal near Tiel (km 910 - 930)

b
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In this case the original reason for river training was the prevention of
jamming of flooting ice. lcejams caused flood problems. The later works were

carried out to reduce the width to obtain more depth for navigation.

The presence of a meandering or braided rivers has been examined mathematically
by means of a linear stability analysis. Some references are given in
Janssen (1979, p. 133). The study of Olesen (1983) can be quoted in addition,.

The characteristics of meandering rivers have also been studied by many
investigators. According to Leopold ef al (1964) the meander lenght (1)
is roughly proportional to the width (Bs) of the river. The same holds
for the relation_between A and the radius of curvature (Rm).

The definitions of the meander characteristics are shown in Fig. 2.7.

N .
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— — — — — — — — — —

Fig. 2.7. Meander characteristics.
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Fig. 2.8. Meander characteristics (after Leopold et al , 1964).
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The findings of Leopold ¢f af (1964) are represented in Fig. 2.8.

The study of meander characteristics is hampered by the fact that not all
meanders of the same river are equal. Spectral analysis has been applied

by Speight (1965) on the meanders of the Angabunga River (Papua-New Guinea).
Fig. 2.9 shows that there are two peaks in the spectra,

i oo SaOun T AN - - TR PLAMS Lo LOwER PLAMmS
; COUREE coumsL 1843 coumsc war
i - - -
s - -
IR T T

Fig. 2.9. Meander spectra for Angabunga River (after Speight, 1965)

This in accordance with Schumm (1963) who suggests that two characteristic

weander lengths may be present for the same stream at the same time.

Another problem is the (varying) discharge. In most cases bankfull discharge
has been used to find relation with the mean meander length. A summary given
in Jansen (1979, p. 137) suggest ) = Q%with a = 0.4 to 0.5 if the bankfull
discharge 1is taken. Ackers and Charlton (1970) have gtudied the influence

of the hydrograph on the meander length. They studied the River Kaduna
(tributary of the Niger River). They tried to reproduce the meanders by neans
of a scale model and found that reproduction was possible with a constant dis-
charge 13X higher than bankfull discharge.

In freely meandering rivers in time meanders propagate downstream and/or
increase their amplitude. If the amplitude becomes very large, the river
may during flood cut-off the bend, leaving the original meander loops as
oxbow Lakes in the river valley. Gradually these oxbow lakes get filled

up with fine material, This causes inhomogeneities of the sediment composi-
tion of the high water bed. Therefore for the Mississippi River the local
alignment of the channel depends largely on the local variation of the
composition of the bank material (Leopold et al, 1964, p. 298),
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Hence it is not easy to predict the time deperding behaviour of the planform
of freely meandering rivers. However, attempts arc being made (lkeda et af,
1981; Parker etalf, 1982 and Chang, 1984).

2.3. Longitudinal profile
The idealized river presented in Fig. 2.1 shows that the bedslope becomes

slover in the downstream direction., This is the general tendency found.
Moreover, the mean grain-size decreases in the downstream direction. As early
as 1875 Sternberg describes this phenomenon mathematically (4ee Leliavski,
1955).

The mass reduction (dM) of the grain during the transport process is
supposed to be proportional with the mass (M) of the grains and the distance
(dx) over which the grains are transported.

Hence,
dH = - aMdx (2-1)

in which a is a coefficient describing the properties of the grains and the
river.

Integration gives
M =M exp {-ax} (2-2)

in which the integration constant represents the mass at x = o

For the grain-size D this can be transformed into

‘D= D exp {-a'x ) (2-3)

The variation of D(x) seems to be due to wearing and sorting. The process
ha; not.yet been analysed quantitatively. Leliavski (1955) reports on some
data of M{x} for European rivers. Note that in principle the a-value of
Eq. (2-2) can have quite different values for rivers. Some times the grain-
size can decrease over small distances. This is for instance the case for

the Choshui River (Taiwan) as can be noticed from Fig. 1.3.

Also the 1ongitu§1nal profile can be approached by an experimental function.
For the Rio Grande (USA) the relation for the bed slope

1b = 0.0022 exp { -5.8 1073 x } has been reported. As isu-azblax also £, will

b
be changing exponentially with the distance (see Jansen, 1979, p. 141).
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As an example of zh(x) and D(x), Fig. 2.10 shows the variation along the

axis of the River IJssel, the minor branch of the River Rhine in the Netherlands.

Downstrean of Kampen the River IJssel is discharging into the lJssel Lake.

Hence the downstream part of this river branch is not influenced by tides.

2.4, Confluences and bifurcations

Confluences are mainly present in the upper reach of a river whereas bifurca-

tions are usually present in the lower reach (Fig. }.I)

For a confluence (Fig. 2.11) the equations of
continuity for water (Q) and sediment (S) hold.

Qo - Q1 + Q2 and So - S1 + S2 (2-4)

The discharges Ql(t) and Qz(t) may have a

similar shape. This, however, is not always

the case. The confluence of the Niger River and
the Benue River near Lokoja give an example,

Fig. 2.11. Confluence Both rivers have a large discharge in September-

October ('white flood'). In addition the Niger River has a large discharge in
April ("black flood') (see NEDECO, 1959). The Niger River mainly governs the
water level at the bifurcation. Therefore during the 'black flood' the lower
reach of the River Benue contains a backwater curve (Ml - curve). This causes

temporarily sedimentation.
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Figure 2.12 gives an example of a confluence in Venezuela. The Apure River,
near San Fernando de Apure, has a rather regular hydrograph. It regards a
tributary of the Orinoco River . Note the large variation of the bed level
downstream of the confluence with the Portugesa River, especially in the

narrow section B-B. It regards here natural i.e. non-trafned rivers.-

In the case of a bifurcation the discharge (Q ) and sediment transport (S )
coming from upstream are devided. (Fig. 2.13).

0f course here also the continuity equations
of Eq. (2-4) hold. ﬁowever. nov each equation
has two unknowns. Thus additional infor-
mation is necessary.

This distribution of the discharge Qo over
two branches is gove;?ed by the fact that at

Hence the conveyances of the two downstream
Fig. 2.13. Bifurcation rivers determine the distribution of Qo'

The distribution of the transport S at the bifurcation is more complicated.
For some sediment ('washload') the distribution of 5 is proportional to the
distribution of Q . For the coarse material, trlnsported as bedload, this is
not the case. The Locaz geometry of the bifurcation determines the local
flow pattern and this determines the movement of the sediment transported
along the bed. In general a river branching off in an outer bend of another

river receives relatively more sediment (Bulle, 1926).
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Fig. 2.14. Bed profile near the bifurcations of the River Rhine in the
Netherlands

the bifurcation only one water level can exist.

S .
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Given the distribution of QD and So as well as the continuity of the water
level at the bifurcation, it 1s not surprising that the bedlevel can show
discontinuities (see also Section 4.5). Figure 2.14 shows these disconti-
nuities at the bifurcations of the River Rhine in the Netherlands. The
situation of the bifurcations is given in Fig. 2.15.
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Fig. 2.15. Bifurcations of the River Rhine in the Netherlands

As the sediment coming from upstream is usually non-uniform, grain-sorting is
likely to occur at a bifurcation. Figure 2.6 gives an example. It requires some

care in sampling to show this pheno-

menon as other causes of grainsorting
;- —= l/;? f' (river bends, bedforms) are present at
i‘ ,#', the same time,
: 1T/ -
- i W § To obtain Fig. 2.16 over some kilometers
- H { ; in each branch snmpiel have been taken
: /A ,-' along the river axis and at distances
" AVAr, . * k B from the axis. Each sample had a
- // )”I/; 1111 sufficiently large size to get a good

estimation of the mean grain size (Dn)
! : : - on the pirticular location (de Vries, 1970).

Fig. 2.16. Crain sorting at the

bifurcation Westervoort.



2.5. River mouths

A river discharges into another river (like the River Benue into ic River Niger),
into a Jake (like the River lJssecl into the llssel Lake) or in a sca. 1o a

large extent the water level at the mouth is not governed by the river, it is
thercfore an independent boundary condition. At a far distance upstream of the
mouth the water movement and sediment movement are independent of thc boundary
condition. Naturally the bed level there is influenced by the prescnce of the
mouth.

An elementary analf;is of some schematic cases {s given below:

e River with constant discharge entering a decp lake

The most simple case regards a river with constant width and discharge.
Upstrean of the mouth (x >0) the same S and Q are transported. For uniform
bed material the bottom slope (ib) and the waterdepth (a) will be constant.
Waterlevel and bedlevel are then parallel straight lines.
Due to sedimentation in the lake the mouth will gradually move downstream.
The process is governed by the yearly sediment transport and the depth of
the lake. ' -

e River with varyiﬁg discharge entering a deép lake r

At the mouth (x = 0) the water level h(0,t) = constant. If again the width

(B) and the grain size are Suppo;ed to be constant only the variation of

Q has to be considered in addition. It can be stated in general that it

takes much time to change the slope of the longitudinal profile. Hence
the water level upstream of the mouth may vary in time but the bed level
hardly does.

The bed slope (1b) can nov be found from the reasoning that the yearly
sediment transport through each cross-section has to be the same. As an
lpprogimltion the transport formulae for this case are represented by

s = o u” vith m and n being constant.

The transport can now be expressed with Q and 1b as parameters.

n 2 n (2-5)
- f - _Q_ - = /3
s Bmu Bm { Ba} Bm % . EE%;:




in which Chezy equation Q= BC/aib is used

Hence

S - al'“”.q"/’ . 1b“" (2-6)

If £{Q) is the probability density of the discharge then the yearly sediment
transport for each section amounts to

o? S(Q).£{Q}dQ = constant : (2-7)

As 1b does not change with the discharge Eqs. (2-6) and (2-7) can be combined.

nl'“".ig"’..g Q*/3. £(Q) . 4Q = constant et (2-8)

Also iﬁ tﬁis éase ‘b is constant
(i1f B 1s). There is one discharge
(Qy) for which the flow is uniform.
For Q ¢ Qd backwater curves are
present (Fig. 2.17). .

For mild (positive) slopes the back-
water curve will be of the Hl-type
if Q<Qd and of the Hz-type for Q>Qd.

Fig. 2.17. River discharging into a
~ lake

It 1s interesting to look in this case at the depth (ao) in the mouth.
Therefore transport formulae must now be expressed with Q and a as parameters,

Combination of Eqs. (2-5) and (2-7) gives for the yearly transport
7 Bm (2" - (-
.g Bn{_aaol.f{Ql .dQ = constant - (2-9)

If now L is supposed not to vary with Q (which is less likely than for 1b)
| then Eq. (2-9) can be written as

""" Q".£(Q) .4Q = constant (2-10)
J 0



The comparison of Eqs. (2-8) and (2-10) will be given further attention in

Section 2.6.

e River discharging into a sea
A river discharging into a sea is near the mouth under the influence of the

tidal movement. The tidal movement enlarges the sediment transporting capacity,
Therefore the cross-section will generally increase in the direction of the
mouth. The principle can be explained from the mon-linear relationship between

flow velocity and sediment transport.

In Fig. 2.18 the variation of the flow
velocity is given. Due to upstresm dis-
charge (Qo) there is the flow velocity u-

\L ; The flow velocity due to the tide is
o l
supposed to vary as a sine-function with an

amplitude G. Therefore the flow velocity

in the cross-section considered reads

Fig. 2.18. Tidal influence

'y = u, + 0 sinwt (2-11)

The transport per unit of width is s and using s = m u” gives for the average

transport s during the tidal period (T):

. i Y =% e
?-Tlfl{uo+ﬂ|1nut]ndt ‘

T 7(2-12)
o .

If the parameters m and n do not change too much this gives with ¢ = 0/u

T
semu ™. TV S(1 - ¢ stnet) ®de ©(2-13)
o o
Sy
N .
Due to the upper discharge Qo the transport would be s, =n uon.

From Eq. (2-13) follows withuwt = 2y andwt = y or dy = wdt:

2%

B = ?o'zl,,_ é‘{tsin y+1)" dy = Bno (2-14)

e ——— e
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with

2
B= - fesiny + 1)" dy = 8(¢,n) (2-15)
For instance the following functions for B(¢) can be found analytically:

ne=1 B =1

n=3 B = 3/2¢2+1

D=5 B =15/B¢% 4+ 547+ 1
These relations are giveﬁ in Fig. 2.19 for 0 ¢¢ ¢ 1.

_ Due to above mentioned non-linear relationship n> 1, Thus 8> 1 or s> L

Consider now two cross-sections. The one up-

n=5
stream of the tidal influence (subscript o) has
3
[ the characteristics u = ui ¢, =0andB= B,-
n=3 The cross-section under the tidal influence has
. the subscript 1. So here the characteristics
2T are ¢ = ‘l and B = Bl.
For a constant upper discharge Qo the mass
14 n=1 balance has to express that both cross-
sections have to have the same total trans-
port as So = 5§, or
0 ' -
o ] - S, e
—_— - ﬁ’“o By Bl"ol By + 355 7 (2-16)
rig. 2.19.8 = £($,n) ‘ in which - is the transport unit width

in the cross-sectional area A, with Qo - uOI.A

1 1

From Eq. (2-16) follows:’
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n
e, 1" 2
B . B . m = B . m (2_17)
1 1 nIBI o aoBo
Or
B n-1 n n
s Y (2-18)
B - —_— e — =
1 n-1 n B A ~
B .a . 1 o
[ o

As 81 > 1 for a constant width (Bl-Bo) ic follovws from Eq. (2-18) that apa .
In general {t will follow from Eq. (2-18) ch:c'A1> A,

The above given analysis {is only of a qualitative nature. Near the mouth the

* analysis will not hold due to the fact that density currents will be present

and the flow direction will reverse.

2.6. Schematization of the regine

The main characteristic of a river discharge is that this varies in time.

As a consequence the morphological parameters of a river will also be time-
depended. Therefore if morphological forecasts have to be made, this variation
in time has to be taken into consideration.

At present (1985) it has become possible to carry out these morphological
computations with a varying discharge Q(t). However, it is then still
questionable which (recorded) Q(t) has to be taken. There will be a tendency
€o use an average year and if possible also wet yenré-vill be used. No

Systematic research as yet seems to have been carried out.

Inatead‘Ef'n time depending prediction ié is possible to study the change of
an equilibrium situation into a new one, leaving the time depending predic-
tions oé the transient from one equilibrium into lnotﬁz¥—?6r a Eeéﬁh& approxi-
mation. In this steady approach the probability distribution f{Q) is used.
This method has been used in Section 2.5 to find the equilibrium bed slope of
a river discharging into a lake. In Eq. (2-8) the right hand side represents
the yearly sediment transport. Hence this equation can be used to study the
change of'-the slope {f the width of the river {s changed (sce also Section
4.4),
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It has to be remarked that in the above quoted analysis the transport function
is approached by a power law s = m u". This has been done to make the analysis
rufficiently transparent. For practical problems it is quite possible to use

a real transport formula, i.e. one adequate to the river which is studied.

In literature frequently the river regime is drastically schematized into

one single discharge ('dominant discharge'j. The use of bankfull discharge for
the study of meander characteristics is an example (Section 2.2).

It can easily be shown that such a dominant discharge does not exists. In
other words one single discharge cannot describe more than one morphological

parameter of a river.

The proof of this statement can be obtained from the example of a river dis-
charging into a lake (see Fig. 2.17). Two parameters are considered wiz
the bed slope 1b upstream of the mouth and depth a_ at the mouth.

Following the procedure usually applied with the concept of 'dominant discharge

Eq. (2-8) would lead to a discharge Qd for the slope 1b-lccording to
Bi2s | g2 pqel £y aq - 81T P %, (2-19)
or
n/3 =
o = . f@). 4 (2-20)
3

A similar approach for the depth a would lead with Eq. (2-10) to a "dominant'
discharge Qd with - i
a

Q) =rs Q" . £Q). d - (2-21)
a 0

Equations (2-20) and (2-21) show that always Q, ¥ Q - In other words one

single discharge cannof lead to correct answers for bgth 1b and a .

Two more remarks can be made in this respect.

(1) The definitions applied to find the 'dominant' discharge use the
chlracteristiﬁs of the exi8ting river. Obviously a different discharge
hza 2o de applied to forecast the response of the river on man-made

changes in the river system.

W
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(11) The above given examples for 1b and a show that there is no need to define
such a thing as a 'dominant' discharge. ln principle the problem of finding

1b and a_ can be solved by means of Eqs. (2-8) and (2-10).

In summary the schematization of the regime of a river can be two-fold.

e For time-depending prediction the 'real' Q(t) has to be used.

e For studying new equilibrium situations it is advised to use the probability
density f{Q) of the discharge.

In practice both £({Q)} and Q(t) will be approximated. For instance

- n '
DI £{qQ) 4q ifl Qi (2-22)
As an example it can be tested whether a continuous pfobability density £{Q)
based on daily discharges can be approximated by a histogram based on
monthly averaged discharges. As the sediment transport plays a key role

in the morphological predictions it is logical to test this approximation
via S. This can be done by some test computations of the factor a with n

being the number of days in a month and

S (2-23)

For flushy upper rivers due to the non-linear relationship between Q and S
the value will be a <<l. For lower rivers, however, the discharge usually does
not change rapidly. Then a = 1, which means that Eq. (2-22) can be used thus

the computations can be based on monthly averaged discharges.

A similar approach may be used for time-depending morphological computations
with Q(t). As will be shown later (see Chapter 3) in morphological computations
often time steps larger than one day can be used. Hence also in that case

discretization is adopted, this time of Q(t).

B |
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3. Fluvial processes

3.1. Ceneral

The combined transport of water and sediment in rivers is a complex process
because there is an interaction between the transports of the two phases. The
problem is time—depending, dealing with threce space‘dimcnsions. It requires a
great deal of schematization in order to be able to describe the problems in a
mathematical sense, leading to mathematical models that can be used .for

morphological forecasts.

In this chapter the mathematical description is treated. In the first place
Section 3.2 deals wvith the one-dimensionnl approach. Here the average values
of the morphological parameters for each cross-section are considered as
function of time and place. In this approach there is only one space dimension

left, the coordinate x along the river axis.

In Section 3.3 two-dimensional approaches are treated. The two space dimen-

sions are in the first place the x and y coordinate in the horizontal plane.
Also two-dimensicnal approaches in the x-z plane are considered (Sub-Section
3.3.3). These approaches are necessary when the transport of sediment in

suspension varies considerably in the longitudinal direction.
The basic parameters are indicated in the definition sketch of Fig. 3.l.

e The water depth (a) is mainly of impor-

tance for navigation. Prediction of a (x,y,t) -

is anticipated.

e The water Level (h) is of interest for
the possibility to withdraw water for
irrigation or with regard to flood

problems.
e The bed Level (z,) is important to know
when bank protection works or bridge .

piers have to be designed. Obviously
zb(x.y.t) has to be predicted.

Fig. 3.1. Definition sketch.
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3.2. One-dimensiconal approach

3.2.1. Analvsis of basic equations

In the one-dimensional approach the average values of a, h, and z, are con-
sidered for tle cross-sections. With h = a + z, according to the definition

(Fig. 3.1) this means that a and z_ can be considéred as dependent variables

. b
for which relevart basic equations have to be found. Moreover the flow
velocity u(x,t) and the transport s(x,t) are dependent variables. This means

that four basic equations are required.

The equations are:

9z . . -
du du- - Jda b ulul
A ol g.a — . =1
momentum water o + u e T Igt e T g 2, (3-1)
continuity water a—E--i- u g8 +as2 =0 (3-2)
\ t 9 x ax
transport formula s = fhh 4,D°, C etc) (3-3)
azb:' ds
continuity sediment - +—= =0 (3-4)
t ax
The following remarks have to be made: -
(1) - The equations are valid for a wide river with constant width B.

The banks are supposed to be fixed or less erodible than the river
bed. For erodible bhanks also B(x,t) would have to be considered as
a dependent variable. This would require an additional equation,
which 18 not readily available.

(ii) The equations are valid for s/q<<l; i.e. small mean sediment con-
centrations. ‘
(111) Any suitable transport formula can be used in principle. In this

elementary analysis all parameters except u(x,t) are supposed not
to vary with x and t.

(iv) Equation (3-3) implies that the sediment trunsport is a function of
the £ocal hydraulic parameters. Hence this model is not applicable if
:here 15 a change in suspended load over short distances

(see Sub-Section 3.3.3).

e Sitous
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It has been shown (de Vries, 1959, 1965) that Eqs. (3-]) through (3-4) form
a hyperbolic system with the characteristic celerities dx/dt = c. The three
celerities ¢ ; 5,3 are the roots of the cubic equation:

c® - 2uc? - (ga - u? + gdf/du ) c + ugdf/du = 0 (3-5)

An znalysis can for instance be found in Jansen (1979, p. 94).

Equation (3-5) can be modified using the following three dimensionless parameters.

® relative celerity ¢ = c/u’
e Froude number Fr = u/v ga , _ . (3-6)

=1
e Transport parameters v = a df/du

The dimensionless form of Eq. (3-5) becomes then:

z | 2 -2

$% - 2¢ + {1-Pr -yFr J+yFr =0 (3-7)
e i !dl‘..:un
— — T8 LWL - -
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Fig. 3.2. Relative celerity of disturbance (after de Vries, 1969)
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In Fig. 3.2 the three roots 4 (1 = 1,2,3) have been represented graphically

as functions of the Froude number and V.

Before analysing this figure it is of importance to pay sone attention to

the parameter y.

Using as an approximation s = m u" it follows

. 4f/du _mn !
a a

v

(3-8)

L]
=}
a

Hence ¥ “s/q, a value which is usually wuch smaller than unity. Note that
0(n)=0(5). Therefore in Fig. 3.2 only values ¥ <<] are sketched. The
figure shows that two celerities €, , = ut/ga or # =182 Fr_l are

apparently for Fr < 0.6 not influenced by the mobility of the bed (thus by v). l

Inserting for this case the known roots 61’2 in Eq. (3-7) lead to an I

expression for ¢35+ This can be done as follows. Equation (3-7) can be written

as: l
(¢ -6)(6-6)(¢ -4 =0 (3-9)

So comparing Eqs. (3-7) and (3-9) gives

Fr™ = - 644 3-10
‘ v ¢1¢2 . ( ) |
or - . l
X =i il l
vFr = —(1+4Fr ")(1-Fr )¢ (3-11)
3
thus - ;I
} |
v - (3-12)
¥ - ——— . . -
3 1 - Fr? f . I
Note that in Fig. 3.2 for Fr <0.6 it holds |¢ | >> ¢  Hence if we are
i 3
interested in changer of the bed the Eq. (3-12) can be used for ¢ , moreover ]
3
[¢ |+ =can be concluded. This implies that the flow can be assumed to be

1.2
quasi steady. Thus for this case Egs. (3-1) through (3-4) can be simplified to




TN R 1 11 (3193
-)2 l JX . -
C-a
Au Ja
aj,+ug, =0 or g=gqlt) (3-14)
F .
s = f{u, parameters) - (3-15)
p | 2s | (3-16)
—_— €% = §5 .
it x

Thus for Fr <€ 0.6 the system of equations can be decoupled. Equations (3-13) and

(3-14) can be combined to the equation for the backwater curve

LU (- | Az A
ax[“ 2—|+gf--q~——‘2’ (3-17)

For a given discharpe q and known bed level z, the flow velocity u can be

computed for specific boundary conditions.

Moreover Eqs. (3-15) and (3-16) can be combined into:

Az
b df (u) du
It * Tau *Ax 9 (3-18}

Thus for known velocities u the bed level in future can be computed with

Eq. (3-18) if the appropriate boundary conditions are applied.

Hence Egs. (3-17) and (3-18) in principle can be used for the description of
morphological processes in rivers. . A ‘

Two additional assumptions can lead to a further simplification of Eqs. (3-17)
and (3-18). This leads to two mathematical models that can be used for analysing

morphological phenomena.

(1) For small values of x and t the faiction feam (right hand side) in
Eq. (3-17) can be neglected with respect to Lhe other terms. This gives

the simple wave model.
(11) For large values of x and t the bachwater effects (first terms in Eq.
(3-17)) can be neglected. This leads to the parabolic model.



ad (1)

ad (1i1)

TN, e g

B}

The characteristics of the s4mple wave wodel can be demonstrated
casily when dn additfion thie assumption Fr << ] j& made. The momentum

cquation (Fq.(3-13)) simplifies then into

dz

ar
c
as

— + 0 thus h = const. (3-19)

X

o
a
o
x

x

This means that the water Jevel is hori:onéal. ('nigid Lid approximation')

As q = u.a = constant, it can be written u a/f3x + & u/dx = 0

Combining this with Eq. (3-18) yields

1

uda
. [-_ax] o

Considering in addition Eqs. (3-8) and (3-12) for Fr? <<l gives

(3-20)

b da
@R (3-21)
it ix "~ 0
From Eq. (3-19), however, follows 3a/at = -szlat. Hence
da ‘Ba
3 +c ix = 0 (3-22)

An application of this simple-wave equation is given in Sub-Section 3.2.2.

The parabolic model is obtained from Eq. (3-17) 4if the first temrm
(responsible for the backwater effects) is neglected.

Differentiation with respect to x gives

2 ; .
2y .3 u2 u ; _ (3-23)
3x? C-q 3 ‘

Eliminating 3u/3x from Eqs. (3-18) and (3-23) gives

. ' 2
o jefm) . o1 Ll | - 5 (3-24)
at du 3 q 92

Linearizaticn yields
dftw) 1 cu? arwu)/ay , 95/ (3-25)
du ' 3" g di /du di_n'/dn
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The parabolic wodcl gives therefore the following morphological

equation to describe the changes of the bedlevel

3zb Bzzb
R P | (3-26)
with N
dsoldu lmun—l 3ns° £
K= =z . - (3"27)
di /du  1/3u°/c’q i, :

in which the subscript o refers to the orginal uniform situation

for which changes are considered.

Remanks :

® In the above derivation only differentiation with respect to x has been
applied. Therefore the derivation remains valid for q = q(t) and s = s(t).
‘For a river with varying discharge K = K(t). Hence the general equation

reads

2
azb 2 zb
) &

— - K(t) =0 ' (3-28)
ax?

)

® In the derivation backwater effects have been neglected. This is only
valid if relatively large values of x are considered. Comparison with the
complete equation leads to the conclusion that the assumption implies the
condition A>2 to 3 withp = xiolao . The '"length scale' A is a characteris-
tic parameter for the river considered. Note that A = 1 is obtained for a
river reach with a length ovei:r which the difference in piezometric head is

equal to the normal depth.

An application of the use of Eq. (3-18) is given in Sub-Section 3.2.2.



3.2.2. Example: Defurmation of a dredeged trench

B — — In Fig. 3.3 a trench is represented dredged
across a river (t=0).
. " g How will the trench he defprmed if only
e § bedload transport is present?

-*__u—__\\‘\\‘___ﬁ______,/4 ‘ It has to be noted that relatively small
]

values of x are concerned. Hence the

s4mple wave cquationcan be applied.

Fig. 3.3. Dredged trench.

The variation in the depth a is so large that the celericy c cannot be con-
sidered constant. .
If the variation in depth is considered it follows from Eq. (3-20) with

n
§ = muy

az
-1 3a
-a—tg—[mnun]a x -0 (3-29)

Or, for a constant discharge and a horizontal water level JZblat = Ja/dc

thus
= n .
32 |mng | 3a_ 0 (3-30)
at n+l 9x
a
Thus )
Jda da -
—-t--i'c(a} 5:-0 (3-31)

Now the -deformation of the trench can be estimated qualitatively for t$ 0.

Three parts can be considered:

e The ﬂp&izontﬁl bed will not deform a5 da/3x = 0, henced u/fdx = Q
thus 3s8/3x = 0 and therefored z/3t = Q.

e The downstrcam sfope will become flatter because 3a/3x < O thus 3 u/3x > 0
or 3s/ax > 0 and 3c/3x > 0. A point of the slope with depth a will move in
the time At dovnstrenm over a distancefAx = c(a)Ac.

e The upstrcam slope will for t > O get stceper. This will continue until

the slope will be under the angle of repose.
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In Fig. 3.4 the situation is sketched for t = 0 for ¢ = A t,

=~ EXPANSION- WAVE EMOCE- WAVE

NS
BHOC L~ WAVE CIPANE IOM- WAVL

-

Fig. 3.4. Deformation of a hump and a trench.

In this figure also the deformation of a hump instead of a trench is given.
Note the similarity and the difference. A gradual flattening of a slope is
similar to what is called in gasdynamics an expansion wave. The.opposite
(the slope becomes steeper) is called a &hock wave.

Remanks :

(1) For the above given considerations it is essential that s = f(u) holds.
For small distances this implies that bedload transport is postulated.
In the case of suspended load the picture can be completely different.

(11) The information on the deformation of a hump will be used to explain
the morphological phenomena occuring due to closure of one branch of

. a river flowing around an island (Sectiom 4.6).

3.2.3. Example: Morphological time-scale for rivers

The parabolic model derived in Sub-Section 3.2.1 can be used to obtain some
information on the speed at which morphological proces;cs in rivers take
place.'é worphological ;ima-acaze.ctn be defined (de Vries, 1975).




Fig. 3.5. Definition sketch.

It is assumed rhat the river considered is

discharping Into a lake. At t=0 the water

level of this lhypothetical lake is lowered

over a distance h. This leads to a

degradation of the riverbed which ends at

t-+w, When also the bed level is lowered

over a distance Ah.

For the mathematical solution of the problem
reference is made to the original publication

(de Vries_1975). See also Janssen (1979, p. 12)

I}

1f the x-axis is taken along the original bed level upstream from the mouth

(x = 0) then the bed level variation zb(x.t) is described by '
" ' (3-32)
,zb{x,t) = - Ah erfc 27KE I
in which the ‘complementary erronr- function'is described by ,
erfc y = ;% I exp {-u?). au ' (3-33) ,
Y : ‘
{
y -1.0 | -0.5 [ 0.2 [-0.1 | o 0.1 [0.2 [0.5 | 1.0 | 2.0
erfc y 1.B4 1.52 122 .11 1.00| 0.89|0.78 |0.48| 0.16| 0.005 "

Table 3.1 Complementary error-function. 14

In the firsc place it will be assumed that the discharge is constant. This

facilicies understanding. The solution of Eq. (3-32) can be used to answer the

following question:

1§ a station x = _Lmu sclected, af what time ¢ = 'l’m will the dearadation have
neached 50% of the {inal valuc? ‘

-_""-".—-1-—-—-_:.—‘-—- ——
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From Eq. (3-32) 15 follows wvith Table 3.]
L
m - -
erfc 371('—1; 4 or Lm = /K‘rm . | (3-34)

-

Hence the parameter K plays a key role in the .descri

ption of Ehis morphological
process, ‘ :

In practice the river discharge will vary in time,

It eln be tho;ﬁ (de Vries, 1975)
that for ¥ = K (t) the solution of the problem s g

iven by
z1x,T) = - Ah erfc - (3-35)
JX(t)dt -
Hence the 50% degradation is reached at t = Tm for x = Lm:if
i
o .
L, =V 7/ K(t)ae , (3-36)
Using Eq. (3-27) one vay define the parameter Y with
! year 1 n 1 year .
Y= " J k(t)dr = = J  s(t)ac (3-37)
0 3 Bi
The integral of Eq. (3-37) denotes the average yearly transport of the river.
Hence at x = L- the 50 degradation is reached after HQ years with
2 s .. . " - % &g ] v = -
m X . ] ;

For a number of rivers

Table 3.2 gives the value of Ny For L_ 'che
value L

= 200 km has been chosen to fullfil the requirements
bolic uodel A>2 to 3.

for the par--

-
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STATION B ﬁi
RIVER (approx. dietance ) { Jalfil N 1
to sea)
mm ‘IO—L km centuries
Rhine Zaltbommel 2 1.2 100 20 |
(Netherlands) (100 km) |
i
Magdalena Puerto Berrio 0.33 5 30 2 i
(Colombia (730 ka) 5
= —
Dunaremete 2 g - 40 10 ‘
(1826 knm) |
Nagymaros 0.35 0.8 180 1.5 i
Danube (1695 km) |
(Hungary) Dunaujvaros 0.35 0.8 180 1.5
(1581 km) ’
Baja 0.26 0.7 210 0.6
(1480 Ikm)
Tana Bura 0.32 3.5 50 2
(Kenya) (230 km)
Apure ) San Fernando 0.35 0.7 200 4.4
(Venezuela)
Mekong Pa Mong 0.32 1s1 270 1.3
(Thailand) i
Serang Godong 0.25 2.5 50 2.0
(Indonesia)
Rufsid Stiegler's Gorge 0.4 3.2 20 4.0
(Tanzania)

Table 3.2. Morphological time-scale (after de Vries, 1975) for Lm = 200 km.
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3.2.4. Comparinp equilibrium gituations

In this Sub-Section for a number of standard prohlens the steady state
rolutions due to morphological changes will be discussed. An equilibrium
situation in a river is changed into a new equilibrium. This means that the
basic equations are considered for Dzblat = 0. In the most simple cases with
a constant width it means that also 3s/3x = D and 3af3x = 0.,

Hence the analysis can be carried out with

Q-cra’iel -39
and

g arp m oy (3-40)
In this elementary analysis m and n are supposed to be constant, The same
holds for C or if the Strickler formula with C = 25(I/ku)1/5 is used the

value of kN is supposed to be constant.

The examples given below are essential for the understanding of the time-

depending morphological predictions treated in Chapter 4.

Case I: Withdrawal of water from a river

From a river with a constant width (B) a part

Al 4 Q of the constant discharge Q is withdrawn.
What changes take place eventually (i.e. for
x<o  _|, x>0 e L

At the intake (Fig. 3.6) the width is continuous.

Rence s has to be same at the upstream sidc
(minus sign) and the downstream side (plus sign).

Fig. 3.6. Withdrawing water Thus s_ = s, .

Apparently

mu = mau (3-61)



or

9 . 4-2%9 (3-42)
a

or with g = a = ba

A;.-'-- -Aﬂ- 9_9 (3"1‘3)
a_ q Q

The sudden change 4a at the intake has to be reflected by a step Azb in the

bed: Azb = Aa because the water level is continu;us (h_ - h+).

In this case the smaller discharge can only carry the original transport if
the downstream bedslope increases eventually. With the assumption c_=c¢C,

it follows
qQ -4q =Cla-8a)}3/2{1 4+ 1"] (3-44)

in which 1 is the original bedslope. Equations (3-39) and (3-44) give for the

relative change of the slope

_A..i..b/ =é_os i -
1 j_Q—I-AQ/Q o ifAQ << (3-45)

If not the assumption c = C+ but kN- e kN+ is made then the result is
ai 1 -

i ) M : ’ ' (3-46)
E- le/Q)] /3

The proof is left to the reader.

Case IT1: Withdrawing sediment from a river

AS From a river with a constant width B and a

constant discharge Q, sediment is withdrawn

’ at a constant ratc AS from t = 0. The sediment
x<0 . x 30

'5 x:0 c-as is used for building Pufp_és'gg_

Fig. 3.7. Withdrawing sediment




The new equilibrium situvation (t * ™ ) can bhe cs;imated as follows. Using again

s = n u" it follows
=]
Q = B.a.u = B.a.{s/m)" (3-47)

He‘nce (see Fig. 3.7):

| =) -
a_.s" = (a+sa)(s -a8)" - - (3-48)

if Aa 15 the {ncrease of the depth for x>0, -
From Eq. (3-48) follows with a = a_

o i ,
ba _f_t | ° 3-49
2 [1-(As/s)] - , A ( ;

In the dowvnstream reach the slope has to decrease. This can be estimated by

means of Chézy formula and the assumption C_ = C+.

From Q_ = Q+ and B_ = B+ follows

ad/2 4% . (a_ + 8a)3/2 (4_ - a1y (3-50)
thus
g 3/n : '
511— =1 - l: - (Asfszl (3-51)

The exponent 3/n becomes 10/3n if Pw_r- kﬂ+ is assumed. instead of C_ = C+
: ¥

Case 1I1I: Change of width

A civer with fixed banks and constant width Bo
I D " 15 narrowed for x> 0 to a new width Bl'. The
’ discharge Q is constant. Instead of the old

depth (no) for x>0 and t+ = the new depth

__1__E..........,. ------ becomes a,.

Fig. 3.5. Change of width
From S. " S..nnd—Qo = Q) follows with s = m u

) n=1

dl [=] n

=2 gl (3-52)
a 1}
© 1
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For x = 0 there is a Lottom step hecause the water level is continuous., The

botton step ir Az = a - . .

b

In this case the ncw slope (1)) is smaller than the old slope (i,).
With the assumption C° = C) it follows easily from the Chézy equation

n-3

—

1 1 n
— e
i B

o [

-
w

= (3-53)

1f one assumes k“ = kH {nstead of C = C then the exponent in Eq. (3-53)
o 1 o 1
becoaes: (4n - 10)/3n. '

Remanks :
(1) For a varying discharge and a width that does not vary too much the
above given analysis can also be given, using £{Q) . This is the
analysis given in Section 2.5 resulting in Eq. (2-8). The estimate
for the nev slope according to Eq. (3-53) therefore also holds for
a varying discharge. This equation is graphically represented in Fig. 3.9.

' |
| —— " .00
I ) /IA'_—-——‘_ "
//_ l ‘ae
/
" vo90
/—- e B ~ )
09
o 4 : ] . 0 g
i
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| l 1080 . a
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(4i) According to Eq. (3-53) as also can be seen fron Fig. 3.9 the new slope
is equal to the old slope if n =3, According to the Mever-Peter and
Mueller (1948) formula this is the case for a large transpert of coarse

.bed material, It should be remarked that the above given cnalysis is

an elementary one. In a practical problem a more in-depth-approach is
advised taking into account the change in roughness that may occur.

(111) In the three cases described ab;ve.a disc;ntinuity iﬁ Q. S and B
respectively lead at x = o0 to a discontinuity in the depth. As the water
level is continuous (no hydraulic Jump) ;ﬁis will result in a step_bz

in the bed. The bed £fevel has then not yet been obtained. This is

b

because the bed level is governed by the water level (boundary condition)

at the downstream end of the channel. The bottomfevel Azb is reached
only for t+ = ,

3.2.5. Influence of suspended load transport

So far the morphological processes have been described by uaing‘a transport
formula s = f(u), thus assuming that the sediment transport can be described
by the focal hydraulic conditions. This is true when bedload Dranspont is
present. In the case of suspended Load transport, however, it is only true
for steady uniform flow. This also the situation for which transport

formulae are developed and tested experimentally.

The first question is how transport can be estimated for non-uniform §low.

It is customary and justified to introduce the friction term in the differential
equation for the backwater curve (eqﬁation of BElanger) as if the flow were
uniform. Similarly this can be done for bedload. The loc;l shear stress can

by means of the Chézy formula be transformed into the flow velocity.

Hence ai = u?/c2, ‘

For non-uniform flow with suspended load this czannot be done without res-
trictions. This is related to question what f---’ means in this respect.
For non-uniform flow and suspended load a distinction has to be made between

Transport and transpont capacity: ¢

5 ‘.,-_a
transport (s') = [ u¢ dz

transport capacity s = {(u) i.e. following from a formula



{8

in which ¢ denotes the sediment concentration.

Cenerally in the cace of suspended load

@Jdufix >0 pives 3' <

®3ufax <o gives 8'> =

The explanation can be found from the following rather extreme example.

Suppose a steady niform flow in a laboratory flﬁnc with a fixed bed for

X € 0 and a mobile bed of fine sediment for x > 0. The mean concentration

over the vartical is ¢. For large values of x the average equilibrium con-
C!ﬂttltiﬂn.;c|il reached. It requires a certain adaption length to reach the
equilibrium concentration over the entire depth. This equilibrium concen-
tration belongs to the flow conditions present and the sediment characteristics.

1.0 -

-4

—_—
4

075

ehazy = 50 -“/-
w/..t 001064

a5

chezy s 50m “/s
w/y t0.1118

3 15 . 0 43 -89 -
Fig. 3.10. Adaptation concentration vertical (after Galappatti, 1983)

In Fig. 3.10 the theoretical adaptation of the concentrations determined by
Calsppatti (1983) is given. It has been assumed that at a distance z = 0.0125
the concentration is instantanecusly equal to the equilibrium concentratiem.
(here for x > 0).




It appears that the adapiation Length depends on the parameter W/u, and the

rouglhness (C-value). In this example no sediment supply at x=0 is presert.

Hence erosion will follow for x -~ 0. In Fig. 3.0 the situation is considered

for which no erosion has yet taken place (thus gmall value of t).

In practice morphological computations are carried out with numerical models

1f L is the adaptation length than two cases

with discrete vnlues Ax and At.

can be distinguished

eAx > L. In this case the one-dimensional morphological model can be used

for suspended load as for bed load.

e Ax < L. Now in fact a two dimensional (vertical) model has to be used.

The concentration ¢ (x,z,t) has to be calculated and the transport

' = fu ¢ dz has to be deternined before bed-level variations by means of

the equation of continuity for the sediment can be computed.

Between these two cases Galappatti (1983) has developed an asymototic

approach which extends the region for which a one-dimensional approach can

be used. (See Sub-Section 3.3

3.3. Two-dimensional approaches

3.3.1. Flow in river bends
To understand the bed level in river bends some attention has to be paid
‘to the details of the flow in bends of

open channels.

In Fig. 3.11 a circular bend 1n a
laboratory flume is sketched. The up-
stream and downstream parts of the flume

are straight. The (fixed) bed is horizontal.

In the first approach friction is neglected.
This implies that potential flow can be

o postulated. In this problem a natural
coordinate system is appropriate. Here s

{s the coordinate along the streamline and

Fig. 3.11. Circular bend.



n the direction nornal to thc flow line (thus s-n is the horizontal plane). l
The b-axis is perpendiculur to the s-n plane. The components of the velocity
vector are u_, u_ and Yy respectively. According to the definitions _of s,n and I

b it holds u_ ¢ 0; u = 0 and up = 0. However, derivatives of v and uy exist.

For steady flow the momentum equations in the natural coordinate system read:

du

s .13, . | (3-54) l
s 9s p 3s 5 ’ % ; :

Vs 1

~F e iR an . , (3-55)

r p an n

- § - -56
0 Dab+nb (3-56) l
in which p is the pressure. The right-hand sides contain the components of I

the acceleration a'that is present in addition (e.g. due to gravity and/or
friction). In Eq. (3-55) the radius of curvature of the streamline is l

indicated by the parameter r.

If friction is neglected only g is present in a'. This implies a'8=0; a'n =0 l
and a'b = g. Hence Eq. (3-56) indicates that in the (vertical) b-direction

the hydrostatic pressure distaibution is present. l

If the piezometric head 15 measured from the bed level, then the Bernoulli I

equation along the streamline gives

u 2 -
— + a = constant (3=5.2) I
2g

The absence of friction means that potential flow can be postulated. This

means that here ialone Bernoulli-constant for the entire flow field. '

In the n-direction holds

c
~
]w

(3-58)

{gla-z))

o
ar
=]
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if z is the distance te tlic botton.
lience
2
u
s da
gr ~ 5n (3-59)

Differentiation of Eq. (3-57) with respect to r glves

us aus da
9 3r ta " .

The coordinate n is taken positive in the direction of the centre of curvature,.
Hence 3/3r = -3 /3n. Combining Eqs. (3-59) and (3-60) gives

2
Ys __3a_2a__" %% T (3-61)
gr an ar g 39dr
or
=1
u =y (3-62)
s

Hence the assumption of potential flow leads to the conclusion that the largest

flow velocities are found in the inner bend.

Now the influence of friction can be taken into consideration. In a vertical
there is only one value of da/dr. As u is due to friction 1argef at the
water surface than near the bed it holds ' '

u -
e vater surface — —= > 92

g dr dr

us dus da

e N
e bed level - ==

Hence the water particles near the water surface are slightly deviating out-
ward vhereas the water particles near the bed are slightly deviating inward
(usg-'l du'ldr relatively small). Thus in
the bend there exists a heldicoidal {Llow.
This helicoidal flow is composed of a main

current in the direction of the channel

OUTER BEND

INNER BEND

axis and a circulation in the cross-section
(Fig. '3:12),

Fig. 3.12. Circulation in the cross-section
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The water level in the bend has a slope perpendicular te the river axis.
The value of the difference in head (AH) accross the river can be estinated
using Eq. (3-59).

1f ro is the radius of curvature of the inner bend then

r +B
©  u N
BH= f oo dy (3-63)
) o 9
o

Example:
For the River Waal at a certain place B ™ 2 km and B = 260 m. The average flow
velocity 48 u_ = 1.2 m/s. The Eq. (3-63) can be approached by

e »

e s2 s e 11:2)2. 260
g(r° + LB) ° 9.8(2000 + 130)

=0.02 m (3-64)

So far it has been assumed that the bed level in the bend is horizontal.
However, when the bed is mobile, this is not a stable situation. Due to the
helicoidal flow near the bed the transport will have a direction to the

inner bend. The means that the transport vector has a component in the
direction transverse to the channel axis. The inner bend becomes Bhallower
while the outer bend gets a greater depth. The cross slope becomes so steep
that the perpendicular transport component is compensated by a transport
downwards due to gravity. The change of the bed level implies that in a
natural river Eq. (3-62) will not hold anymore. The velocity u is relatively
large then in the oufenr bend.

By Van Bendegom (1947) and Rosovskii (1957) the magnitude of the secondary
velocity has been studied theoretically assuming for the velocity distri-
bution in the vertical a power law and a logarithmic law respectively.

More details can be found in Jansen (1959, p. 59).
In Fig. 3.13 the two theoretical profiles are compared with measurements.

It has to be noted that these measurements are not easy to be carried out
accurately. This is because the velocity vector U has the component u in
the direction of the river axis and the radial component v. Generally

u >> v, This means that a small error in the measurement of u leads to a

large error in v,
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Fig. 3.13. Secondary current (v) in a riverbend: compafison of tﬁeory and

measurement (after Kondrat'ev et af, 1959)

As v<<u, the total shear stress at the bed makes only a small angle § with

the river axis (order of magnitude § = 1 to 2°).

The flow through bends in open channels will not be discussed here in detail.

For a thorough investigation on this topic reference is made to de Vriend (1981)

The studies by Van Bendegom (1947) ‘and Rosovskii (1959) assume that locally
the velocity field is adapted to the local radius of curvature, According

to de Vriend and Struiksma (1983) this can only be the case if there is much
friction! In general there will be phase lag. The velocity field lags behind
the change in geometry (expressed e. g. in the radius of curvature). It seems

that this lag is essential in explaining the bed topography in river bends.

Experimentally it has been shown (de Vries, 1961) that in the branches of

the Rhine in the Netherlands phase lags do exist in the bends between some
morphological parameters. If along a line parallel to the river axis the flow
velocity u(s,r), the depth a(s,r) and the mean grain size D (s r) are measured,
then these morphological parameters vary in the s-direction. By treating

the experimental data statistically it was shown that u reacts more downstream
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than a on a variation in the radius of curvature and Dm rTcacts more downstream
than u. These tendencies were also found in a scale model of a reach
of the Lower Rhine. This demonstrates the complexity of the flow in a curved

alluvial channel especially if the bed material is not uniform, as usually is

the case in nature.

3.3.2. Bed configurations in bends

The bed configuration in river bends are of paramount importance in river
engineering. In the bends the depth at the outerbend is of importance in the
design of bankprotections. Also the availabe width in the bend with a certain
required depth for navigation is important to know. Between the bends

i.e. at the alver crossingd the available depth is of importance to navigation.

An early statistic research was carried out by Lely (1922) for the Rhine
branches in the Netherlands. The research was carried out for rivers reaches
with constant width (B) and fixed banks. Lely's conclusions-were ——
e The mean depth across the river in the bends is about the same as at
the crossings.
e The change in the curvature (r) of the bend leads to a change in the
transverse slope (8) of the bed. The transverse slope reacts about
1% B downstream of a change in r (phase lag).

e The magnitude of B8 depends on r with (metric units):

w22 ' (3-65)
r

Based on the work of van Bendegom (1947) in NEDECO (1959) a method is given
to compute.for a hypothetical river with fixed banks the depth accross the
river for anlinfinitely long circular bend. Hence this approach does not
consider a variation in the s-direction. Using the expression for the bed

shear stress it was derived:

da 3 dr - '
aZ "~ Eaix rAD . (3-66)

in which

r = radius of curvature of the circular bend
D = mean grain rize

ix = Jongitudinal slope
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and

2n2

. (3-67)
¥ (n+2) (n+3)

The parameter n i{s here rhe exponent of the powerlaw for the vertical velocity
-1 .
distributfon (u(z) = 2" )

~

The additional hypothesis

i .r=4 .r ' (3-68)
x o (o] . . = 7

(in which the subscript o stands for the outer bend) 1s queétioﬁaﬁlc;
Equations (3-66) and (3-68) lead to

s
This equation sometimes gives good.results especially as the coefficient

can be used to tune the equation, this in fact also holds for D.

(3-69)

B |
]
|-
H |-

1 I.Suioro
- r AD
o

Apmann (1972) studies the same problem. He argues that
da a2 ' (3-70)

in vhich the coefficient m depends on the flow paramefer sD/ai. The maximum
depth a2 ax in the outer bend follows then from

a (m+1) (1-r,/r )
max _ - i""o : (3-71)
a m+

{ri/ro }

From measurements of the Buffalo Creek a value m = 2.5 i{s deduced by Apmann.

For the Rhine branches in the Netherlands m =7 is .ound.

Odgaard (1981) concludes that for this axial-symretrical approach the expression.

da/dr

o/t = K. (3-72)

axis
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is used by various authors albeit that the expression for K differs. According

to Odgaard the expression bk = ZFDZ is uced Ly van Bendegom (1947) with

FD - Ey#EES.- Odpaard uses laboratory mecasurerments from Zirrerman & Kennedy (1978)
and his own data from the Sacramento River. He concludes that his expression

for K has to be preferred above the ones used by others. 0dgaard does not

discuss the work of Apmann (1%72). g

“

The above indicated approaches all considered axial-symmetrical flow and there-
fore ncglect phase lags betwecn u and a. Moreover uniform bed material 1is

postulated (no grain sorting in the bends).

A completely different approach to predict the bed topography is river bends
is indicated by Finstein. This is a statjistical analysis and synthesis based
on the followinp assumptions. The basic idea is that for a river reach with
(nearly) constant width

e The regime Q(t) is the same.

e The composition of the bed material is the same.

e The influences of the banks can be neglected if B/a >> 1.

For each cross-section therefore only the geometry in the horizontal plan is

different. The geometry is expressed by the radius of curvature only.

For the river considered part of the reach is used to deduce the statistical
parameters and they are used to predict the bed morphology downstream. There-
fore measured bed level zb(y) are matched with a linear series of (orthogonal)

legendre poiyncmials Pr(y). Here y is measured perpendicular to the river axis.

-1.0 -0.5 0.0 -05 «1.0
<10 : k . E

<0.5 1
004--

-0.5 1

10 - |
-1.0 =-0.5 o0 «05 «10

Fig. 3.14. Lepcndre polynomials
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The functions Pr(y) arve given in Fip. 3.14.
zb(y) = aoPo(y) - anl(y) + . + arPr(y) + e + BNPN(Y) (3-73)

The parameters a for any cross-section n are related to the curvature C of

the cross-section p upstream of n according to

Po

= A + I . Co(3-
8o ort I Ap'r (:“_];,+l . (3-74)

The parameters a belong to a certain cross-section whereas the parameters A

belong to the entire river.

The procedure is now as follows:

Analysis: _

(1 ) Use the measured bed levels zb(y) to determine the coefficient ar from
Eq. (3-73).

(11) For the river with known geometry (C) determine the paramefer A from
Eq. (3-74). '

Synthesis:

(1 ) In Eq. (3-74) the parameters A are now known. For another part of the
river C is known thus a_  can be computed from Eq. (3-74).

»

(11) With known parameters e o in Eq. (3-73) the bed level zb(y) can be

computed.

It remains to be seen how -aﬂy (N) polynomials have to be used. Moreover the
number (po) of cross-sections upstream of the cross-sections considered has
to be selected.

Einstein (1971) used in his application to the Missouri River N = 6 and he
took P; * 15 which means a distance of about 2 km.

Nijdam (1973) applied the method to the Waal River. He also took N = 6 but
selected = 30 which means that the geometry upto a distance of 31 km

upstream of the cross-section considered is responsible for the bed level

in that cross-section. /zf’#__?ﬁﬁ\\
% 2NN

'®)
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Fig. 3.15. Statistical prediction of bed levels (Waal River after Nijdam, 1973)

Some results are given in Fig. 3.16. It has to be remarked that the result is
sensitive to the selection of Bl Moreover Nijdam reports ;E;E“the renults

are less good at the crossings. Hith respect to Fig. 3.16 it has to be remarked
that the disagreement for section B between measured and predicted bed level at
the left hand bank seems to be due to the fact that locally a groin is present.

Hence the assumption of absence of wall-influences is there not justified.
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The statistical method treated have has ancther esscential underlying assumption
v4Z the presence of an alfuvial bed. 1f part of the bed 1s not erodible (rock,
clay-layers, armoured areac) then the prediction fails. Obviously the methnd
also fails in the case for the Meuse River near Roermond in the Netherlands.
The bed consists there of gravel that only is transported at large discharges.

At moderate discharges some sand is trans-

OUTER BEND INNER BEND ported over the gravel bed. The bed profile
of the bends in this river differs from an
alluvial river (Fig. 3.16). There is no

\\\\\GRAVEL SAND sand deposition in the outer bend. Via the
crossing the sand is transported to the

inner bend. There sand deposits are prehent.
In this river morphological predictions are
Fig. 3.16. Cross-section Meuse difficult, because transport formulae do not

River near Roermond apply. Hence the transport of sand in a reach

is governed by the 4upply at the upstream end. This is a similar situation as
can be present in an alluvial river with suspended load. For this part of the
Meuse River the sediment transport is smaflfer than the sediment transport

capacity. The gravel layers prevent erosion.

Gradually it becomes possible to compute bed levels in alluvial bends based
on the hydrodfnnmic equations. In the two-dimensional (horizontal) water
equations the effect of the helicoidal flow has to be incorporated. The
sediment equations have also to be taken for the two-dimensional case. More-

over some formula has to be adopted for the direction of the transport.

In Fig. 3.17 some results are given ot the two-dimensional model SEDIBO being
developed by the Delft Hydraulics Laboratory (Schilperoort et af, 1984).
The results look promissing in spite of the fact that the presence of uniform

sediment was assumed. The computations have been carried out for a constant

discharge.

The development of these types of morphological models is in the direction

of also including the case of a sediment mixture and/or the presence of
suspended load,
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3.3.3 Two-dimensional vertical

In Sub-Section 3.2.5 1t has already been indicated that in the case of sus-
pended load chanres in the geometry over relutively short distances may cause
that the local sediment tr;ﬁsport is not equal to the local sediment transport
capacity. R

The mathenatical models with one space dimension can then not be used. In
stead a two-dimensional model (vertical) is applied to determine the sediment
concentration ¢ (x,z). In that case no sediment transport formula is applied

but the transport is determined by the integral /¢(z) u(z) dz over the depth.

For a first introduction in this type of models reference can be made to
Kerssens ef af(1979).
The concentration (x,z) is determined by solving the two-dimensional convection-

diffusion equation

u—ai

2 3% 4 . -
ax Bz iWrE-l=0 (3-75)

in which

W = fall velocity
€ = e(z) = eddy viscosity

Note that if the flow is steady uniform for both water and sediment, than the
first term of Eq. (3-75) disappears. Equation (3-75) then leads to the well-
known Rouse-distribution for uniforw flow. The solution of Eq. (3-75) requires
a boundarﬁ condition lt.the bed. The discussion of these type of models is

outside the scope of these lecture notes.
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4. Morphological predictions

4.1. General

Artificial interference 1in a river system by engineering works (discharge
regulation, water level regulation, normalization, canalization ete.) will
lead to a response of the river. It 15 required to predict the response to

the artificial interference,. However, only part of the responﬁe can be

predicted.

For instance if the discharge of a river is controled by installing a large
dam (like in the River Nile and the Zambezi River) it can be expected

that major changes can take place downstream in the characteristics of the
river. To the writer's knowledge no prediction techniques have been success-
ful in the respect. At best the regime theony can be used to predict some
tendencies. This 'theory' (see Graf, 1971, p. 243-272) has little to do with
a theory in the usual sense. River characteristics are related statistically,
However, to use this statistical relations to predict changes when the
boundary conditions (e.g. by discharge control) are altered is questionable,
No rivers have been analysed thoroughly in this respect. This also due to

the fact that changing of the appearance of a river takes time and the regime
‘theory® does not contain time as a parameter.,

The best predictions of changes can be carried out when the morphological
problems involved can be described in a deterministic way. This is why in
this Chapter the predictions are restriced to cases in which the banks are

fixed or when the mobility of the banks is much smaller than that of the
(alluvial) bed.

The morphological predictions can in Principle be obtained by scale models

and mathematical models. However, some problems are too complicated to give
a reliable prediction.

As an example the morphological Problems present at the acces: to the ports of
Brazzaville (Congo) can be mentioned. Figure 4.1 gives the situation of the

'Port 3 Grumes' (Timberport) along the Congolese branch of the Congo River,
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KINTELE

'Port a Grumes'

Fig. 4.1. situation '"Port & Grumes', Brazzaville I

The main branch of the river flows along the other side of the M'bamou Island.

(Zairese branch). Just downstream éf Brazzaville and Kinshasa the Kintamo

rapids are situated. This is why at the pcrt the logs transported aleng the

river are loaded on train; to be transported to the coast (Pointe Noire). i
The Congolese branch is characterized by islands and bars. Aithough the sediment
transport of the Congo River is relatively small (see Table 1.1) nevertheless i

serious morphological problems can occur (D = ¥ mm).
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The 'Port 3 Grumes' has been designed in the sixties when the deep channel
of the Congolese branch had a favourite position with respect to the river
bank near Brazzaville. In 1972 the port was completed.

In 1977 the access to the port became difficult. In 1982 the deep channel

of the Congolese branch was located at a large distance fror the river bank,
(Fig. 4.2). ’

Bank il baiiis
1965 (deep channe)} e—
1982 (deep channel)m — —
Rock

Fig. 4.2. Channel changes of the Congo River near Brazzaville

The prediction of these changes in the position of the channel(s) by means of
a scale model 18 not possible because a large area has to be reproduced. At
present (1985) also a mathematical model is not available for quantitative
forecasts. This is because the flow pattern has a strong three-dimensional
character governing the distribution of sediment upstream of the bars and the

islands. .

Civen the size of the problem 1t is questionable whether river engineering
works (perhaps except maintenance dredging) can improve the situation. Logically

the problems are most serfous for navigation in dry years (see also Fig. 1.2).
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In the following sections the possible morphological prediction for some
cases are treated. It will become clear that the river has to be schematized
considerably to make morpholopical computations possible. The predictiuns are

only carried out for preblems that can be schematized in one space dirmension.

4.2. Withdrawal of water

4.2.1. Principle

In Sub-Section 3.2.4 (Case I) the basic principle is considered on treating the
the problem of withdrawal of water from a river. In practice the water is with-

drawn for irrigation, industrial water, cooling water, etc.

The case is taken in which water is withdrawn at x = L from the varying dis-
charge Q(t) of the river. The discharge withdrawn ( Q) may also vary in time.
Downstream (x L) the reaction of the river has to be considered. In this

case the banks are supposed to be fixed and the bed material is uniform.

First of all the new equilibrium situation (Subscript 1) is investigated. The
probability distribution fo{Q} of the the old situation changes into f, { Q)
for the new situation.

As the yearly sediment transport is the same in the two cases:
0! s(Q) . fo{Q}dQ = J'S(Q)- fl{Q} dQ (4-1)

Using as an approximation a powerlaw for the sediment transport, i.e. using

Eq. (2-6) for B = constant gives

3/11

i = n/y S 5
1?1 jlf Q fg{Q}dQ (‘._2)

o 9"9"’3 £,{Q}dg

As less water has to transport the same amount of sediment, ib ibo'
At the mouth for the same reason the depth will decrease.
For a constant width B the ratio for the depths 1q the mouth (ao Iaoo)
can be deduced from Eq. (2-10)
’ - 1/n
0 Df"Q“fm{dQl (4-3)

00 Df-angQ{dQ]
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Fig. 4.3. Withdrawal of water at x = L C> = NI % 2

In Pig. 4.3 the changes of the bed are drawn for a constant discharge. The
water level at the intake rises with an amount L'Aib. At the mouth the depth
reduces with 8 a = a - a .,

o oo o}
Note that the 'same depth reduction is present at the intake!

Just downstream of the intake the bed level rises eventually with A a + L. ibf

Remank :
It requires some nddfiiqnnl analysis to see how Pig. 4.3 would look like for
a regime with IO{Q} which is transformed into fl{ Q) due-to the withdrawal of

water. The bed levels remain the same but the water levels have to be given

further attention.

Downstream of the intake Fig. 4.3 can be interpreted as the situation for a
discharge le for which just uniform flow exists with a normal depth just
equal.to 2. This discharge is found from

-
=N . n * =-n n
a IOQ fI{Q}dQ =a . le (4=4)

Upstream of the intake uniform flow with normal depth equal to a 1is present

for a discharge Qdo with
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=N = n =N n -
a Uf Q fD(Q] dQ = a_ Q. (4-5)

The continuity of 4ediment in the new equilibrium situation requires

. = -
a Qd = a Qd ‘ (4-6)
As ll g it follows Qd1< Qdo' The character of the backwater curve for the
steady flow in Fig. 4.3 upstream. of the intake depends now in the value of 4 Q
(the discharge withdrawn). Upstreamof the intake the flow is uniform if just
AQ = = s

Q Qdo -le. Other possibilities are:

(1) 4Q >Q, - Q, . The upstream discharge 18 now Q_ = Q, +AQ >Q, . There
do d; o d, do
will be a backwater curve of the M, type.
(11) AQ < Qdo - le. The upstream discharge is Qo - le + AQ < Qdo' Now upstream
of the intake the backwater curve will be of the M;-type.

4.2.2, Application of fixed weir

In order to obtain a sufficiently high water level at the intake sometimes a

fixed weir is installed. This is common practice on Java to withdraw irrigation

water from a river. In this case the water level at the intake is discontinuous.

The bed level upstream of the weir is obviously influenced by the presence of
the weir. In case all sediment passes eventually the weir (t+«) the bed level
can be estimated. This is the case if the sediment passes over the top of the
veir or when it is flushed through the weir by special gates.

The yearly sediment transport in the old

equilibrium situation amount to
V= é s(Q) . fo{Q] . dQ (4-7)

When this yearly amount passes the weir then

the eventual average bed level rise (4 zb)

the transport formula as a function of the
depth,
Fig. 4.4, Sedimentation upstream

of fixed weir,

upstream of the weir can be found by expressing

e e o PO
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1f a is the height of the crest of the weir above the original bed level then
the depth (a]) upstream of the weir follows from (Fig. 4.4):

;]-a°+Aﬂ-Azb (4-8)

in which the depth of flow (A H) over the weir is a (known) functions of the
discharge (Q). Herice with S=Bmu"

VesBm {—2 )™ ¢ (0).a0 (4-9)
0 B(ao+AH-Azh) o
Combination of Eqs. (4-7) and (4-9) shows that Azb is the only unknown.
Solution is possible e.g. by weans of the negula falss. Note that in this
case f{Q} is the same in the old and the new situation. Naturally any

suitable (real) sediment transport formula can be used.

4.2.3. Example: Morphological predictions Tana River

In Jansen (1979, p.433-440) a practical example is given regarding the

morphological consequences of a proposed weir in the Tana River. The water

is withdrawn for irrigation purposes.

|
\

- - -

. KENTA

Tamlamia

Fig. 4.5. Tana River (Kenya)
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The computations were made with the Engelurd-Hansen (1967) transport formula
-4
(n = 5) based on the availabe data (Dgp = 0.32 mmj io = 0.35-10 ). Using

Eq. (4-9) the eventual risc of the bedlevel upstream of the weir was estimated

at sz, = 2 o for &8 = 4m. - I

Note: In Jansen (1979, p.437) the term (1 - dh/ds) in Egs. (6.4-12),
(6:4-13) and (6.4-15) has to be deleted.

As can be seen froﬁ fable 3.2 the Tana River is relatively fast. The main

reason to carry out time-depending computations was the wish to get informed

about zb(t) downstream of the welir. Qualitatively tempor;ry erosion can there

be expected. This is due to the fact that for small values of t a small sediment

supply via the weir will be present due to the sedimentation upstream of the

weir. The computations showed a temporary degradation of 3 to 4 m downstream

of the weir to be reached after 6 months. Note that on top of this degradation

focal scour downstream of the weir may be present.

4.3, Withdrawval of sediment
In Sub-Section 3.2.4 the principle of the withdrawal of sediment from a river

has been discussed with respect to the new equilibrium situation (t+ =) due to

the continuous dredging of part of the sediment transported.

Now the problem will be treated in a more general sense. The problem can occur
due to 'sand mining'. However, a similar problem can be present due to the
subsidence of the river bed due to mining of gas, oil, coal, etc. in deep
layers below the river bed. From the basic equations (see Sub-Section 3.2:1)
the water equations are still valid. This holds also for the equations for the

sediment transport.

The equation of continuity for the solid phase requires a change. This

equation now reeds

3=
b . ds

_—
it x

== = W(x,t) (4-10)

The right-hand side represents a sounce-tenm describing the lowering of the

bed due to subsidence. This term will be non-zero in a certain reach of a river.

T smn -




Fig. 4.6. Sediment withdrawal (t = 0 and t+*=)

In Fig. 4.6 the situation is sketched for continuous dredging of 4 S at x = L.
As has been shown in Sub-Section 3.2.1 downstream of x = L the slope will
for t+ = become flatter and the depth smaller. For a constant discharge the

wvater level at x = L will lower over a distance Ah = L:Ai = L(i0 - 11).

In the interval 0 < x < L the depth will increase byaA a, following from

Eq. (3-49). Just downstream of x = L the bed will finally have lowered over
a distance Azb(L.-) =Ah +4A no.AAt x = L the bed level is discontinuous. The
bottom step is Aao. For all values x > L both the bed levels and the water

levels are lowered by Ah,

In Fig. 4.6 a mild positive bedslope has been assumed. Therefore the flow
is subcritical. Note that the water level and bed level have to be drawn

lta;fihg.fronithé_;rOIioﬁ—bnse (sea or lake level). This is the only point

that remains the same for t = 0 and t+ =,

Remank:

(1 ) The situation of Fig. 4.6 is a rather theoretical one. In practice both
Q and AS will be time-depending. However, to understand the results of
time-depending morphological computations such a simplified case is of
great help.

(11) ‘the lowaring of water- and bed-levels due to withdrawal of sediment may
have negative gide-effects to other users of the river (e.g. for a water

intake).
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4.4, Constriction of width

Figure 4.6 gives also the general solution for t=+ = 1f the width is constricted

in the interval 0 < x < L. For the smaller width the slope becomes flatter and

the depth larger. (See also Fig. 3.9).

To understand the morphological phenomena it is of impcrtance to study the

situation at t = 0 thus before any change of the bed has taken place.

= .
——eemr
A H2 xl\\-;:--

-

Fig. 4.7. Constriction of width: situation at t = 0.

In Fig. 4.7 the longitudinal profile is given. In the reach 0 < x <L the width

has been reduced from B to B). Therefore the nonmal depth is there larger. -For

a mild positive slope backwater curve M, and M, are present as indicated in |

Fig. 4&.7. _

This ginn regions of erosion and sedimentation. In Fig. 4.8 the function S(x,0)

is indicated qualitatively.

sedimentation |, erosion
_x=0 x=L

Fig. 4.8B. Function S(xﬂo) due to constriction.

e ————— -
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At x = 0 and x = L there will be discontinuities in the bed level. To study

these discontinuities it is of importance to realize that both the transport

of water and sediment 1s continuous at x = O and x = L. However, the continuity

of the sediment cannot be studied by

ar

z

o
o
0
"

|
|

B +

> 0 ) , (4-11)

ar

t

ar

becauscd z, /3t 15 not defined at the discontinuities, However, the continuity

equation holdn in the 4n£egna£ form namely S_= S . Moreover ofcourse Q = Q
Hence with s = m u " and q = u.a.

n-1
R I (4-12)
a B
- +

As the wvater level 1is continuous the step in the bed level is equal to the
differenceld a = a, - =a

® For x = 0 the result isg a_(o,t) < a+(o.t). Hence there is a downuward bottom
step in the flow direction.

e For x = L the result is a_(L,t) > n+(L.t). This gives in the flow direction
a step upward in the bottom.

The function S(x,0) as indicated in Fig. 4.8 will lead to erosion and sedimen-
tation. At x > L temporary sedimentation takes place which has disappeared at

t+ =, In the final situation, for a constant discharge Q the sediment trans-
port follows from S(x,=) = constant = S o

For t+ = Eﬁé'followI;E—Eﬂlnges,of the bed level‘compared to the old equilibrium
are present

° x> L no change

L]
® 0 <x <L lovering = (1o - 11)(L - x) +4az b
» - x< 0 lovering = (1o - 11)L

in which Az'b follows from Eq. (3-52) and i, from Eq. (3-53).
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4.5. Bend cutting

River navigation may be improved by cutting a sharp bend. In Fig. 4.9 a schematic
example is given. A morphological computation has been carried out for a varying

discharge, solving Egqs. (3-17) and (3-18).

In order to understand the morphological processes Fig. 4.10 indicates the principle.
In this figure the water level differences are exaggerated. In the new bend

(reach II) it is assumed that the bed level at t = 0 follows a straight line

between the bed levels of the reaches I and III of the river. The length L of

the original bend is shortened to Lj. Thus 1 > ib . AB q™= Ca?'/2 ib it follows i

a <a . Hence at t = 0 backwater curves are present (Figs. & 9 and 4.10).
1

S(

—— m’/d.y

LD LOAD

——= LEVEL N m

|
|/

WitiaL CONDITION
------- — AFTER | YEAR fomemicie
— e AFI1CRA T YLARS
e Wimeall COURIBRRA

:
= WMnimre el e e —————
.

40 a2 as

——— DISTANCE N am

Fig. 4.9. Short-cut of a single channel (after Jansen, 1979)

————— -

»
o
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AL.I|.- te=tyl.iy,

Fig. 4.10. Principle of bend-cutting (t = 0)
The situation for t ;—a—cannot be an equilibrium one. The velocity gradients
(3u/dx) lead to transport gradients (3s/2x). Hence3d zblat ¥ 0.

In Fig. 4.11 schematically the
function S(x,0) is sketched for
the case B(x) = coﬁstant. As
azb/a: + 38/3x = 0 the reach I

|
. |
| |
@ I ® { has erosion for t = 0., Sedimenta-
! I
1 1

tion occurs in reach II (t = 0).

S( ,0)

sedimentation

X For t > 0 temporary sedimentation
" occurs in reach III.
Fig. 4.11 Punction S(x,0) for Fig. 4.10.

For reach IT at t += the original bed level is again present. For t+ = the bed

level in reach I has been lowered by Azb - (Lo - L )1b.

Remark: .

(1 ) Por slow rivers dredging in the new bend will prevent the éemporlry
reduction of the depth in reach III due to sedimentation. For quick
rivers this is not necessary. One may even dredge along the alignment
of the new bend a pllof channel. The river will then r?l:h relatively -
soon the new situation.

(11) Naturally the old bend will be closed by means of a dam preferably during
low dischargen: For Fig. 4.9 the computations have been carried out

assuming that at t = 0 the dam was constructed.
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4.6, Channel closure

In Fig. 4.12 an example is given, taken from Jansen (1979, p.34B) regarding

the increase of .depth for navigation by the closure of one river branch.
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Fig. 4.12. Closure of a branch (after Jansen, 1979)
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In this case the river 1s flowing around an irland. The narrow branch is
closed in order to arrive eventualfy at the situation that the other branch
is deepended. In the example of Fig. 4.12 the discharge varies in time.

To understand the behaviour of zb(x.t) first the situation for a constant dis-

charge is considered.

For t < 0 at ' x = 0 (the bifurcation) and at x = L (the cénfluence) a step in
the bed level bzo will be present. This step Flnﬁot be computed as it depends
on the distribution of the sediment at the bifurcation (see Section 2.4). Also

the slopes in the two branches for t < 0 depend in the distribution of water
and sediment at the bifurcation.
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Fig. 4.13. Principle of channel closure (t = 0).

In Fig. 4.13 the situation at t = 0 is given; the minor branch has just been
, closed. The essential Jifference wich Fig. 4.10 is that here the bottom steps

Azo are present; they o:'zinate from the situation at t < O,
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Besides these two steps there are two more steps present due to the change
in width at x = 0 and x = L for t > 0. These are the steps treated in
Sub-Section 3.2.4 (Case 111).

Thus for t > O there are four bottom steps present:
e For x = 0: (1 ) The step because Bo > B,. This step remains at x = 0 for t > 0.
(11 ) The steps z originates from t < 0. This propagates downstream
for t > 0, It is an.expansion wave, so it becomes flatter for
t > 0. _ _ S e o
@ For x = L: (iii) A step because Bz < B;. thin'step stays af x.- L.
(iv ) A step Azo from the situation at t < 0. This discontinuity

propagates downstream for t > 0. It is a shockwave.

To understand the behaviour of step (i1) and (iv) reference can be made to

Fig. 3.4 vhere the deformation of a hump is5 sketched.

Inspection of Fig. 4.13 shows that zb(x.t) indeed contains the four bottom
steps indicated above.

Remanks :

(1 ) As vas explained in Section 4.4 the presence of discontinuities in the
width at x = 0 and x = L makes that the di{fferential equation expressing
the sediment continuity does not apply at-the discontinuities because
? zblat is not defined there. The continuity of sediment is expressed in
integral form because S(x,t) is continuous.

(11) Figure 4.12 shows that the water depth downstream of the island is tempo-
rary decreased due to sedimentation. Apparently the example regards a
relatively slow river. In practice it may be advisable to 'help' the river

by mesns of dredging. Otherwise the benefit of the local river improvement

will be obtained only after some time,




B3

Refenences

Ackers, P. and F.C. Charlton (1970) Meander geometry arising from varying
flows. Journal of Hydrology, 11, 3, pp. 230-252, ’

Apmnﬁh:-R;P. (l;?é;nflow processes in open chanqel bends. ASCE Journal Hydr.
Div. HY 5, pp. 795-810. N

Bagnold, R.A. (1962) Autosuspension of transported sediment; turbidity currents.
Proc. R. Soc. London, Ser. A, 265, 1322, pp. 315-319. )

Bendegom, L. van (1947) Some considerations on river morphology and river
training (in Dutch). De Ingenieur, 59, 4, B&W, pp. B1-Bl2.

Breusers, H.N.C. (1984) Lecture notes on sediment transport I. Int, Course
in Hydr. Eng. Delft.

Bulle, H. (1926) Investigations on the trapping of bed-load in branching rivers
(in German). VDI-Verlag, Forchungsarbeit auf dem Gebiets des
Ingenieurswesens, Berlin, Heft 283.

Canby, T.Y. (1984) El Nino's 111 wind. National Geographic. Vol. 165, No. 2,
Febr. 1984.

Ch;ng. H.H. (1984) Regular meander path model. Proc. ASCE, Vol. 110, ®Y 10,
paper 19214 pp. 1398-1411.

Chow, V.T. (1959) Open channelf hydraulics. Mc Graw-Hill, New York, (Civil
Eng. Series) 680 pp. ' '

DHL (1971) Regularizacion del Rfo Apure en la proximidad de San Fernando
(in Spanish), Delft Hydr. Lab. Report R 515.

Eagleson, P.S. (1970) Dunamic Hydrolony Mc. Graw-Rill, New York, 462 pp.

EC/DHL (1980) Identification study on the ecological impact of the Stiegler's
Gorge power and flood control project. Euroconsult/Delft Hydr. lab.

Einstein, H.A. (1971) Probability; statistical and stochastic solutions.
Proc. First Symp. on Stochastic Hydraulics. Pittsburg, pp. 9-27.

Engelund, F. (1974) Flow and bed topography in channel bends. ASCE.

Journal Hvdr. Div. HY 11, pp. 1631-1648B.

Fournier, (1969) Transport solider ¢:iectufs par les cours d'eau (in French)
Bulletin IASH, 14, 3, . 7-49.

Calappatti, R. (1983) A depth integrated model for suspended transport. Delft
Univ.-of Technology. Dept. of Civil Eng. Comm. on Hydraulics, .
Report no. B83-7,

Graf, W.H. (1971) Huydraulics o sediment transmonrt. McCraw-Hill, New York etec.
513 pp.



64

Gumbel, E.J. (1958) Statistical theory of floods and droughts. J. Instn.
Water Engrs. , 12, 3, pp. 157-184.
Henderson, F.M. (1966) Open channel {fow. Macnillan series in civil eng.
New York.
Ikeda, S.; G. Parker and K. Saway (1981) Bend theory of river meanders.
Part 1. Linear development. Journal of'fluid Mech. Vel. 112,
pp. 363-377,
Jansen, P.Ph. (Ed.) (1979) Paincipfes of River Engineerina. Pitman, London,
509 pp. '
Kerssens, P.J.M.; A. Prins and L.C. van Rijn (1979) Model for auspénded load-
tranéport. Journal of the Hydr. Div. ASCE, HY 5, May 1979, PP. 461-476.
Kondrat'ev, N.E.; A.N. Lyapin, 1.V. Popov; S.I. Pin'kovskii; N.N. Fedorov
and I.N. Yakunin (1959) River Flow and channel formation. NSF, Washington
and Israel Progr. for Sci. Transl. Jerusalem 1962.
Leliavsky, S. (1955) An intrnoduction to {Luvial hydraulics. Constable and
Comp. Ltd. London, 257 pp.
Lely, C.W. (1922) Note on the relation between bedslope and radius of curvature
for rivers (in Dutch). Algemene Landsdrukkerij, the Hague.
Leopold, L.B. and M.G. Wolman (1957) River channel pattern; braided meandering
and straight. US Geol. Survey, Washington, D.C., Prof. paper 282-B.
Leopold, L.B. and M.G. Wolman and J.P. Miller (1964) Fluvial phocedses 4n Alvens.
- W.H, Freeman & Comp. San Francisco, 522 PP-
Long Yugian and Xiong Guishu (1981) Sediment measurement in the Yellow River.
Proc. IAHS Symp. Erosion and sediment transport measurement. IAHS
Publ, No. 133,
MITCH (1973) Rio Magdalena and Canal del Dique Survey Project. Mission Técnica.
: Colombo-Holandesa, NEDECO, the Hague,
Mueller, G. (1955) Regulation works in the Vistula River (km 688-693) 4in the
' years 1940-1943 (in German). Die Wasserwirtschaft,45 , 7, pp. 174-179.

Murthy, B.N. (1973) Hydraulics of alluvial streams. Part I. River bed variations-

Aggradation and degradation. Background paper. Int. Seminar on Hydraulic
of Alluvial Streams, IAHR, New Delhi.

Neill, C.R. (Ed.) (1973) Guide fo bridae hudraulics. University of Toronto Press.
191 pp.

NEDECO, (1959) River studies and recommendations on improvement of Niger and
Benue, North Holland Publ. 1000 pp.

Nijdam, H. (1973) Statistical prediction of bed levels in river bends (in Dutch).
Delft Univ. of Techn. Dep. of Civ. Eng. (Master's thesis).




b7

Odgaard, A.J. (19B1) Transverse bed slope in alluvial channel bends. ASCE Journa.
Hydr. Div. HY 12, pp. 1677-1694.

Oleson, K.W. (1983) Alternate bars in and meandering of alluvial rivers.
Communications in Hydraulics, Report No. 83-1., Dept. University of
Technology, Dept. of Civil Eng.

Parker, G.; K. Sawai and S. Ikeda (1982) Bend theéry of river meanders. Part 2.
Non-linear deformation of finite-amplitude bends. Journal of Fluid
Mech. Vol. 115, pp. 303-314. .

Rosovskii, I.L. (1957) Flow of water in bends of open channels. Acad. of Science
of the Ukrainian SSR, Inst. of Hydrology.

Scheidegger, A.E. (1970) Theoretical Geomorphofoay.Second printing, Springer
Verlag, Berlin.

Schilperoort, T.; A. Wijbenga and J.J. van der Zwaard (1984) Mathematical tools
and their growing importance for river engineering. Proc. Fourth Congress,
APD-IAHR, Chiang Mai, Thailand.

Schumm, S.A. (Ed.) "(1972) River morpholooy, Benchmark papers in geology. Dowden,
Hutchinson & Ross Inc. Stroudsburg, Penn. USA, 429 pp.

Schumm, S.A. (1963) Sinuosity of alluvial rivers in the Great Planes. Bull,

Geol. Soc. Am., 74, pp. 1089-1100.
Shen, H.W. (Ed.) (1974) River mechanics (2 volumes) Fort Collins, Colorado State

University.
SOGREAH-SOERNI (1984) Study on the improvement of the access to the 'Port & Grumes'
suiet of Brazzaville (in French). Grenoble-Paris, June 1984.

Speight; J.G. (1965 a) Meander spectra of the Angabunga River, Papua. Journal of
Hydrology, 3, 1, pp. 1-15.

Speight, J.G. (1965 b) Flow and channel characteristics of the Angabﬁnga River,
Papua. Journal of Hydrology, 3,1, pp. 16-36.

Vanoni, V.A. (Ed.) (1975) Sedimentation Ennineerinq. ASCE, New York, 741 pp.

Vlugter, H. (1941) Sediment transport by rurning water (in Dutch). De Ingenieur -

"~ van Ned. Indi8, 8, 3, I 39 - 1 47.

Vlugter, H. (1962) Sediment transportation by running water and the desig- cf
stable channels in alluvial soils. De Ingenieur,74 , 36, B 227-B 231.

Vriend, H.J. (19B1) Steady flow in shallow channel bends. Doct. Di;l. Delft
University of Technology.

Vriend, H.J. de and N. Struiksma (1983) Flow and bed deformation in river bends.

Proc. 'Rivers 1983', New Orleans (afso Delft Hydr. Lab. Publ. No. 317).



vy

B6

Vries, M. de (1959) Transients in bed-load transport (basic considerations).
DHL Report No. R3.

Vries, M. de (1961) Computations on grain sorting in rivers and river models.
Delft Hydr. Lab. Publ. No. 26.

Vries, M. de (1965) Considerations about non-steady bed-load transport in open
channels. IAHR Leningrad 1965 ( afso DHL Publ. no. 36). _

Vries, M. de (1969) Solving river problems by hydraulic and mathematical models.
DHL Publ. no. 76 II.

Vries, M. de (1970) On the accuracy of the bed qaterial sampling. Jourmal Hydr.
Research, 8, 4, pp. 523-533.

Vries, M, de (1975) A morphological time-scale for rivers. IAHR; Sao Paulo, 1975
(also Delft Hydr. Lab. Publ. Ko. 147).

Vries, M. de (1982) A sensitivety analysis applied to morphological computations.
Proc. Third Congress APD-IAHR, Vol. D, pp. 69-100. Bandung.

Wang, D.G. and G.J. Klaassen (1981) Three dimensional phenomena in straight flumes
with mobile bed. Some results of filtering of bed levels and prelimena--
conclusions. Delft Hydr. Lab., TOW-Info R657-XXXV. '

Zeekant, J. (1983) Some hydraulic and morphological parameters of the Dutch Rhine-
branches (in Dutch). Report B83.12 TOW No. A 35, Rijkswaterstaat, Arnhei

Zimmerman, C. and J.F. Kennedy (1978) Transverse bed slopes in curved alluvial

streams. ASCE. Jourmal Hydr. Div. HY 1, pp 33-48.




Main & :ﬂboa

symbol description

O N =W > 0

WHD-G'U.’IF‘;‘HB!:TN:

"

< < M M x € < ¢

N

depth

area

width

celerity
Chézy-coefficient

grain diameters

Froude number
acceleration of gravity
water level

energy head
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pressure
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time
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flow velocity in y-direction

flow velocity in z-direction

fall velocity
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(b)
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BE

bed level
= U/ku‘

relative density sediment = (os -p)o

turbulent viscosity

= z/a = relative depth

von K&rmin constant

= xi/a = length scale river
ripple factor

kinematic viscosity

density of water

density of sediment
shearstress

sediment concentration
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'Enginecering Potamology' 1985

Corrections

page line 8 from bottom: has read had

page 6 last line: demped read damped

page last sentence, read: Im Table 1.1 the rivers are listed by the size
of the catchment area.

page 13 line 8 from bottom: finding read findings

page 18 line 12 from top: This a read This is a

page 29 first line, formula read: Q = BC:J:{;

page 31 third line from bottom: transport unit read transport per unit

page 56 line 7 from bottom: read (1979, p. 59).

page 61 line 12 from top: parameter read parameters

page 70 line 11 from top: (Q) read (AQ)

line 12 from top: (x L) read (x < L)
line 5 from bottom: read ih > 1

1 bo
line 3 from bottom: read (aﬁlla").

P e e e ——————
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Elementary River Mechanics

Improved I ane’s balance
1 Derivations

Assume steady, uniform conditions; discharge, sediment and hydraulic roughness transport
constant. : |

Basic equations:

3 1
1
Q=BCh?i? (1)
s &=mu" - (2)
v 8 =D?m u"
n e . S'
S=BD*my@'=BDPmcC"(hi)? D= gre= SR
Solutions

(a) Solve by eliminating h :

3 3
Qi=Bch?1i?

R 2
hi= |22 |3
BE
; 1-n 2n n n
SDP=BmlC"[9%]=B *meTgid
3-n n n (3)
SpDrPiB 3 Q313 &g

(b) Solve by eliminating i :

1
Q=BCh (hi)?

. Q
s [B—c—ﬁ]z

C:\VDW\LANE.EQ/KA



BCh

S-BD-Pmlc"(hi)’-BD-Pm,c"[ Q T

SDP=B'-"m Q" h~"

SDpPLiBl-=gnKh»
T
2 Applications

(1) Narrowing

B, = B,, hence
Q, S and D constant :

| O B Pl -7 >
(a) Change in slope: “Bo Bi
(T ZZ 7772
n = n
i3 B 3 = constant b

, n-3
1, _ | B o
i |7,

(b) Change in depth:

h " B!'-" = constant

(2) Withdrawal of water

Q, = Q, - AQ, hence
S, B and D constant

(@) Change in slope:

Q i = constant

C:\VDW\LANE.EQ/KA

22—

(4)

teo,B,—5 B

(5)

(6)

(7)



(b) Change in depth:

Q" h*" = constant

h1 - Qa_AQ
B, Q,

(3) Mining of sediment

S, =S, - AS, hence
Q, B and D constant

(@) Change in slope:

n
or Si 3 = constant

3
i, S,-AS |3
5

o

(b) Change in depth:
S h*"

or S h" = constant

1
h, s, 7
h, S,-AS

(4) Water withdrawal including change of width

Including effect on width via regime equation for width, which reads as:
B:: Q% '

(a) Change in slope:

’ 3-n n n
S Dp::( QO.S )T Q'} i's
or

n+3 n

Spr:.Q & 43

C:\VDW\LANE.EQ/KA

(8)

(9)

(10)

")\
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for water with drawal Q, - Q, - AQ, hence S and D are constant

n+3 n

Q % i3 - constant

. JI‘J
4 _ Q, & (11)
1, 0,-40

n-3—r - Q'

(b) Change in depth:

S DF ( QO.S )I-n 0" h-n
SpriiQ * h*

for water withdrawal Q, = Q, - AQ, hence S and D are constant

1+n .
Q T h-" = constant

l+n
ﬁ=[Qo'AQ]T (12)

. 5
Forn=5- _1! = &___AE k
o Qa J

h, Q,-AQ |3
n=3-=_"= |22 ___
ho Qa J

Hence same tendency as for constant width, but less serious effect

C:\VDW\LANE.EQ/KA -



Measure

Influence on slope .

Influence on depth

Q, B, C and D constant

General 5 i
LI R SDPIiB'-" Q" phn
Spr.iB 3 Q34?3
Narrowing 3 i
-B ) n- n -
BB 1, B, n hl ‘ B, n
Enll B o s
Water =
withdrawal 1, Qc hl Qa ~ &0
= i, 0,-30 h, 2,
Sediment . .
T i S,-As |3 h, s, C
3'.: So -}To. So -AS
Q variable (p{Q}), B, C and D constant  {p {Q} = probability distribution of Q)
Waler
withdrawal n 2 _I,
n " n
AQ i _[:Qj P, {0 }do- ﬁ= fQ B, {0 }do
% ’ h, [ o"p {o}a
[@%p {o}ao ’
Q, C and C constant, ;
B according to regime equation Q :: B*3
General
n+3 n l+n
SD0Fiio ¢ 43 s5prisg * hne
Water 5 .
withdrawal 54 Sy
AQ 1 - Qa Zn hl Qa “ A Q In
1, Q,-4AQ h, Q,

Table Overview
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of response of river system to river engineering measures
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7 RESPONSE OF A RIVER SYSTEM TO AFPM

7.1 GENERAL

One of the important aspects when considering the application of AFPM for the Jamuna
River is the estimation of the response of the river system. This response can be divided into:
(1) response at short notice, and

(ii) the long term consequences for the river characteristics.

In this respect also a differentiation in space can be made. Résponscs at short notice usually
are limited in distance at which their effect is noticeable, while long term consequences will
in due time become apparent over the whole distance of the river.

Regarding the response at short notice again a difference can be made, notably the effect
that is actually the purpose of the actual measure, and non-intended side effects. Regarding
the former effect of e.g. placing of bandals, it is of course noticeable in the branch which
has to be closed: gradually sedimentation will occur, the discharge in the channel will be
reduced and also the bank erosion will gradually decrease in time. Non-intended side-effects
can be noticeable in the other branches that are subject to less sediment: degradation and
widening will occur, the discharge in the channels will increase and gradually also the bank
erosion along curved reaches will increase. Understanding of this response is important for
avoiding not-acceptable backlashes. Some initial ideas for assessing this response quantitavily
have been presented in the preceding chapter.

The long term response of the river to AFPM may be that the river characteristics may
change. How serious this will be depends fully on the extent of the AFPM measures. If only
one or two channels are closed yearly, the overall impact will be very small. If, however,
the strategy of the AFPM measures is to reduce the total width of the river to say 10 km and
to tackle all channels that are tending to cross an imaginary line 5 km on both sides of the

centerline of the river, then the measures to be taken are much more . In that case it may be

expected that also the response of the river to this strategy will be much more serious. This
may lead to a reduction of the braiding index (the number of channels per cross-section) and
this in time may lead to larger channels, with deeper scour holes and even larger bank
erosion rates. \

Identification and assessing the extent of these responses are very important as these
responses determine to a large extent socio-economic benefits and damages due to AFPM.
Methods to predict the responses of the river system to AFPM measures are discussed in this
chapter. The discussion presented here is only a summary of a more. extensive literature
investigation to be reported upon later in a separate ANNEX. Based on the literature survey
and a more detailed analysis of the characteristics of the Jamuna River, a method for
application will be selected. In later stages of the project, when a better insight has been

FAP 21722, FINAL REPORT, A.l
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obtained in the AFPM strategies, the impact of these different strategies will be evaluated
using the selected method(s) for assessing the river’s response. Finally at the end of the
project the applicability of these methods to other rivers in Bangladesh will be assessed
within the framework of a study into the applicability of AFPM techniques to other rivers.

In Section 7.2 the imposed and the dependent variables in a river system are dealt with and
discussed. In Section 7.3 a summary is given of prediction methods for especially channel
width, sinuosity, number of channels, and total width of the river system. In Section 7.4 an
overview is given of activities to be undertaken in the near future to select the most

_ appropriate prediction techniques (if there is a choice) for the Jamuna River type of

conditions.

7.2 IMPOSED AND DEPENDENT VARIABLES

7.2.1 General

A river is a complicated system in which quite a number of variables are present. This holds
especially for a braided river system like the Jamuna River. Over the last century the
understanding of the interrelationship between the different variables in a river system has
gradually increased, but even at present this understanding is still quite limited for braided
sand bed river. Predictions can only be made for very schematised conditions.

One of the more common assumptions is that one channel-forming discharge can be
identified, that is responsible for "shaping" the river bed. Usually the bankfull discharge is
selected for this channel forming discharge. In the case of the Jamuna River this is even
more complicated, because there is a difference between the "bar full" discharge (about
38,000 m’/s, see BRTS 2nd Interim Report) and the "bank full" discharge starts to inundate
the flood plain (about 44,000 m*/s, see Klaassen & Vermeer, 1988).

A second problem is the fact that the conditions in a river are often very much time-
dependent. This holds especially for a braided sand bed river (Klaassen & Vermeer, 1988)
for some examples). The changes in the number of channels, width and depth of the
individual channels and the total width of the channels are so quick that the momentary

conditions can differ greatly from the "average" conditions. Still it is assumed here that.

average conditions can be defined, and the present analysis deals especially with these

average conditions. In addition here it is assumed that on the average the river system is in
equilibrium.

7.2.2 Variables and Equations

Assuming that one channel-shaping discharge (here referred to as the dominant discharge Q,)
has been selected (to beals with), the following parameters can be identified in a braided

FAP 21722, FINAL REPORT, A.l
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river system: the dominant discharge Q,, the sediment transports the river has to carry, the
characteristic size of the bed material D, the valley slope i,, the number of channels n, the
total width taken by the river, the sinuosity p of the individual channels, the slope i of the
river, the bankfull width B, of a channel, the bankfull depth h,, and the velocity u, (during
bankfull conditions), the roughness coefficient (do) and the actual width, depth and velocity

of the river. In addition here the hydraulic radius R, is introduced as a variable for reasons
that will become clear later,

It is not completely clear which are the imposed and which are the dependent variables. As
is shown in ANNEX 2 of this report, this depends on the time scale being considered. If only
the conditions at the time scale of a flood are considered the channel characteristics can be
considered as imposed. If the time scale considered is the time scale of the morphological
processes (typically between 10 and 100 years), then the channel dimensions are very much
dependent on the geology of the catchment, the climate and the river training carried out.
The variables B, h and u are not relevant in this case any more, as they follow from the
channel characteristics. Hence the imposed variables on a morphological time scale are Q,,
S, D, i, and the dependent variables are n, B, p, i, By, hy, Ry, u, and C (in total 9). See also
Fig. 7.2-1, where the main parameters in a river system are schematically indicated. Hence
for a free flowing (and "shaping") river system nine equations are needed to find solutions
for all parameters. For rivers very much subjected to river training works the number of
variables may be different as the river training works may have fixed some variables (like
number of channels, sinuosity, width, etc.). For a quickly reacting river like the Jamuna

River the time scale of the morphological processes and the engineering time scale are in the
same order of magnitude.

The number of equations-needed exceeds the number of equations available. In fact only six

equations are available, that are in principle undisputed although their actual formulation may

not be known fully. These are:

() continuity equation Q = Bhu (undisputed)

(2) momentum equation which in its simplest form (steady uniform conditions) takes the
form of the Chézy equation or the Manning equation (undisputed),

(3) roughness predictor (only approximately known),

4 sediment transport predictor (only approximately known),

5) definition of sinuosity p = i /i (by definition, hence undisputed),

(6) relation between the hydraulic radius and the width, depth and some other parameters
(only approximately known).

Consequently, additional equations are needed for solving this set of equations. For solving
all dependent variables in fact three additional equations are missing. Suggestions for these
additional equations are discussed in Section 7.3.
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Fig. 7.2-1: Main parameters in a river system
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7.2.3 Dependent Variables and AFPM

As already briefly indicated above, river training works may reduce the number of dependent
variables by imposing one or more parameters. Here it will be indicated what are the
possibilities in this respect as far as AFPM is concerned. It is obvious that whether or not
dependent variables are fixed depends on the strategy adopted.

Within the frame-work of the FAP 22 studies strategies for AFPM have not yet been

detailed, but for the present purpose it is required to identify some of the options. Some

possible options are the following:

Option 1 Close only very aggressive channels, probably some 2 or 3 per year.

Option 2 Try to reduce the total width of the braided belt by consequently closing the
most outward channels, and by forcing artificial cutoffs.

Option 3 Construct gradually more bank protection works at vulnerable places, which
will lead to a narrower channel (conform what has been the case downstream
of Sirajganj over the last decades).

Option 4 Try to create a transition of the braided river with multiple channels to a
meandering river with one channel.
Option 5 As option 4 but in combination with river training works to stabilize the

alignment of the river.

In terms of dependent variables these different options can be described as:

(1) reducing the number of braids marginally (option 1) via substantially (option 2) to
extreme (option 4 and 5),

(2) reducing the total width of the braiding belt (option 2 and 3),

(3) fixing the éinuosity of the single channel left (option 5).

It can therefore be concluded that the prediction of the response of the river to AFPM
measures should comprise the response of the river to reducing its total width, and its
number of braids, and to fixing its sinuosity.

In the following Section the available prediction techniques for the dependent variables in a
natural river system are summarized. In a further step possibilities to assess the response of
a river system to AFPM measures are reviewed in Section 7.4.
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7.3 PREDICTION METHODS FOR NATURAL RIVERS

7.3.1 General

As is shown in Section 7.2, for a river system the number of dependent variables (9) exceeds
the number of undisputed and approximately equations available (6). Hence additional
equations are needed. These additional equations, in combination with the undisputed
equations presented above, can be used to derive prediction methods for the response of a
river system to changes owing to river training works like studied within the framework of
FAP 22. In the present Section 7.3 prediction methods for natural rivers are considered. In
the subsequent Section 7.4 it is indicated how the impact of river training works
contemplated within the framework of FAP 22 can be evaluated using the same prediction
methods, and to what extent calibration will be needed and how that should be done.

Until now only river systems were considered here. There is however no major difference
between a natural river and a canal excavated in alluvial soils that is operating with some
sediment transport. Hence in the following canals in regime (that do on the average not
exhibit erosion or sedimentation) are discussed first. These canals are the most simple
systems to consider because the number of channels n is 1 and the sinuosity p is also 1. The
only parameter "missing" is a predictor for the width. Next more complicated systems are
considered, starting with a meandering river (still with n = 1, but p > 1) and finally a
braided river system (where n > 1 and also p > 1). Ultimately methods for the prediction
of the total width of a river system are discussed. In the following discussion two types of
additional equations are distinguished: (i) empirical relations, and (ii) theoretical relations.

7.3.2 Width Predictors

7.3.2.1 General

The prediction of the width of a stable channel has been an issue for many decades, however
mainly for irrigation canals newly to be excavated. A stable channel in this respect is a canal
in alluvium in which on the average neither scour of the canal’s banks and bed nor deposition
takes place. Here on the average should be underlined as many canals that are classified as
stable go through periods of deposition but this is followed by periods of scour. Often this

is a yearly cycle related to the variation in sediment content of {hé water taken in from
canals.

Hereafter a difference is made between empirical predictors and theoretical predictors.

7.3.2.2 Empirical Predictors

Empirical formulae for the desirable width for sand bed canals to be stable are available since
the beginning of this century. They were developed on the Indian subcontinent for the design
of large irrigation systems in the Punjab. Not only a predictor for the canal width was given.
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The regime theory as it is often referred to (although there is no theory behind its
development) presents three equations respectively for the width, the depth and the slope of
the canal. As an example here the equations originally proposed by Lacey (1929) are quoted,
using the original notation in imperial units:

1
P =267 Q? / (7.3-1)
1 1
R, = 0473 Q3 f7 V4 . (7.3-2)

i L Ao j"_‘ (7.3-3)
1750

where P = wetted perimeter (ft) Q = design discharge (ft'/s), R, = hydraulic radius (ft),

l‘ and f = silt factor introduced by Lacey and to be determined from the following equation:
= 7.34

| f=176 (D, (7.3-4)

l where Dy, = bed material size (in the formula of Lacey in mm!). The above equations were

| derived for sand bed canals with fairly cohesive banks, bed material size in the range of 0.1

“ to 0.5 mm and low sediment concentrations (100 to 2,000 ppm). Because they are based on

| empiry, application in areas outside the Indian sub-continent should be done with care.
Recently Stevens & Nordin (1985) have given an interesting review of the basis of the regime

§ equations of Lacey (1929), indicating the relation between the regime equations and
I nowadays generally accepted laws (see the previous section) and underlining the weak
" theoretical background of this regime approach.
| Simons & Albertson (1960) derived a more comprehensive set of equations including more
I data form India and Pakistan and data form the USA. It was found that a differentiation can
, be made as to the bank and bed material, the widest and most shallow canals corresponding
I to conditions with "sandy bed and banks".
t ll In a further development of regime equations attempts have been made to derive regime
i equations for natural rivers as well. The problem in applying this approach to natural rivers
1 is, however, that natural rivers tend to have quite a variation in discharge while canals often
‘ carry most of the time the design discharge. A commonly made assumption is that the -
: bankfull discharge of a river is also the discharge doing most of the work, and hence can be
; i taken as the basis for regime equations. Sometimes also a flood with a certain frequency (1.5
‘ or 2 year flood) is used. As examples of regime equations for rivers here the regime
| | equations derived by Hey and Thorne (1983) and others for gravel bed rivers and Klaassen
’ & Vermeer (1988) for braided sand-bed rivers are presented.

‘ l For gravel bed rivers Hey and Thorne (1983) derived regime equations based on data from
' the UK. The equations for the width can be written as:

| FAP 21722, FINAL REPORT, A.1



Al - 101
&
S,

o B - C, Q" (7.3-5)

where B = bankfull width (m), Q, = bankfull discharge (m%s), and C, = coefficient
depending on the vegetation on the banks, according to the following index:

Coefficient C, Bank vegetation
4.33 Grass banks, no trees
3.33. 1-5 % covered with trees andu shrubs
2.713 5-50 % covered with trees and shrubs
2.33 > 50 % covered with trees and shrubs |

What is clear form this table is that for the rivers considered here the vegetation has an ‘
important effect on the regime width.

Also for the bankfull depth and the slope of gravel bed rivers relations are proposed by

different authors. As an example here the relation for the slope proposed by Bray (1973) is
given:

i = 0.059 0;°3 poste (7.3-6)

where Q, = 2 year flood (m%/s).

Relations for braided sand bed rivers are given by Klaassen & Vermeer (1988). In fact these
equations were derived from an analysis of cross-sections from the Jamuna River, and some
spurious correlation was introduced, because the bankfull discharge was divided over the
channels according to their conveyance. Because here very wide channels are considered the
hydraulic water depth can be substituted by the bankful water depth, while the width is
substituted for the wetted perimeter.The derived equations are presented hereafter:

R, = 0.23 Q% (7.3-7)

B, = 16.1 Q%% (7.3-8) -
where B, = bankiull width (m) and h, = bankifull aepth (m).

This is also shown in Fig. 7.3-1, where a comparison is made between the regime equations
derived by Klaassen & Vermeer and those proposed by Lacey (1929). It is observed that the

Jamuna channels are much wider and more shallow than the Punjabi canals for which the
Lacey equations were derived.
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Fig. 7.3-1: Regime equations for Jamuna river channels compared with the Lacey
(1929) regime equations
l (Source: Klaassen & Vermeer, 1988)

I The following remarks are made considering the regime equations discussed above:

(1) There is a fair correspondence as far as the powers in the equations is concerned. The
I width of both canals and rivers scales approximately with Q'2,

(2)  Apparently there is a substantial influence of the vegetation for the rivers considered
, by Hey & Thomne (1982). Considering the wide channels in the Jamuna River it may
133 be assumed that for that river, however, the influence of the vegetation is negligible.
This is in line with the observation that the bank erosion along the Jamuna River is

1 not different for vegetated banks compared to unvegetated banks (Klaassen &
| Masselink, 1992).
I (3)  The slope of regime canals and also of rivers are inversely related to the dominant

discharge: the larger the discharge, the smaller the slope and vice versa. The
implication of this for the occurrence of braided systems will become clear later.

; 7.3.2.3 Theoretical Width Predictors

" In the previous subsection empirical predictors were discussed. There have however also
been attempts to predict the width of a canal and of a river using a more theoretical
approach. These attempts can be classified as:

(N Stable channel approach

(2) Lateral exchange approach

(3)  Extremal hypotheses.

Although, as will be shown later, only the latter approach has resulted in usefull results for
the present study also the other two are discussed here briefly.

s

Re (1) Tractive force approach (stable channel approach)

This approach assumes that the channel carries little or no sediment transport. It may
therefore be assumed that for all particles, both in the bed and in the banks, the critical
conditions are not exceeded. The critical shear stress is of course a function of the particle
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size (according to Shields (1936) and of the cohesion). Furthermore the effect of the slope
of the banks on the stability has to be accounted for. Finally also the lateral variation of the
shearstress in a channel has to be taken into account. The maximum shear stress on the banks
for a trapezoidal cross-section with fairly steep slopes, is usually only about 75 % of the
shear stress on the bed. Taking these factors into account it is possible to derive theoretical
cross-sectional shapes that satisfy stable conditions. Related approaches have been followed
by Thome (1982), relating the channel stability to the stability of the banks, and Singh
(1983), relating the shear stress (reduced according to the reasoning above) on the banks to
the limiting maximum shear stress. As shown by Bettess et al. (1987) these approaches lead
to results that are not compatible with the empirical relafions discussed before. Furthermore
these approaches cannot be used for rivers.

Re (2) Lateral exchange approach ‘
An interesting approach was followed by Parker (1978a and 1978b). He argued that
equilibrium in sediment transporting channels is achieved if there is a balance between
opposing mechanisms causing erosion and deposition. For the banks of stable sand-silt rivers
he argued that there should be an equilibrium between (i) erosion of the banks due to gravity
affected lateral bed load from the banks towards the bed, and (ii) deposition on the banks due
to the lateral diffusion of suspended material generated by the non-uniform distribution of
suspended sediment across the width. Using this approach he developed a regime equation 3
for the depth of a regime channel which reads as:

(7.3-9) F

where p, and p are the densities of sediment and water (kg/m’®). respectively, and w, =
settling velocity ‘of the suspended sediment (m/s). Also for this expression Bettess and al I
(1988) demonstrate that it leads to results that are not compatible with empirical relations.

h w, ._in
p - 8 ————
(==-1Dgh
o

Re (3) Extremal hypotheses l .
Over the last decade or so width predictors based on extremal hypotheses have been
developed that seem to result in fairly good predictions of the width (and hence the depth and I
slope) of canals and rivers. The following extremal hypotheses have been proposed:
(1) Minimum stream power (Chang, 1980); - I
(2) Minimum unit stream power (Yang and Song, 1979): :

(3) Maximum sediment transport capacity (Ramette, 1979 and 1990; White et al, 1982); ‘
(4) Minimum energy dissipation rate (Yang et al, 1981);
(5) Maximum friction factor (Davies and Sutherland, 1980).

Not all these hypotheses are discussed here extensively. To illustrate the concept of an
extremal hypothesis the definition as stated by Chang(1980b) is given here: "For an alluvial
channel the necessary and sufficient condition of equilibrium occurs when the stream power
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per unit channel length, pgQi, is a minimum subject to given constraints. Hence, an alluvial
channel with water discharge Q, and sediment (discharge) S as independent variables, tends

to establish its width (B), depth (h) and slope (i) such that pgQi is a minimum. Since Qis
a given parameter, minimum pgQS also means minimum channel slope S."
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The assumption by White et al (1982) reads: "....for a particular water discharge and slope

the width of the channel adjusts to maximise the sediment transport rate." A similar
hypothesis was proposed by Ramette (1979).

To illustrate the use of the method of White et al here an example is presented of a channel
with a discharge of 500 m*s and a sediment size of 40 mm. Assuming that the slope of the
channel is 2.14*10°, computations of the sediment transport were carried out for different
assumed widths. This was done using the roughness predictor of White et al (1980) to predict
the water depth and the sediment transport predictor of Ackers & White to predict the
sediment transport. The result is given in Fig. 7.3-2, where the computed sediment transport
is plotted versus the assumed width. It is clear that a maximum occurs for B = 43 m, where
the sediment transport corresponds to 100 ppm.

15 v Y 150
|4 | Discharge=300m3/s 140
Sediment size= 40mm
13 1130
12t Slops (X=100ppm) {120 E
-—e (-9
1 — Optimum e =
1ot breath 43mm {100 .
L) £ Sediment | e
o 9 s ‘.ununluﬂ;l 20 °
- =2. [
x gt : 14x10°3) ] 80 <
0 2|~ -
e 7} siE 70 2
o - | o
=2 g} g 8 60 ;
5t 3 |x 30 =
- 4t L] {1 40 T
[ -
3k El 30 @
=
2| = 20
o
1} ; 10
o . Ay 0
| 10 100 1000
Width.B (m)

Fig. 7.3-2:  Example of variation of slope and sediment concentration as a function of
width

(Source: White et al, 1982)
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Fig. 7.3-3: Flow chart showing major steps in computation of Chang (1979)

In the same Fig. 7.3-2 the result of an analysis keeping the sediment transport constant (to
100 ppm) and again varying the width is presented. In this case, corresponding to the
minimum power hypothesis of Chang (1979a), a minimum slope is found for again a width
of 43 m corresponding to a slope of 2.14*10 . Hence this example shows that in this case
a minimum exists and that the minimum power hypothesis yields the same extremal as the
maximum sediment transport hypothesis. This was also shown in a more general way by
White et al (1982).

In Fig. 7.3-3 the procedure followed for computing the minimum slope according to the
method of Chang (1979) is indicated. In the figure the computation is indicated for one
channel width. This has to be repeated for a series of widths, and in a final step the width
has to be selected that yields the lowest slope.

As 1s indicated in the figure, the method needs of course the selection of a sediment transport
predictor and a hydraulic roughness predictor. For the method of White et al (1982) and for
all the other methods also such predictors have to be selected. Table 7.3-1 present an
overview of the predictors included in the various models proposed. Furthermore it is
indicated which extremal hypotheses is used. In addition all methods include the hydraulic
roughness being used instead of the water depth. This is of course logic because predictions
were also made for narrow trapezoidal channels. The method used by White et al (1982)
assumed that the side slope z (z horizontal and 1 vertical) was given by Smith’s (1974)
relationship:

z=10.5 if Q<1m /s (7.3-10)

1
z=05 Q07 F OS1mdls (7.3-11)
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Prediction method

Predictor

Equation

Chang (1979; 1980 and more recent)

Stable
canals

Gravel bed
rivers

Sand bed
rivers

Yang
(1979 and
more
recent)

Rametie
(1979;
1990)

White et al
(1982)

Transport
predictor

DuBoys

x

Einstein
& Brown

Engelund &
Hansen (1967)

Ackers &
White (1973)

Parker /
Chang (1980)

Roughness
predictor

Lacey

Meyer-Peter
& Miller

Engelund &
Hansen (1967)

White et &l
(1980)

Bray
(1979)

Extremal
hypothesis

Minimum
stream power

Minimum unit
stream power

Max energy
dissipation

Max sediment

“transport

Max friction
factor

Max Froude
number

Bank
roughness

Hydraulic
radius

Water
depth
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Different researchers have elaborated the use of the extremal hypothesis up to different
k levels:
| 0)) Chang (1987) has developed design charts for stable alluvial channels which are
dependent on the accepted side slope (see Fig. 7.3-4a). The width in these charts
corresponds to the surface width during bankfull stages. In a further analysis Chang

(1980b) developed similar graphs for gravel-bed rivers and sand bed rivers:

(@) Gravel-bed rivers are assumed to have low bed load transport only, hence the
hydraulic roughness is determined only by. the grain roughness.

(b) Sandbed rivers were studied by including the effect of meanders, arriving at
design graphs for sand bed rivers. As is shown in Fig. 7.3-5 Chang
considered three characteristic sections in a meandering river and analysed the
minimum stream power concept for each of them separately. It was found that
the predicted width for the three sections did hardly differ. The result is a
design graph for sand-bed rivers that is presented here as Fig. 7.3-4b. The
graphs cover a range of bankfull discharges from 10 to 2,000,000 ft/s,
corresponding to a range of 30 l/s to ‘57,000 m?/s. For the Jamuna river the
bankfull discharge of separate channels varies between 2,000 and 44,000 m%/s
so in principle the chart can be used.

_ (2) White et al (1982) have compared their results with field and flume data. As is shown

i in Fig. 7.3-6, a fair agreement was obtained. Furthermore they have elaborated their

: results by preparing a book with tables from which the dimensions of a straight
channel can--be—obtained. This book of course is limited by the use of the two
predictors mentioned above. Only for channels satisfying these predictors it can be
expected that a good prediction is made. The book covers channels with bankfull
discharges up to 1,000 m%s, which is definitely not sufﬁc1ent for the Jamuna
channels.

Point of inflection
of crossover

Adjust D

a molpy

-a\] l dw!u s
and Row resistances sgn.

-Intermediale curvature Sec. K - Max, curvalure Ouput S,
0.5.88, U s

Sec. J or K ' ¥
(a) Cross-sections considered (b) Flow-chart computation

q Fig. 7.3-5:  Extremal hypothesis by Chang (1980) applied to meandering sand-bed
rivers
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3) Ramette (1990) had developed analytical expressions for the regime equations derived

by him based on the assumption of maximum sediment transport and maximum
Froude number, which read as:

R = 9.5 % 1072 Q° po% ;- 04 (7.3-12)

B = 8.4 Q0 poses j-om (7.3-13)

As is shown by Ramette (1990) these equations compare quite favourably with the
empirical equations derived by Klaassen & Vermeer (1988). Introducing i = 6*10°%
and D = 0.18*10° m yields equations that are almost similar to the equations (7.3-7)
and (7.3-8) yields:

R = 0.54 Q°™ (1.3-14)

B = 16.9 Q%7 (7.3-15)

which are amazingly similar to the empirical relations.

The following remarks-are made regarding the width predictors described above:

(D In an article by Griffiths (1984), in which the five extremal hypotheses described
above are reviewed critically it is stated that "... the hypotheses .... are incompatible
with conventional sediment transport and flow resistance equations." Furthermore it
is stated that "The hypotheses in their present form are unacceptable.” Chang (1984)
in a reply stated that in his analysis "Griffiths ignored the effect of channel bank
slopes and shear stress reduction near the banks that are so important in the width
formation of alluvial streams ...". It may be doubted whether in the end these
extremal hypotheses are usefull for Jamuna type of rivers where the aspect ratio
(channel width divided by the channel depth during bankfull conditions) is in the
order of 100 and hence the influence of the banks vanishes. This should be
investigated in a later stage of this 'project (see also Section 7.4).

(2)  The above predictors have been derived for straight channels. When applying these

" methods to rivers the effect of meandering should be included. Only Chang (1980)
has developed a method for this.

7.3.3 Predictors for the Sinuosity

For natural rivers also the prediction of the sinuosity is important. Assuming that the valley
slope is given, the prediction of the sinuosity of a meandering channel can be obtained in a
straightforward way once the slope of the river has been established. By definition the
sinuosity p is given by:

i
- b (7.3-16)
P _

where i, = valley slope (-), and i = slope of the river (-). The slope of the river follows in
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a straightforward way from the prediction of the width because once the discharge Q, the
sediment transport S, the particle size D and the width B are fixed, the velocity, the
hydraulic roughness and the slope become dependent variables.

In principle there are three possibilities, depending on the relative values of i, and i:

1 i=i,:
The slope of the river corresponds to the slope of the valley: the river will remain
straight.

) d>1i:
The slope of the river is larger than the valley slope. The only way the river can cope
with this situation is by flooding the floodplain, causing sedimentation in the river
channel. In due time this will also lead to an increase of the valley slope due to
sedimentation in the floodplain, but as indicated in Section 7.2.2 this will only take
place at a time scale much larger than the morphological time scale of the river.

B i<i,:
The slope of the river is smaller than the valley slope. The river can cope with this
condition by starting to meander. Due to the meandering the length of the river
between two points will increase and hence the slope along the river will decrease
until the slope is reached which corresponds to its regime width.

Regarding the latter possibility there is of course a limit to the sinuosity. Typical sinuosities
in nature vary between 1.5 and 2.5. If the difference between valley slope and river slope
is too much then the river has to cope with this situation in another way. As will be
explained in Section 7.3.4 one way of doing this is to increase the number of channels, hence
to start braiding. For an explanation on the above see Fig. 7.3-7.

a) STRAIGHT b)MEANDERS c) EXTREME MEANDERING d) BRAIDING
| "
. & v
T
o |
. 0)

> decrease in river slope relative to valley slope

to

Fig. 7.3-7:  Meandering as a way to cope with a difference between valley slope and
river slope

(Source: Ramette, 1990)
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7.3.4 Predictors for the Number of Channels

7.3.4.1 General
An important parameter for the characterization of a river is the number of channels in a
cross-section. First of all, it indicates whether a river is meandering (one channel) or braided
(two or more channels). Secondly, it represents the braiding intensity. Methods to predict the
number of channels per cross-section are discussed here. This Section deals with the
« prediction of the number of channels of a river system as a function of the independent
variables. In this respect a distinction can be made between the transition from one channel
to more channels (itsually associated with the transition from meandering to braiding) and the
occurrence of numerous channels. The transition from meandering to braiding has been
studied by many researchers, the number of studies on the number of channels as a function
of the independent variables Q, S, D and i, is very limited. The present section deals with
these different aspects, whereby both empirical and theoretical studies are dealt with.

7.3.4.2 Transition from Meandering to Braiding

(a) Empirical methods

Early attempts to determine the conditions for the occurrence of either meandering or braided
rivers resulted in empirical classification graphs, the first one by Leopold and Wolman
(1957), who plot bankfull discharge against channel slope. From that, they derive an equation
£ for the separatrix between meandering and braiding

“'1'270.0116 Q04 . (7.3-17)

where Q is the bankfull discharge in m*/s and i is the channel slope. If the actual channel
slope is steeper than i, the river will be braided, whereas a milder slope will lead to a
meandering river. Later studies provide similar separation criteria, but comparisons with data

are not very satisfactory (Bettess and White, 1983). Ferguson (1984) proposes to include the
bed material size of the alluvial channels as additional parameter to improve the predictions.

(b) Theoretical methods

More recently more theoretical predictions for the classification of river planform have been
developed. A recent example is the study by Struiksma and Klaassen (1988), who base a
tentative criterion for the transition from a meandering to a braided river on the theoretical -
" and experimental work of Struiksma et al (1985). They argue that the transition starts when
the damping length of steady alternate bars becomes negative, so that bars grow exponentially
in downstream direction. The key parameter for the threshold between meandering and

- braiding is then the interaction parameter, \,/\,. This is a ratio of two adaptation lengths,

N | g

iz,
hy (7.3-18)

* for water motion, and
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1 B? % |
- — Ef(eo) hy (1.3-19)

’

for the deformation of the bed. The symbols denote B = river width (m), C = Chézy coef-
ficient for hydraulic roughness,

f(8o) cross-sectional average of function for the influence of gravity pull along a transverse
bed slope

g acceleration due to gravity
hy cross-sectional average of water depth
m transverse mode, indicating the number of channels per cross-section
T 3.14159..
Note that
Am) = L n (1) (7.3-20)
I m2 r

Struiksma and Klaassen (1988) show that their criterion is compatible with the earlier
empirical classification graphs and Ferguson’s (1984) inclusion of sediment size.

Also Chang (1981, 1987) proposes a method for determining the transition from meandering
to braiding.

7.3.4.3 Prediction of Number of Channels in a Braided System

There are hardly any methods to predict the number of channels in a braided river system.
Some qualitative arguments have been given by White et al (1983) and Struiksma & Klaassen
(1988). The reasoning Bettess & White (1983) is the following: If i, greatly exceeds i (e.g.
determined with one of the methods described in Section 7.3.2), then the river has two
possible ways of coping with this situation. One is to start to meander, hence to increase its
sinuosity. There is however a limit to this. The maximum observed sinuosity is about 2.5.
The alternative way is to split up into two or more branches. According to what was
explained in Section 7.3.2 (see e.g. Equation 7.3-3), a channel that carries a smaller
discharge has a larger slope than a channel with a larger discharge. Hence by doubling,
tripling, etc. a river can also cope with a difference between i, and i. According to White
& Bettess (1983), a river system has a preference for a maximum number of channels
because in this way the stream power (which is equivalent to Q.i) is maximised. Fig. 7.3-8
silustraies the response of a river 10 increasing valley slopes according to Bettess & White
(1983). - -

Struiksma & Klaassen (1988) use essentially the same reasoning: if a channel becomes
unstable a possible reaction of the river system is to increase its number of channels thus
reducing the ratio the interaction parameter A/,
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Fig. 7.3-8: Channel pattern for increasing valley slope
(Source: Bettess & White, 1983)

Hereafter prediction methods for the number of channels in a braided river system are
described briefly. A difference is made between:

(@) empirical relations, and

(b) theoretical predictions.

Re (a) Empirical relations

Only one empirical relation was found in the literature, notably the relation proposed by
Vincent et al. This relation, based on an analysis of field data, has been tentatively applied
to the Jamuna River, (done within the framework of the Jamuna Bridge Project). However
this approach did not yield encouraging results.

Re (b) Theoretical prediction

Two theoretical prediction methods were identified. One is the method by Bettess & White
(1983), already discussed briefly above. The method consists of assuming a number of
channels (1,2,3, ...) and dividing the discharge and the sediment transport over these
channels. Then, using the method outlined in Section 7.3.2.3, the resulting slope of the
channels is determined. The (maximum) number of channels is selected that yield a slope
only slightly less or equal to the valley slope. If the slope is slightly less than the valley
slope, then it is assumed that the river slope will cope with that by having slightly sinuous
braids. .

The method of Bettess & White (1983) is essentially a "channel approach”, because it
considers the channel as independent items. A slightly different approach is an approach
which can be described as a "bar approach”, developed at DELFT HYDRAULICS.
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Here the number of braids is found by analysing the coexistence and competition of several
) bar modes in transverse direction. In this approach it is assumed that due to instabilities
periodic disturbances develop which depending on the conditions can be alternate bars,
islands, multiple islands, etc. This can be studied by evaluating the marginal stability curve,

given by
.m_z __k' 1 + E=
2 AN (k)

(2+X)(1+bX)+(1+X)(b~-3-5bX)
4(k>~.)’(1+X)’+(2+X)"h (7.3-21)

in which b = exponent of power-law sediment transport formula, k = streamwise wave
number, £ = coefficient for the effect of streamwise bed slopes on sediment transport, and
X denotes

Xx= KB (1.3-22)
mmw
Again, the interaction parameter appears as one of the main parameters. The equation for the

marginal stability curve can be rewritten in the general form.

AD g (BB, (7.3-23)
A T

in which F,, depends on m. An m* mode is linearly unstable if the marginal stability curve
has a minimum below the actual value of AN(D/N,. If modes up to m = M., can be linearly
unstable, the number of channels per cross-section could be expected to be equal to m,,.

The equation for the marginal stability curve stems from a linear analysis, so that its formal
validity is still restricted to infinitely small deviations from a plane bed. It may well be that
non-linear interactions change the number of channels. An analysis by Schielen et al (1992),
for instance, reveals that more channels might appear during further evolution of the bars,
On the other hand, the number of main channels in the Jamuna is much smaller than the
theoretical value of m,,,, but in addition there are minor channels as well. The Jamuna
consists of a system of channel hierarchies with dominant first-order channels, smaller
second-order channels and even smaller third-order channels (Williams and Rust, 1969). We
assume that the number of main channels, m., is a function of the number denoting the
highest mode that is linearly unstable.

m,=f(m) (1.3-249)

Further research is needed to the establishment of this functional relationship. It should be
noted, however,- that apart from non-linear interactions and a selection of first-order
channels, also other factors may cause a difference between m. and m.

FAP 21122, FINAL REPORT, A.l

TTET—
 pk ey h

{7 o R R




Al - 116

The non-uniformity of the envelope banks may force certain patterns in the river, and the
emergence of bars above the water level due to discharge variations may have an influence
as well.

7.3.5 Predictors for the Total Width of the River

No predictors for the width of a braided river system were found during the literature search
reviewed here. Ramette (1983) proposes a method to determine the width occupied by a
meandering river, and empirical relation are presented in Leopold et al (1964), which can
be generalized to a form:

A=C Q5 (7.3-25)

where A is the amplitude of the meander belt and the coefficients C, and C, vary between
2.7 and 18.7 and 0.99 to 1.2, respectively. It is difficult to visualize how these method could
be applied to a braided river system.

7.4 SELECTION OF PREDICTION METHOD
7.4.1 Present Status of Prediction Methods

In the above Sections a review is given of state-of-the-art of prediction methods for channel
characteristics of braided river systems with fine sand as bed and bank material. In particular
the prediction of the width of the channels, the sinuosity, the number of braids and the total
width of the river system are dealt with. Summarizing it can be stated that for these four
dependent parameters‘no undisputed theoretical predictors are available. The theoretical
predictors that have been proposed, either are based on questionable assumptions like external
hypotheses or are applicable only for very small disturbances and hence their application to
real rivers is doubtfull. Some empirical predictors are available, either developed especially
for the Jamuna river or potentially applicable. From these methods a selection has to be made
to identify the methods that are most suitable for use within the present Project for the
prediction of the response of the river to FAP 22 measures.

7.4.2 Testing

Considering the above an important step in the selection procedure is the testing of the
applicability of the various proposed methods against the characteristics of the Jamuna river.
This holds in particular for the prediction of (1) the width of the river system, (2) the
sinuosity, (3) the number of braids and (4) the total width of the river system. Some
empirical predictors are available, either especially developed for the Jamuna river or
potentially applicable:-From these methods a selection has to be made to identify the methods
that are most suitable for use within the present Project. Considering the above, an important
step in the selection procedure is the verification of the applicability of the various proposed
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methods against data on the Jamuna river. The characteristics of the Jamuna river have been
determined on the basis of satellite images. Some results of this analysis are presented in the
Fig. 7.4-1 (notably the total width of the river and the width of the channels as a function

of the chainage) and Fig. 7.4-2 (providing a relation between the number of channels and the
total width of the river).

WIDTH(m)
(Thousands)

(o] v — -
23.8 24.2 246 25 25.4 25.8
DISTANCE (lotitude)

Fig. 7.4-1:  Total width and combined width of all channels versus chainage of the
Jamuna river for the year 1989
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Fig. 7.4-2: Number of channels versus the total width of the Jamuna river

In a further step the different prediction methods have been compared with these river data.
During this comparison both theoretical and empirical predictors were tested. The preference
is of course for theoretical predictors, but in the experience of the Consultant even theoretical
predictors often have to be calibrated using field data. If no-theoretical predictors are
applicable, it will be necessary to use empirical relationships.
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If necessary, even empirical methods have to be developed especially for the Jamuna river.
Hereafter prediction methods for (1) the width of the channels, (2) the sinuosity, (3) the
number of braids and (4) the total width of the river system are considered.

Re (1) Width of Channels

The testing concentrated on the external hypotheses, according to Bettess and White (1987)
the only methods (apart from empirical regime equations) to provide fair predictions for the
channel width. The approach of Chang (1979) was being followed: the independent variables
are (1) discharge, (2) sediment transport, (3) size of bed material and the number of channels
is assumed to be 1. The method of Chang is based on the identification of a minimum slope.
It was found here that no minimum is found when the influence of the walls is neglected and
it is assumed that h = R (an acceptable assumption as far as the flow is concerned, because
for B in the order of 1 km and h in the order of 7 m the hydraulic radius R virtually
corresponds to the water depth H). Only via introducing the hydraulic radius a minimum is
obtained, but as is shown in Fig.7.4-3 the location of this minimum depends very much on
the schematization of the banks. In view of the very wide channels in the Jamuna river these
results appear to be very doubtful. Fig. 7.4-3 is based on the combination of the Ackers &
White (1973) sediment transport formula and the White et al. (1980) roughness predictor.
Hence for large rivers, the Ackers & White sediment relationships together with the external
hypothesis, predicts channel widths which are too small and channel depths that are too large.
A similar result was obtained using the Engelund & Hansen sediment transport equation and
roughness predictors. This does not necessarily imply that the external hypotheses is not
acceptable in any case, but the results for Jamuna type of rivers indicate that the external

hypothesis in combination with generally accepted sediment and hydraulic roughness
predictors does not produce fair results.

SeE-4 Roughness Prediction : H., P., Betllses
1. = Sediment Lroneporl : Aoctere and hhitle
QO = 1002Q (m3/eec). SL = 1 (m3/sec)

D35 = ,20015 (m), Delte = 1,65 .
Chennsl No. = 1,1lv = ,00007. Viecoslly = 107°-6

1.00€E-4

8.0QE-5

SLOPE

6.00E-5
4.@0E-5

2.00E-5

e 500 1000 1600 20ee 2500
HIDTH (M)

Fig. 7.4-3:  Testing of external hypothesis using the Ackers & White sediment
~ transport predictor and the White et al. roughness predictor
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Hence for the time being only an empirical relationship like a regime equation for the width
can be used for the evaluation of changes in the river environment.

Re (2) Sinuosity
No independent theoretical prediction method for the sinuosity was identified other than the

geometrical relationship given above as Equation (7.3-16). Hence for the time being this
relationship will be used.

Re (3) Number of Channels

In Subsection 7.3.4 some methods for use within a prediction method were identified. All
are basically éfnpirical, apart from the method based on the marginal stability curve.. Because
of its potential as theoretical predictor this method was tested. Based on a given Q, the
particle size D and the slope of the river i, the value of the predicted mode m was computed
for different values of the width B. It was hoped that the value of m would correspond

reasonably well to the observed values of m (see Fig. 7.4-2). The result for typical Jamuna
conditions is presented in Fig. 7.4-4.
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Fig. 7.4-4:

Testing of prediction method
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It can be concluded that the predicted mode m (being a measure for the number of channels)
is much too high compared to the observed values (see Fig. 7.4-2). According to Subsection
7.3.4 a next step would be to relate the observed mode in the river (indicated in Equation
7.3-24 as m.) to the predicted mode m, hence to develop a relation between m. and m in
accordance with Equation (7.3-24). This however, not considered as too fruitfull as then the
theoretical predictor tested here would become just another empirical predictor and the
advantage of using it would vanish. Hence this line of investigation was not further pursued.

The consequence is that no independent theoretical predictor for the number of channels
could be found.

Re (4) Total width

No independent theoretical prediction method for the sinuosity was identified other than the
geometrical relationship given above as Equation (7.3-24). That Equation, however, was
developed for meandering rivers and it is difficult to visualize how it can be applied to
braided rivers. The method of Ramette (1983) was also developed for meandering rivers, and
cannot be used here in a straight forward way.

7.4.3 Development of Prediction Method for Braided Rivers

According to the Terms of Reference of the present study, a prediction method has to be
selected applicable for the Jamuna river, but as can be concluded from the preceding
subsection no method is available that straightforward can be applied to the Jamuna river.
Hence it was imperative that a prediction method had to be developed especially for the
Jamuna river conditions, as otherwise no prediction of the impact of certain strategies could
be made. The philosophy behind the development of such a prediction method was that if and
when possible a theoretically based predictor should be used, but if not available an empirical
prediction would be applied. In the following the developed prediction method is described
in some detail. The overview in the following table is meant (1) to clarify the steps taken in
the development, and (2) to indicate which parameters were considered as independent and
which as dependent, and which equations are used in the method.

-

The method applied here can be summarized as follows:

(1) Prediction of slope of river for given Q, V (the sediment transport integrated over the
year) and D, via :

(@)  the continuity equation of the water, which in elementary form reads as:

0-Bhu , (1.4-1)
but which for bankfull conditions and for k channels reads as:

Q, =kU,h B, (7.4-2)
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Step Number Parameters Equations
Independent | Dependent Additional Theoretical Emperical Additional Additional
independent theoretical emperical
1: fixed bed, Q,B,D, &\ C,u,h Conlinuity Nikuradse
width fixed, equation roughness
straight channel A -
Equation of Chézy
motion coelTicient as
. function of
* roughness
height
2: movable bed, Q. B, Dij C,u,h, S Do Nikuradse
width fixed, roughness not
straight channel applicable;
‘ instcad o be
used alluvial
roughness
predictor
2a: movable bed, Q,B,D,S C,wu; h, i Do Do
width fixed,
straight channel
but as dependent
variable
3:as2a,butwith | Q,, D, V B,,C, u, Do Do Regime
width as hy, u, equation
dependent for width
variable
4: as 3 but with Q,D,V B,, C, u, i, Do Do Geometrical
curved channel hy iy, P equation for
sinuosity
5: as 4, but with Q. D, V, B, /G, Do Do Do Number of
more than 1 i, hy, i, p, k channels k
channel maximum
6:as5 Q. D,V, B,, C, u, Geometrical | Meander
i, hy, iy, P» relation for length as
k, B, total width function of
c.g.
discharge.

Table 7.4-1: Development of prediction method for response of Jamuna river

(d)  the sediment transport equation via:

S = v
a, * 365 = 86,400

b

0.05 h:, iy
1 = & AD g

Ss=a, gAD?
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the equation of motion for the water which for uniform steady flow reads as:

U, = Cy hy iy (7.4-6)

a hydraulic roughness predictor:

. C = C (hi,A ,D,...) (7.4-7)

a regime equation for the width, for which the Jamuna predictor is taken:

05 6
B, = 16.1 [ 2: ] (7.4-8)
. k

Prediction of the sinuosity via:

i
p=- (7.4-9)

L

Prediction of the total width of the braided system via:

B =2kA+B, (7.4-10)
where
A = 10 B, ' (7.4-11)

and A (and «) are determined via the geometric relationships:

o

aviaP = (7.4-12)
v 2(1-cos a)
and ‘
H = A2 (1-cosa) (7.4-13)

V2(1-cosa)

Repeated computations for different values of k until the maximum value of k is
found for which still the sinuosity p is (slightly) above 1.

The following remarks are made regarding the development of the method used here:

()

(®)

Steps 1 through 2a correspond to the "normal”, non-disputed approach, although it
involves two empirical relations, notably an alluvial roughness predictor and a
sediment transport predictor. The difference between step 2 and 2a is the selection of
dependent and independent parameters.

The steps 1 through 2 are valid for any value of the discharge. Accepting the slope
of a river as a dependent variable can only be done if an equation for the slope is
used. Here "dominant" conditions are considered and for the time being the bankfull

discharge is accepted here as dominant discharge for the channel dimensions.
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Hence
B, = f( Q,) (7.4-14)

In the equations a factor aq is applied. This factor represents the influence of the
hydrograph. Usually less sediment is transported over a whole year if the full
hydrograph is considered compared with the case that the dominant discharge would
be present during the whole year. Hence the sediment transport during bankfull
discharge is determined by dividing the average sediment transport over the year by
the factor ag, which is always less than 1. "

The calibration factor oy takes care for the deviation of the actual transport compared
with sediment transport predictors. For the Jamuna river is was found that o
corresponds to about 2 (see ANNEX 2).

The equation for the total width is derived from a geometrical relationship which is
outlined in Fig. 7.4-5. It is felt that this corresponds to the minimum total width. The
presence of permanent chars would increase the total width of the braided system. It
would also mean a transition to a more anastomosing system.

From the sinuosity the amplitude A of the curved channels can be determined. Also
this is related to geometry as is in Fig. 7.4-6. The used equation holds only for real
circles, but is probably a good approximation for low sinuosities.

An important parameter is the wave length as this wave length determines the scale
of the Fig. 7.4-5 and 7.4-6. It would be logic to relate the wave length A to the
bankfull discharge Q,, but such a relation is not available. From the literature some
relationships between the wave length A and the channel width B, are available (see
e.g. Loopold et al, 1976 or Jansen, 1979). Here a relationship proposed by Leopold
& Wolman (1960) is used. This relation reads.

A = 10.1 B)” (7.4-15)
Here a simplified expression was used, reading
A =10 B, (7.4-16)

being justified by the pre-feasibility stage of the present Project. It is stressed here

that this formula in combination with the regime equation for the width in fact can
be read as:

r 0.53
s [ % J (7.4-17)

Hence, for a given value of O, the wave length A is a function of k only.
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Fig. 7.4-5: Geometrical relation for the determination of the (minimum) total width
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Fig. 7.4-6: Relation between amplitude and sinuosity for a curved channel

7.4.4 Calibration and Verification

The above method still needs to be calibrated before it can be applied to estimate the

response of the river system to the river training and AFPM scenarios. Overviewing the
method above the following independent input data are needed:
- bankfull discharge Q,;
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- frequency distribution of the discharges f(Q) to determine aq (for the time being it
1s assumed that all discharge is conveyed in the channels, neglecting the flow in the
floodplain and over the chars; this is a good first approximation and would if assumed
otherwise only result in a slightly different value of oy);

- yearly volume V or bed material load to be transported;

- characteristic particle size of the bed material D, and

- valley slope i,.

The dependent variables for freely flowing river systems are the hydraulic roughness C (in
principle a function of Q), bankfull depth h,, the bankfull width B,, the number of channels
k, the average slope of the channels i, the sinuosity p of the channels, and the (minimum)
total width B, of the river. Checking the equations proposed above for the prediction of the
river behaviour, it can be concluded that there is only one calibration parameter left, notably
as. Hence a value of ag has to be found that results in all dependent values to obtain fair
values. This is less risky than it seems because for some of the dependent variables

(roughness, sediment transport, width) relationships are proposed that have been derived on
the basis of Jamuna data.

The calibration is carried out for the conditions at Bahadurabad. For this location the

following independent data have been assumed:

- bankfull discharge Q, = 44,000 m?/s

- frequency distribution of discharges conform ANNEX 4 of Interim Report 2 of FAP
1, yielding aq = 0.39;

- yearly volume of sediment to be transported computed with the adjusted Engelund-
Hansen formula (see ANNEX 2) yielding 140,000,000 m?;

- characteristic particle size Dy, = 0.215 mm;

= valley slope 8.5 cm/km.

In addition the Chézy coefficient was kept constant at 70 m® ’/s, a value that is a fair

approximation of the roughness during flood conditions (see ANNEX 2). Using the proposed

method the dependent variables were computed. The results are shown in Fig. 7.4-7, where

the main variable on the horizontal axis is the number of channels. The computations were

done with a spreadsheet programme for different values of a,. The calibration consists of -

selecting a value of o for which for the maximum value of k most of the river charactenshcs

of the Jamuna river are conform the observations in the field.

These characteristics can be described as:

- number of channels of about 3 (see ANNEX 2),

- minimum total width about 10 km (see ANNEX 2),

- average bankfull depth according to the regime formula derived by Klaassen &
Vermeer (1988a) which reads as:
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&

h, = 0.23 [

is about 5 m for 3 parallel channels.

Inspection of Fig. 7.4-7 leads to the conclusion that a value of ag of 2.7 corresponds to a
maximum number of channels of 3. The corresponding total width is about 10 km, while the
average depth of the channels is about 5 m. All these data are fairly in line with river
characteristics as listed above, hence for the time being the value of 2.7 is accepted for the
parameter as. An intcrcsfing aspect is that half the wave length of about 30 km, is obtained
by using the present method. This value of \ corresponds to the length suggested by FAP
1 for the fixed points along the Jamuna river.

In a further step an attempt was made to verify the method proposed here. In first instance
the conditions in the Jamuna river downstream of Sirajganj were simulated wit the proposed
method, but in addition holding the value of Aq equal to 2.75. For the independent variables
the following values were used:

- dominant discharge 44,000 m*/s (same as for the conditions near Bahadurabad);

- frequency distribution of discharges same as near Bahadurabad, hence g = 0.39;
- yearly sediment volume 140,000 m? (also same);

- characteristic particle size 0.06 mm, and

- valley slope 5 cm/km.

For these particular conditions it was predicted that the Jamuna river downstream of Sirajganj
would have only 1 channel, with a meanderlength of some 90 km and a meander belt width
of some 20 km. Comparing this with the actual conditions (2 channels on the average and
a belt width of some 10 km, it has to be concluded that the tendency of decreasing number
of channels is correctly predicted, but the actual prediction is less good.

To investigate this further the sensitivity of the prediction method for the input data was
studied. It was found that the number of channels increases with the Chézy coefficient, the
valley slope, the discharge and inversely related to the characteritic particle size (see Fig.
7.4-8). This is in line with the emperical predictors discussed in Section 7.3.4.

Finally an attempt was made to apply the prediction method to other rivers in Bangladesh.
It was found, however, that the uncertainty as to the sediment load of these rivers, in
combination with the possibility that different expressions for the different emperical
equations should be used, did not allow to draw definitive conclusions as to the applicability
of the other rivers.
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Fig. 7.4-7: Calibration of proposed method for Bahadurabad characteristics

Nevertheless considering that for Jamuna conditions a fair predictive behaviour was obtained,

for the time being this predictive method has been applied to study the effect of scenarios for
river training/ AFPM.
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7.5 APPLICATION OF THE SELECTED METHOD

In this section the response of the different scenarios for river training/ AFPM as identified
in Chapter 5 of the Main Report is tentatively estimated using the method developed in the
previous chapter. The three scenarios considered are described in Section 5.1 of the main
report. The first two are aiming at an anabranched system, keeping the system of permanent
chars intact. The third scenario aims at gradually reducing the size of the permanent chars -
by gradually reducing the width of the Jamuna river. In a further development the total width
can be reduced even further. This will result in an increase of the attached char land.

The impact can be divided into:

(1)  changes of the river banks, and

(2) changes in. the channel and char system.

These are discussed in some detail hereafter, where the emphasis is on the ultimate hydraulic
and morphological response.
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In all three scenarios river training works (groynes and revetments) will be constructed,
although the extent to which they are implemented varies considerably among the three
scenarios. The consequence of the construction of river training structures is that the
occurrence of steep eroding banks will be reduced and that the banks will increasingly
become more "stony". "Stony" banks consists of gently sloping banks with boulders or
concrete blocks as bank protection works. In between the river training works sedimentation
areas may develop, characterized by gently sloping beaches. Scenario 1 is the most extreme
in the substitution of the natural eroding banks by "artificial" environments, and the scenarios
2 and 3 are decreasingly less drastic.

Reducing the width of the channel and char system will have a more or less pronounced
effect, depending on the width reduction. It is assumed that this reduction in width is hardly
present in the scenarios 1 and 2. Only the third scenario ("Braided river with reduced width")
may result in changes in the total width also. A distinction should be made between a
reduction of the total width to a value of about 10 km and a value even lower that 10 km.
Based on the analysis of the satellite images as presented in Section 2.3, it is clear that the
total width of the river not including the permanent islands totals about 10 km. Hence a
reduction of the width to this value will result in the disappearance of the permanent chars,

but will not have a major effect on the channels as well. An estimate of this can be obtained
from Fig. 7.4-7 in combination with Fig. 7.4-2.

The latter figure provides an emperical relation between the total width and the number of
channels. Reducing the total width of the river to about 8 km results in a reduction of the
number of channels to about 2. The characteristics of these can be read from Fig. 7.4-7 by
reading on the vertical axes for the number of channels of 2. This yields:

- sinuosity of about 1.1; '

- total width of about 15 km;

- meandef length of about 33 km,

and a small increase in average depth. These are the characteristics of the natural channels
if they would be allowed to develop.

The recurrent measures are however meant to keep the total width of the channel system to
about 8 km, hence a reduction of the sinuosity to about 1.02 can be expected due to the
Tecurrent measures. A reduction in sinuosity means that the geometrical fit between the -
upstream water levels and the level of the upstream bankfull levels (Equation 7-34) will no

longer be present, hence the overall effect will be a small reduction in the slope of the river,
corresponding to about 7% of the present slope. Hence the reduction in slope will be about
5 mm per km, resulting in a decrease in bed levels and hence in due time of the water levels
in the Jamuna river of on the average a few decimeters. This will have both positive and
negative effects; a reduction in water levels will reduce the flooding but it will also reduce
the inflow into the Old Brahmaputra river. Because a narrowing of the river will be taken
up, if ever, after several decades only, the change in slope will become noticeable even later.
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Impact on

Scenario

River banks

Channel and chars system

1. Anabranched system
based on hard
measures only

(1) Steep eroding banks
will reduce in length
substantially

(2) "Stony" banks will
replace these banks

(3) Increased velocities
near river training
structures

No major impact

2. Anabranched system
based on combination
of hard and recurrent
measures

Similar impacts as for
scenario 1, but over a
more limited reach length

No major impact

3. Braided river with
reduced width

Similar impacts as for the
scenarios 1 and 2, but only
on a very small scale

(1) For a reduction to about
10 km: disappearance of
permanent chars

(2) For further reduction in
addition: reduction of number
of channels;

increase of average depth and
width of channels;
"theoretical” increase in
sinuosity compensated by a
decrease due to the recurrent
measures; minor changes in
velocities

Table 7.5-1: Hydraulical and morphological impacts of the various scenarios

It is of interest to mention here that degradation of the bed is experienced in some river
systems in Europe that have been subjected to narrowing in the past centuries. Other river
systems, especially the Yellow river experience bed aggradation, mainly in the floodplain due
to excess sedimentation. The ultimate reaction of the Jamuna river to river training/ AFPM,
as assessed here, may therefore be less than predicted here.

It is stressed again that the prediction made here is based on a method that has not yet been
verified extensively. In a further stage of the project a more extensive verification is needed
also versus characteristics of other rivers. Only when this verification yields acceptable
results, the method can be used in further stages. It is stressed however, that the main results
to be obtained later, will not yield completely different results.
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Itis hoped that the study component of FAP 24 will also tackle the prediction of the response
of the river, based on larger insight on river systems of Bangladesh than presently available.
Finally it should be realised that decisions on the preferred strategy for river training for the
Jamuna river and the other main rivers have not to be taken now, but can await the
knowledge to be assembled in the coming years.
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5 RIVER BENDS

5.1 Flow in bends

Fig. 5.1 Hellicoidal flow

For axially symmetric flow in a bend a lateral pressure gradient u902/R or a
lateral slope 3h/ar equal to a. U /8R will be generated. The value of a is
slightly larger than 1 due to the non-uniformity of the velocity in the verti-
cal direction. A good estimate is a= 1.06 (van Bendegom, 1947 and Jansen,
1979);

Water particles near the surface have a velocity larger than U, the average
velocity, and will therefore tend to follow a curve with R s/R. Near the bed U
< U and Rb < R, because the lateral preéssure grandient is the same for all
particles. This leads to the well-known spiral or hellcoldal flow pattern in
bends which has a very large influence on the bed profile as it will transport
sediment from the outer bend Ltowards the inner bend.

For axially Symmetric flow and an assumed logarithmic velocity distribution
over the depth, a simple analysis leads to an expression for the lateral
velocity distribution (Rozovskil 1957, De Vriend 1977), almost linear over
depth. The direction of the velocity near the bed, relative to the direction
of the average velocity is given by )

& 2 h (
-, - 1
tan § > R
K

_ '8

c
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where h = depth
x = von Kirmin constant

C = Chezy coefficient.

For a range of Chezy values from 30 to 60 mz/s, tan§ varies from 9.5 h/R to
11 h/R with 10-h/R as a good average. This also means that the lateral compo-
nent of the bed shear stress can be given as &

Ty/?x = 10 h/R where Tx = pghi

It must be stressed however that this analysis i{s only valid for fully develo-
ped spiral flow without effects of the banks. In reality there is an effect of
friction along the banks and of the interaction between secondary flow and

main flow, giving a phase lag between spiral flow and geometry (De Vriend,
1981).

5.2 Bend profiles

The spiral flow in bends will tend to transport particles towards the inner
bend until a lateral slope ls formed and an equilibrium between lateral compo-

nents of bed shear stress forces and gravity forces is obtained (Van Bendegom,
1947)

T 2 T 3 )
T,. 7 D = sing g D (ps- plg

Yy
| . ,
Taking TY - IO(h/r)'rx where T£4}pgh1_- pU,s this leads to
2 .
i 1 % i
SnB-S'A—gb-E (a)

Odgaard (1984) reviews theories by Kennedy, Falcon and himself and finds for
uniform bed material

..

B .
sing = Q.B vE) v | (b)

in which 8 is the Shields parameter for beginning of motion.

Experimental data are not sufficiently accurate to give a ¢lear choice for
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(a) or (b) but indicate some preferene for (b). Both relations show that the
lateral slope is a function of flow velocity and depth and can therefore
change during floods.

If it is assumed that the slope is proportional to r-] and that (a) is valid
(Jansen 1979) it can be shown that

an o tolar ‘
2 AD 2

or B r
RIS . P .

- R T F TR AD

from which, for a given n, and Ry other depths in the bends can be calculated.
Apmann (1972) gave a simplified analysis, assuming the velccity to be con-
stant. This leads to

h -a.l‘n

For one river, the Buffelo Creek, he found n = 2.5 + 0.6.

These relations are not of wmuch practical use however, because uniform bed
material is assumed, whereas it known that the material in the outer bend is
generally much coarser than in the inner bend due to the greater effect of the

lateral shear force on the smaller grains.

Fig. 5.2 (Odgaard, 1981) shows the large variation in grain sizes and flow
velocitly in a practical case.
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Fig. 5.2 Sacramento River bend.

Developments are now in the direction of a two-dimensional modelling of the
flow and morphology of a river bend. Using the flow model developed by De
Vriend (1977, 1981), Struiksma et al. (1985) compute the bed topography in
bends with fixed side walls. Results agree quite well with experiments in a
laboratory r'lume.
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Fig. 5.3 Comparison of velocities and bed levels in a bend
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5.3 Bank erosion

Bank erosion is a common feature of alluvial rivers. Rates of lateral erosion
for various rivers are greatly different due to

variations in geological structure and sedimento-
(a) A stream begins to downcut.

logical composition of the valley material (see ﬁTmnFﬁnmusmrommr
ik - alluvial All.
Fig. 5.4). S s (b) Several episodes of valiey
cutting and fill. Original
Rates of lateral migration vary from a few meters bedrock valley was filled with
8 alluvium (1) has undergone
per year (Brice 1984, USA rivers) to 50-75 m/year two other cycles of erosion and
i sedimentation (2) and (3) Fill
(Missouri, Mississippl) and even 2500 m/year (Kosi i;wvaybmngmmowany
the nver.
River, India, see Carde and Ranga Raju, 197T7). Alter Leopold and Miller (1954)

Coleman (1969) reports values of 30 to 750 m/year

for the Brahmaputra River, occuring mainly during

1 s

the flood season. §\§“n“§“::::;ﬁfﬁﬂﬁ$
L Bedrock
to the increase of velocities In the outer bend . la)

Bank erosion is most prominent in riverbends due

and the spiral flow which tends to deepen the
outer bend. Bank ercsion can be due to scouring,
undermining and subsequent soll-mechanical fai-

lure or liquefaction by overpresswe in fine sand

during falling water levels. Coleman (1969) observed
that for the Brahmaputra River the majority of the

failures was due to current undermining and subse- Fig.5.4 River valley

quent failure of the levee deposits. ' formation.
There is not much theoretlical or even empirical

work related to quantitative prediction of bank erosion rates. Brice (1984)
found that bank erosion rate increased linearly with drainage area for a
number of USA rivers.

Hickin and Nanson (1984) did an extensive study using photographs of sand and
gravel rivers in Western Canada. They found that erosion rate was a function
of the radius of curvature to width ratio R/W, with a maximum at R/W = 2.5, An

empirical relation (see Fig. 5.5) was:

1 < R/W < 2.5 f(R/W) = 2/3 ( R/W-1)
R/AW > 2.5 f(R/W) = 2.5 W/R
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The maximum erosion rate occurs for R/W = 2.5 and is defined as Mo, 5 (in
m/year) and lncreases with total streampower Q:

qQ = Q5 T h_1- PE Q5 I (Watt/m')
where QS = discharge exceeded once in 5 years.
H2_5 is ‘inversely proporticnal to a bank-strength parameter Gg (dimension
N/m?) which is a function of bed material size (see Fig. 5.6).

13
=== ==
=

[=4"F=] Cu3l

w2
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[ T T — cLar Lt SAmO QRAVEL
e
Fig. 5.5 Influence of R/W Fig. 5.6 Bank strength barameter”

Example: Qs = 800 m3/s I =103 h =5m
Dpank = ! @@ = Gg = 80 N/m?
R/W=5 = f(R/W) = 0.5
2 = pg I Qg = 8000 Watt/m'

-1 _~1
H2_5 = Q. K GB = 20 m/year

M = MZ.S . f(R/W) = 10 m/year.
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The use of this relation In other areas must be done with care but can give
some idea of possible bank erosion rates.

REFERENCES

VAN BENDEGOM, L.
ROZOVSKII, I.L.

COLEMAN, J.M.
APMANN, R.P.
CARDE, R.J.
RANGA RAJU, K.G.
DE VRIEND, H.
JANSEN, P.Ph. (Ed)
DE VRIEND, H.
ODGAARD, J.
ODGAARD, J.
BRICE, J.C.
HICKIN, E.J.

NANSON, G.C.
STRUIKSMA, N.et al

1947

1957

1969

1972

1977

1977

19y

1981

1981

1984

1984

1964

1985

Some considerations on river morphology and river

{mprovement (in Dutch) "~
De Ingenieur 59 (4), p. B1-B11,

Flow of water in bends of open channels.

Acad.of Science. Ukrainian SSR, Inst. of Hydrology

(Translated by IPST, Jerusalem 1961).
Brahmaputra River: Channel processes and
sedimentation. Eng. Geol. 3 (2/3) p. 129-239:
Flow processes in open channel bends.
Proc.ASCE, 98 (HYS), p. 795-810.

Mechanics of sediment transportation and alluvial

stream problems. Wiley Eastern Ltd., New Delhi.

A mathematical model of Bteady flow in curved shallow

channels. J. Hydr.Res. 15 (1), p. 37-54.

Principles of river engineering. Pitman, London.

Steady flow in shallow channel bends.
Ph.D.thesis, Comm. on Hydraulics 81-3. Dept. of
Civil Eng. Delft Univ. of Technology.
Transverse bed slope in alluvial channel bends.
J.Hydr.Div. (ASCE) 107 (12), p. 1677-1694.

Flow and topography in alluvial channel bends.
J.of Hydr.Eng. (ASCE) 110 (4) p. 521-535,

Planform properties of meandering rivers.-

From "River Meandering". ASCE, New York, p.1-15.

Lateral migfaticn rates of river benas.

J. Hyd. Eng. ASCE, 110 (11), p. 1557-1567.
Bed deformation in durved alluvial channels.
J.Hydr.Res. 23 (1) p. 57-79.

(Also Delft Hydraulics Publ. 333).



Tem

va

0

- 6.1 -

6 MORPHOLOGICAL COMPUTATIONS

6.1 Introduction

To analyse the changes in rivers due to man-made or natural influences, mathe-
matical models can be used under certaln condlt}ons. For example, if the bed
i{s fully alluvial (no non-erodible parts) and the banks are fixed or only
slowly changing, one can use a one-dimensional schematisation to compute bed
and water level changes.

For river bends and bifurcations, two-dimensional models are being developed

but also here the banks have to be fixed.

6.2 One-dimensional models

Assuming a constant width of the river, the following relations for the water
motion, sediment transport and bed level changes are used (de Vries 1973,
Jansen 1979).

Fig. 6.1 Definition sketch

W = U 3h 3z ujul
moment t g = e _— e =
Pm water T u T + x T 8 3x g ah (6.1)
C
. 3h . = 3h U .
continuit : = =¥ h == =
ntinuity water _ : == ¢ U ==« h = ? (6.2)
transport sediment : s =38 (U

b Py D, C etc.) (6.3)
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PLANFORM CHANGES OF A BRAIDED RIVER
WITH FINE SAND AS BED AND BANK MATERIAL
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ABSTRACT: As a first step towards the development of a predictive model for channel changes and
related bank erosion, morphological processes were studied 1n a braided river with fine sand as bank
and bed material. This was done using mainly (geometrically corrected) satellite images, the use of
which was justified because of the large scale of the river studied: the Jamuna River in Bangladesh
with a total width of up to 17 km. The study concentrated on bank erosion, channel shifts, and
processes at bifurcations and confluences. It was found that the bank erosion depends on the relative
curvature of the curved channels, and that the rate is an order of magnitude larger than predicted by
Hickin & Nanson (1984). Several types of channel shifts were identified, and it was observed that
cutoffs occur already at very low cutoff ratio’s. The main conclusions from the study are that on the
one hand much more studies are needed to improve the understanding of these different processes, and
on the other hand that there is a clear limit to the period over which predictions can be made due to
the observed chaotic behaviour of the channel changes.
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1 INTRODUCTION

Understanding of future planform changes of rivers is
essential for the siting of infrastructure (like
embankments, supply canals, roads, etc.) and of
towns and villages along rivers. Nowadays the
understanding of planform changes of meandering
rivers is fair: meandering via bank erosion can be
predicted to some extent (Hickin & Nanson, 1984),
including ‘the occurrence of cutoffs (Klaassen & van
Zanten, 1989), and predictive models for the
development of meanders (Parker & Andrews, 1981;
Crosato, 1990). No predictive models are available
for braided river systems, although the need for
predictions of future behaviour is even more accute,
because of the apparently erratic behaviour of such
river systems (Burger et al, 1988).

This paper reports on a study that was carried out to
improve the understanding of the processes in braided
river systems, with the ultimate aim to develop a
deterministic method for predicting the future changes
in channel planform and the corresponding bank
erosion. Connected to this is the question whether
there is a limitation as to the period over which bank
erosion along a braided river can be predicted in

advance. The present study was initiated in relation to
the design of a bridge across the braided Jamuna
River in Bangladesh. The Jamuna River is the lowest
reach of the Brahmaputra River in Bangladesh (see
Fig.1). Its main characteristics are a water level slope
that gradually decreases form 0.10 to 0.06 m/km, the
bed material is quite uniform and D varies from
0.25 mm near the Indian border to 0.16 mm at the
confluence with the Ganges River, the average annual
flood is about 60,000 m3/s, and during low flow
between 4.000 and 12.000 m*/s. The Jamuna River is
a large braided sand bed river, the number of braids
(during low flows) varies between 2 to 3, and the
total width of the braided channel pattern varies
between 5 and 17 km. Flood conditions usually
prevail from May through October (see e.g. Coleman
(1969)) while the low flow season lasts from
December through March. For more details on the
Jamuna River reference is made to Coleman (1969),
Bristow (1985), Klaassen & Vermeer (1988a and
1988b) and RPT et al (1987, 1990a and 1990b).

Within the Jamuna Bridge Appraisal Study, an
extensive analysis was made of rates of bank erosion
along and channel processes in the Jamuna River in
Bangladesh, using satellite images and cross-sections.
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Fig. 1 Map of Bangladesh with Jamuna River

This paper summarizes the results of this study. For
more details reference is made to Masselink (1989).

Several studies on the Jamuna River have already
been carried out, leading to an increased
understanding of the processes that take place in such
large, braided sand-bed rivers (Coleman (1969),
Bristow (1985), Klaassen & Vermeer (1988a,b),
Klaassen et al (1988)). These studies have revealed
processes that take place on a scale which can not be
compared to the results of studies on "normal”
braided rivers (see e.g. Rust, 1972). In particular the
use of satellite images in the present study does
enhance the understanding of the processes in the
Jamuna River substantially. Because of the large scale
of the river involved the accuracy of the LANDSAT
MSS images, in combination with the rapid and
substantial changes, makes the use of the satellite
images very fruitfull. For the time being, SPOT
images are not a real alternative as (i) they cover a
much shorter period and (ii) the detailed insight they
provide, is not really needed in this stage.

2 APPROACH

2.1 Data used

<

%8

Yearly bank erosion rates were studied on the basis of
comparisons of geometrically and otherwise corrected
satellite images. Here LANDSAT MSS images of in
total 6 years were used, with time intervals of 1, 2
and 6 years. The data that were used in this study
comprised cross-sectional data and planform data
derived from LANDSAT images.

2.2 Cross-sectional data

The cross-sectional characteristics of the Jamuna
River were studied on the basis of soundings made by
the Bangladesh Water Development Board (BWDB)
since 1966. The locations of the studied cross-sections
are indicated in Fig. 2.

J-1341
"Bahadurabad
J-13

25°00n

24°30N ¢

P 3-30 % 24°%0N

Goalundo ® %

Fig. 2 Location of BWDB cross-sections

An extensive analysis of all cross-sections has been
carried by Klaassen & Vermeer (1988a). They



concluded that over the last decades the Jamuna
channel bed was stable both laterally and vertically.
Hence, the Jamuna River is on the average not
aggrading, and can be supposed to be in equilibrium.

2.3 Selected satellite images

For the LANDSAT MSS images selected see Table 1.

Image South North
Scene number') 138-43 138-42
Year Date Date
1976 4 Mar -
1977 9 Feb 9 Feb
1978 22 Feb -
1984 23 Feb 23 Feb
1986 20 Feb 20 Feb
1987 7 Feb 7 Feb

'y LANDSAT 4/5 numbering
Table 1 LANDSAT images used for the present study

The research was primarily based on the images of
the Southern part of the Jamuna, because these images
form a more or less continuous series, whereas the
Northern images did not. Only images were selected
for dates for which the stage at Sirajganj (see Fig.2)
was between 6.00 and 7.00 m+PWD (PWD refers to
the agreed reference level in Bangladesh). Hence, all
images show the Jamuna River during low flow
conditions. The images were geometrically corrected
(de Jong, 1988), hence mutual comparisons between
different years could be made.

2.4 Classification

In a next step the images were classified according to
the type of soil and the vegetation cover. For this an
algorithm was applied, using two spectral bands. For
the procedure applied see Klaassen et al (1988) and de

Jong (1988). The following classification and
corresponding colour coding was adopted:

- water : blue;

- bare land  : grey ;

- sand : orange;

- vegetation  : green.

The classified images are called statical composites.
An example of a series of these statical composites is
given in Fig. 3. Because it concerns a black and white
copy, here the water corresponds to the darkest
colour. Changes over the years in water and sand
distributions are obtained by comparing statical
composites. An "overlay" (of the digital data) of two
statical composites is made, and based on the four
identified classes, there are 16 possible combinations,

2

)
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yielding 16 new classes. These can subsequently be
interpreted and analyzed. The new picture obtained
(being the comparison of two succesive years) is
called a dynamical composite.

2.5 Processing, analysis and interpretation

The statical and the dynamical composites were used,
together with the BWDB cross-sections, for the study
of processes active in this braided river system. The
following topics were investigated:

(1) bank erosion rates of curved channels,

(2) cutoffs,

processes at bifurcations,

(4) processes at confluences.

The rationale for selecting these topics is that it is felt
that these processes in combination are responsible for
the changes in channel patterns. The results of the
various analyses are presented in the subsequent
Chapters 3 through 6.

The different processes were studied via
measurements in the statical and dynamical
composites. The accuracy of the LANDSAT-image
after processing is approximately 200 meters at a
significance level of 97%. De Jong (1988) presents a
complete discussion on the selection, processing,
classification and accuracy of the images.

3 BANK EROSION RATES
3.1 Bank erosion rates

Using the dynamical composites, the bank erosion
rates along curved channels could be studied. Not all
curved channels were included in the analysis:
channels that had significantly narrowed or widened
in one or two years were excluded, as for these cases
it was difficult to distinguish between bank line
changes due to an increase or decrease of discharge
and 'true’ bank erosion. The bank erosion does
obviously vary along the bend: here only the
maximum bank erosion rates were studied.

Fig. 4 provides a summary of the observations for he
four dynamical composites of the south image, via a
plot of the observed erosion rates (divided in classes)
versus the number of observations in each class.
Yearly erosion rates E apparently vary between 0 and
1,000 m. Fig. 5 provides the same information, but
here the average number of occurrences for the four
different periods is presented. It appears that the bank
erosion rate along the curved channels of the Jamuna
River in most of the cases is between 0 and 500
m/year with larger values up to 1,000 m/year under
exceptional conditions. This is conform the findings
of Coleman (1969).
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Fig. 4 Observed bank erosion rates along curved channels of the Jamuna River

Also some other aspects of the bank erosion were
studied using the satellite images. The direction of the
bank erosion was studied by plotting in Fig.6 the
direction of the maximum erosion relative to the
valley slope. The direction of the largest erosion is on
the average approximately perpendicular to the valley
slope, while for smaller erosion rates it frequently
deviates substantiaaly from the valley slope.

Also the influence of vegetation was studied. It was
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found that chars with minor or absent vegetation do
not erode faster than vegetated floodplains along the
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Fig.5 Average bank erosion rates along curved
channels of the Jamuna River for the four
periods considered in Fig. 4

Fig. 6 Direction of bank erosion along curved
channels of the Jamuna River



edge of the channel pattern. Hence it can be
concluded that for the deep channels of the Jamuna
River (see Klaassen & Vermeer, 1988b) the influence
of vegetation only effective in the upper layers is
negligible.

Furthermore a distiction was made between the
following bank erosion mechanisms (see the below
Fig. 7): rotation (A), extension (B) and translation
©).

------ old situation
_— new situation

Fig. 7 Possible bank erosion mechanisms studied
here

It was found that both rotation and extension do
occur; translation is absent along the Jamuna braids.
Translation does usually occur for cohesive banks.
The chars and flood plain deposits of the Jamuna
River exhibit hardly any cohesion, so this may be an
explanation. =

Finally it is remarked that apparently the yearly flood
hydrograph may play a role in the magnitude of the
yearly erosion rate (see the difference between e.g.
1976-1977 and 1984-1986). This has not been
explored in more detail yet.

3.2 Analysis

The observed bank erosion rates were analysed within
a frame-work similar to previous work by Nanson &
Hickin (1985) for meandering rivers, by establishing
the relation between the bank erosion rates and the
relative curvature of the channels. Here a
complicating factor is the fact that not one channel is
considered, but that several parallel braids are
present. In a meandering river the bankfull width is
fairly constant (and fairly good related to the
'dominant’ discharge). In the present case the width
of a channel will differ depending on whether the
channel is in regime, .scouring or vanishing. This
makes scaling with the width W as parameter (as done
by Nanson & Hickin) more risky. Nevertheless this
has been attempted hereafter.

According to Nanson & Hickin the yearly bank
erosion E (in m) can be expressed as:

~y T

E = f (W, R'W, C, B) (1

where E = yearly bank erosion (m), W = channel
width (m), R = radius of curvature of the curved
channel (m), C = Chezy coefficient (m'?/s), that
represent the channel roughness, and B = overall
bank resistance coefficient. For the time being it was
assumed that the parameters C and B do not vary
along the Jamuna River, hence for this river the
equation would reduce to :

E=f(W,RW) @

This expression was tested for the Jamuna bank
erosion data. The determination of the applied radius
of curvature was done in the following way. Usually
the values of relative curvatures (R/W) for the two
years were averaged. If, however, one of the values
for R'W was smaller than 5.0, and the other was
greater than 5.0, then the value of the bend with the
smallest relative curvature was used. The reasoning
behind this choice is that it was considered that this
bend was most active in the eroding process.

Initially a distiction was made as to the channel width:
four classes were identified (see Fig. 8). The results,
related to bends selected according to the criteria
given in Section 3.1, are presented in Fig. 8. It can
be observed that the largest channels tend to
correspond to the largest erosion rates. Hence a
similarity collapse was attempted, by plotting E/W
versus R/W. The result is given in Fig. 9.

Upon inspection of Fig. 8 and Fig. 9 the following

observations can be made:

(1) There is definitely a negative correlation between
the relative bend curvature (R/W) and the
erosion rate (E/W). Low relative curvatures lead
to relatively fast erosion rates, and vice versa.
There is no tendency for very sharp bends (R/W
< 2.5) to have smaller erosion rates, as was
observed for meandering channels by Nanson &
Hickin (1984). The value of W used here
corresponds to the low flow width. As on the
average the bankfull width is about 3 times larger
(Tazzsen & Vermeer, 1988a), a possible peak
would have occurred here for the low flow data
for R/W-values of approximately 7.5.

(2) The largest bends (W > 1000 m) plot low in
Fig. 9, indicating that relative erosion rates by
large channels is relatively small. However, only
7 large channel bends were studied. From Fig. 8
it appears that there is no significant difference in
relative erosion rate between the smallest (W <
500 m) and the intermediate (500 < W < 1000
m) channels.

(3) Both Fig. 8 and Fig. 9 show a substantial scatter.
Apart form the assumptions made during the
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derivation of Eq. (2), possible explanations for this
scatter may be:

- measuring accuracy (gee before);

- use of low flow widths;

- use of one value of the radius of curvature, where in
reality R may vary considerable along the bend;

- the inclusion of less active bends possibly being
rather shallow.

A comparison was made between the presently
observed erosion rates and the rates predicted
byHickin & Nanson (1984). Assuming a bankfull
discharge of a channel of 20,000 m*/s and using the
other river characteristics described in Chapter 1, the
estimate of several tens of meter of erosion a year. It
is clear that this estimate is an order of magnitude
smaller than what was actually observed. A possible
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Fig. 9 Dimensionless erosien rate E/'W versus R/'W
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explanation could be that in the case of the Jamuna
River, the floods extend over a period of some three
months. It may be appropriate to include in any
prediction method also the duration (and magnitude?)
of the floods.

4 CHANNEL SHIFTS

Using the dynamical composites, also channel shifts
were studied. The channel pattern of the Jamuna
River changes continuously: large channels being
abandonned, and new channels developing in a few
years only, are common features. Coleman (1969)
refers to this process as to 'sudden shifts’. A channel
shift is accomplished by the development of a
completely new channel, or, more common, a pre-
existing channel takes over the conveyance function of
another channel. The new channel may flow through
the original channel deposits or through the
floodplain. Three types of channel shifts were
identified and these are discussed hereafter:

(1) Bar induced shifting

Sand bar induced channel shifting is not often
identified in the literature, but is a rather important
process in the Jamuna River. Large sand bars
migrating in a channel or developing in specific
channel reaches block the entrance of small channels.
Consequently these channels will receive less
discharge and are "abandonned" subsequently. Sand
bars can also redistribute the flow so that one channel
receives more discharge than amother. A complete
channel shift can be the result (see Fig. 10).

(2) Development of a cutoff

The development of a cutoff occurs frequently. Of the
23 cases of channel shifts studied, 11 relate to cutoffs.
To get some insight into this phenomena, it was
approached in two ways, notably (i) considering the
relative curvature R/W, and (ii) considering the cutoff
ratio (Klaassen & van Zanten, 1989).

Re (i) Relative curvature

The relative curvature of a bend is assumed to be a
primary control on the processes which determine
channel shifts of this type. From a study of channel
shifts, it appeared that the average relative curvature
(R/W) of the pre-shift bends was 3.6 (standard
deviation 1.8). Bends with R/W-values < 3.6 are
apperently ’unstable’ and result in a channel shift
within a period of two years. This may be explained
by the shear stress distribution i the bend.

Re (ii) Cutoff ratio "

Klaassen & van Zanten (1989) have shown the
importance of the cutoff ratio A, being the ratio
between the length of the channel.along the curved
reach and the direct line, along which the cutoff
channel is developing. For a number of cutoffs in the
Jamuna River the value of A\ was determined and a
cumulative frequency distribution was prepared. The

1986 ;]
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Fig. 10 Bar-induced channel shift
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Fig. 11 Cumulative frequency distribution of cutoffs
compared with existing bends

results are presented in Fig. 11. It appears that the
values of A vary between 1.0 and 1.7. These are very
low values for the cutoff ratio, demonstrating that in
this type of braided river with fine bed material
channel shifting via cutoffs occurs relatively quickly.
For comparison: in meandering rivers values of A in
the range of 5 to 30 have been observed (Joglekar,
1970; Klaassen & van Zanten, 1989). Furthermore it
is observed that the ’critical’ value of A varies



between a wide range, hence the usefullness of Figure
11 for predictive purposes is very limited. For the
time being a 50% value of 1.25 can be used.

In Fig. 11 also the frequency distribution of potential
cutoff ratio’s of existing bends is added, and it is
observed that larger (potential) values of A apparently
result almost immediately into a cutoff.

(3) Outerbend channels in bends

Also the formation of what is called here an outer
bend overflow channel occurs frequenly (9 times out
of the 23 cases studied). Also this may be related to
the shear stress distribution in the bend (Masselink,
1989). Often such an outer bend overflow channel
developes where previously an old channel has been
present. See Fig. 12 for an example of the
development of an outer bend channel, where a fairly
rapid shift took place. The new channel started as an
outerbend overflow channel and was located in the
floodplain. Within two years (1979-1981) the overflow
channel deepened from 7 to 17 metres, and the
original channel had been filled in completely. The
original channel is not always filled in completely, but
may still convey a certain amount of discharge.

The previously discussed types of channel shifts were
rather simple in that a clear cause and effect
relationship could be determined: e.g. a sand bar
blocks a channel, and consequently the channel is
abandonned. Many channel shifts occur without such
an obvious reason. Usually sand bar formation
enhances a channel shift, but it is not the direct cause.
It is proposed that changes in flow and sediment
distribution cause local- bed aggradation in one
channel. Consequently the flow efficiency of this
channel is reduced through a decrease in channel
slope. Sand bar formation may occur. Another
channel may take over the function of the aggrading
channel because of its higher efficiency. All depends
on the complex interaction between channel
morphologhy, discharge and sediment load. This
relationship is too complex to be studied on the basis
of LANDSAT images alone. Complex channel shifts
are a fairly important process in the Jamuna River,
the reasons why such 3hifts take place however, are
not fully understood. -

5 PROCESSES AT BIFURCATIONS

When a major channel continues in two smaller
channels, a bifurcation is present. A bifurcation is a
very important feature in a braided river system, as
the development in time of the two bifurcating
channels is determined by the flow and sediment
distribution at the bifurcation. Here a description is
given of the processes that are active at a bifurcation.
The two channels arising from the bifurcation are
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Fig.12 Development of an outer bend channel into an
already existing old channel '

separated from each other by a char; the surface of
this char is above bankful discharge level.

The development of the bifurcation depends on the
character of the planform; it may be a symmetric or
an a-symmetric one. A symmetric bifurcation is
characterized by the flow direction of the upstream
channel being different from the two downstream
channels. A symmetric bifurcation is characterized by
upstream accretion. An analysis of several large
bifurcations revealed an average propragation speed
(in upstream direction) of approximately 900 m/year.
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Fig. 13 Development of a bifurcation during the period 1977-1987

(in upstream direction) of approximately 900 m/year.
It appears that the propagation rate scales with the
size of the channels.

An a-symmetric bifurcation is characterized by one of
the downstream channels having approximately
thesame direction as the upstream channel. The other
downstream channel is usually much -smaller in
size,and because of blocking of this smaller channel
by chars, it usually disappears in one or two years.

Fig. 13 outlines the development of a bifurcation in
the period 1977-1987. The behaviour is characterized
by a symmetric and an a-symmetric phase. In the
period 1977-1984 a symmetric bifurcation is observed
which progrades in an upstream direction at a rate of
about 625 m/year. Between 1984 and 1986 a major
channel upstream of the bifurcation (marked with a ¢
on the drawing for 1984) is abandoned. The result is
an asymmetric bifurcation where the eastern
bifurcation channel is transporting most of the
discharge. A small char is formed, blocking the
entrance of the western, channel. In 1987 the small
char is attached to the major char and the bifurcation

point has disappeared.

Y
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Fig. 14 Different types of confluences

6 PROCESSES AT CONFLUENCES

The development of a confluence appears to depend
on its shape. Different shapes of confluences are
schematically drawn in Figure 14. They are different
in the presence of a slackwater zone (A versus B and
C) and in the angle between the two confluencing
channels (B versus C). A slackwater zone is prone to
quick deposition and usually vanishes in one year.
The channels that drain the char surface have an
important role. The char surface slopes in
downstream direction so most of these channels
discharge near the confluence. If they discharge in the
slackwater region all the sediment load is depositing
there, giving a significant contribution to the
downstream accretion. If the confluence is a smooth
one, all the sediment will be discharged in the main
channel and be transported downstream. In this case
these channels may even lead to erosion of the
confluence as most of their sediment load is extracted
from the downstream part of the bar.

Bristow (1985) mentions downstream accretion is an
important mechanism for the growth of medial chars
(major bars in main channels). In the present study
this was no* confirmed for the major confluences
studied here. In general if the confluence margin is
smooth, and the two confluencing channels do not
change significantly, confluences are relatively stable
river sections. This corresponds to the conditions in
the Yellow River, where some of the nodal points are
formed by channel confluences (Chien, 1961). If on
the other hand one of the channels becomes dominant,
the confluence moves in the direction of the minor
channel by means of erosion at the major channel side
of the confluence, and sedimentation at the minor
channel side. On the average, confluence points do
not move significantly upstream or downstream.
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Fig. 15 Development of a confluence in the period 1977-1987

As an example here the historical development of a
confluence near Sirajganj over the period 1977 -1987
is shown Fig. 15. This confluence had a fairly blunt
shape in 1977. In 1978 a bar had been formed by
sedimentation in the slackwater region, smoothing the
confluence. Over the period 1978-1984 the western
channel became more important, and the conflunce
migrated to the east. In the period 1984-1987 the
situation did not change significantly, and over the
whole period the position of the confluence is
remarkable stable. Old maps, however, show that the
conflunce was not present at this particular location in
the 19th century. Hence, this_so-called nodal point
(Coleman, 1969) is probably more determined by the
presence of a confluence in the last decades than by
other possible causes, likelarger resistance to erosion
due to deposits of a former river (Coleman, 1969).

7 TOWARDS A PREDICTIVE MODEL?

The ultimate objecfive of this study was to investigate
whether the developmeit of a predictive model for
braided rivers with fine bed and bank material is
feasible. With such a deterministic model one should
be able to predict future channel development and
related bank erosion with reasonable accuracy and
preferably on a time scale of at least several years.

From the results of the study reported here it can be

concluded that presently it is not possible to develop

such a deterministic model, for at least two reasons:

(1) the limited understanding of the prevailing
processes, and - ' )

(2) the observed ¢haotic behaviour of the system.

These two reasons.are discussed hereafter.

Re (1) Limited understanding

Even for the limiting assumptions made here (e.g. in
the analysis of the bank erosion rates that the channel
should not 'deteriorate’ too much over the period of

4

comparison), the resulting relationships exhibit a large
scatter. This is a.o. caused by not including all
relevant features in the analysis. Some examples of
this are:

(1) The analysis was generally based on the
LANDSAT images from which only two-
dimensional features can be studied. The BWDB
cross-sections (taken only every 4 km) were only
of limited help. Especially channel shifts are
strongly influenced by the surface morphology.
Relatively low parts of the floodplain are
prefered locations for new channels, and
generaly such locations cannot be determined
from LANDSAT images.

The studied images form a discontinuous series
(1976 (only partly usable, because of cloud
cover), 1977, 1978, 1984, 1986, 1987).
Consequently the development of a bend or a
secondary channel could only be "followed" for
two succesive years. After the ’gap’ that then
followed, usually the bend or secondary channel
did not exist anymore.

The shape of the discharge hydrograph was not
yet taken into account in the analysis of e.g the
bank erosion rates. The same holds for channel
shifts: Klaassen & van Zanten (1989) have shown
theoretically that the magnitude of the flood and
its duration) are important parameters in . the
actual occurence of a cutoff. i

@
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Re (2) Chaotic behaviour

Morphological processes in braided rivers like the
Jamuna River ('choked with sediment’, because of the
fineness of the bed material and the large sediment
loads during floods), appear to be characterized by
chaotic behaviour, and this makes it difficult if not
impossible to model the morphological processes in a
deterministic way. A.o. sand bar induced channel
shifting is producing this chaotic behaviour, but also
the discharge hydrograph being different for different
years adds to the chaotic behaviour.



The results of the present study imply that for the
time being predictions can be made, but only for the
conditions one or two years ahead. The only locations
for which predictions can be made for a longer period
ahead are the nodal points (major confluences), which
appeared to be quite stable over decades.

8 CONCLUSIONS AND RECOMMENDATIONS

Based on the study reported here, the following

conclusions can be drawn:

(1) The study of the satellite images, in combination
with cross-sections has provided an improved
understanding of changes in channel pattern of
and the related bank erosion along large braided
rivers with fine sand as bank and bed material.

(2) This improved understanding relates especially to
the relation between the erosion and the relative
curvature (R/W), the negligible importance of
vegetation on bank stability, the occurrence of
channel shifts and the importance of sand bars,
the propagation in upstream direction of
bifurcation when the two channels are of almost
equal importance, and the stability of major
confluences.

(3) Nevertheless, the understanding of these
processes is still very limited, and does not allow
for the development of a deterministic model for
the development of the channel pattern and the
prediction of where bank erosion will take place
and how large the bank erosion will. Only near
confluences prediction over some years may be
possible, because usually these reaches are fairly
stable. )

(4) The fact that a” deterministic model cannot be
developed, is not only due to the as yet too
limited insight in the processes in these rivers,
but probably also to chaotic behaviour.

Based on these conclusions, the following

recommendations are made:

(1) to study the morphological processes in more
detail by:

- including also information over channel
dimensions, in particular the relative importance
of eroding chaanels, _

- studying a more continuous series of satellite
images,

- to include other aspects in the analysis like the
duration of the. yearly hydrograph;

(2) to carry out a-special study into the possible
chaotic behaviour of the river system, with the
aim to identify this chaotic behaviour and to
study its implications for the time span over
which a reliable prediction of channel changes
and bank erosion can be made.
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