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1. Introduction

l.I. General

Percipitation (rain or snow) leads to run-off. It a1so leads to soil erosion.

Water and sediment are transported down-hilI to the sea or ocean. This

transport takes p1ace via rivers of various sizes and shapes. Knowledge of

the natural processes in rivers (4iv~ hy~uliC6 o~ potamoiogylis essential

to understand and predict changes that will occur due to natural causes or due

to human interference by ~V~ engine~ng wokkh.

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

depending phenomenon, which is of a complex nature . A complete deteJLmiruJ:dl_c.
description faHs due to the lltoc.htUilc. c.haJta.c;t~ofthe morphoLogIcaI

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 an aLtu.vialc.ha.nnei is 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 is for instance the case when the alluvial bed contains resistant

spots (clay or rock).

Another example that makes morphological prediction for rivers extremely

difficult is the occurence of extremely rare high discharges that cannot be

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 •

• El Nino, a year1y 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 ot~er thlngs 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 Mozambique. De rlvers Maputo, Umbeluzi and Incomati obtained extremely

large discharges as locally 700 mm of rainfall occured in a few days.

Estimaterldischarges were about ten times higher than the recorded maximums.
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These examples should be kept in mind when morph01ogical forecasts have to

be made: the predictions can be based on the statistical propert~es 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 in 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 transport

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
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Many aspects govern the shape of the

discharge curve Q(t) of a river. In

Fig. 1.1 one aspect has been demon­

strated. For the River Rhine a sub­

stantial part of the precipitation is

in the form of snow. The run-off is

then retarded. Part of the discharge

comes from the glaciers in Switserland.

The course of Q(t) is therefore rather

regular. This is contrary to the River

Meuse, directly fed by rain on the

catchment area which has little storage.

Another example of a river with

relatively small differences between the
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yearly maximum and minimum discharges is formed by the Congo River near

Brazzaville (Fig. 1.2). The values for 1983 were at Brazzaville

Q - 77 400 m3/s and Q i = 23 000 m3/s. Thus Q IQ i - 3.5~max m n max m n

t1
~ O.OO!-_:~~~~C!!!z...t::.:~~,---r!--~~~~~~--1
w
~
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Fig. 1.2. Congo River near Brazzaville

The above given examples regard p~enniai ~v~: there is a substantial

discharge throughout the year.

On the other hand there are ephem~ ~V~: during a large period of the

year there is little or no discharge. Discharge takes place during a short

period in the ra1ny season. An example 1s the Choshu1 R1ver on Taiwan Island.

(Fig. 1.3) •
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Fig. 1.3. Lower part of Choshui R1ver (Taiwan)



During the typhoon period (July-September) th f s .iver carries a substantial

discharge. During the rest of the year the river bed is almost dry. There

is a substantial rainfall in the catchment area (2 555 rom/a)but the rain is

concentrated. Therefore in spite of the fact that the catchment area is

relatively small (3 155 km2) substantial discharges can occur. For the River

Choshui the once-in-hundred years discharge in Hsi-Lo amounts to 24 000 m3/s.

The annual hydrograph Q(t) (or, if expressed in water levels h(t» is partly

due to the pattern of the rainfall, R(t). 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 Fig. ~.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 hydrograph of

the River Faro, a smal! tributary of the River Benue is given. The River

Faro with its small catchment area is much more flushy than the much larger

River Benue. Discharge peaks of tributaries are demped in the main river.
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1.3. Geological aspects

The geology of the river basin is an important factor 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 general information.

River Station

Discharge

Catchment Water Sediment Sediment as
area ppm of
10'km' m's-I mm yr."" 10'tonyr." 10-'mmyr.-1 discharge Irng I'"]

Amaaon
Mississippi
Congo
La Plata/Paran.
Ob
Nile
Yenissel
Lcna
Amur
Yan,lSe
Wol,a
Missouri
Zambesi
St Lawrenec
Niger
Murr.y-Oarling
Canges
Indus
Orinoco
Orange Rlver
Oanube
Mekong
Hwan,Ho
Br.hlnaputra
Onjepr
Irr_waddi
Rhinc
M.gdalena (Colombi~)
Vistuia (Poland) .
Kun (USSR)
Ch_o Phya (Thailand)
Oder (Cermany/Poland)
Rhone (Franec)
Po (11~ly)
Tiber (l1~ly)
Ishik:ui (Japan)
Tone (Japan)
W~ipapa (New-Zeatand)

mouth
rnouth
rnouth
mouth
mouth
delta
mouth
mouth
mouth
mouth
mouth
mouth
mouth
mouth
mouth
mouth
delta
mouth
rnouth
mouth
mouth
mouth
moulh
Bahadurab.1d
mouth
mouth
delta
Calamar
mouth
mouth
mouth
mouth
mouth
mouth
rnouth
mouth
M~tsudo
Kanakanala

7.0
3.9
3.7
3.0
3.0
2.9
2.6
2.4
2.1
1.8
I.S
1.4
1.3
1.3
1.1
1.1
1.0
0.96
0.95
0.83
0.82
0.80
0.77
0.64
0.46
0.41
0.36
0.28
0.19
0.18
0.16
0.11
0.096
0.070
0.016
0.013
0.012
0.0016

100000
18000
44000
19000
12000
3000
17000
16000
11000
22 000
8400
2000'
16000
14000
S 700
400

14000
6400
25000
2900
6400
IS 000
4000
19000
1600

13000
2200
7000
1000
580
960
530

1700
1500
230
420
480
46

450
ISO
370
200
130
30

210
210
160
390
180
SO

390
340
160
10

440
210
830
llO
250
590
160
940
110

1000
190
790
160
100
190
ISO
560
670
4S0

1000
1250
900

900
300
70
90
16
80
11
12
52

500
25

200
100
3

40
30

1500
400
90
ISO
.67
80

1900
730

1.2
300

0.72
220

1.5
37
11
0.13
10
IS
6
1.8
3
11

90
5S
IS
20
4
15
3
4
IS

200
10

100
SO
2

25
20

1000
300
65
130
60
70

1750
800

2
500
I

SSO
5

ISO
50
1

75
ISO
270
100
180

5000

290
530
50

ISO
40

630
20
25

ISO
1400
100

3200
200

7
220

2500
3600
2000
110

1600
330
170

IS 000
1200

25
750
10

1000
50

2000
350
10

200
300
850
140
200

7500

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

More information 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

stem.
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The difference in average sediment concentration is 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 ~aterial.
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Fig. l.S. Example sediment transport

Yellow River (Long & Xiong•.1981)

Figure 1.5 shows some transport

measurements at the station Tungkuan.

Concentrations upto 175 g/Iiter do
~/s occur.

a

i
The Yehe River, a tributary upstream

of this station flows through a hilly

loess-area with quite some gutly
~o~~n. There the mean concentration

is even more than 300 g/liter. The

Yehe River has a catchment area of

only 3208 km2; the sediment yield

is above 14400 t/km2.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 (Columbia) 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 by Murty (1973). Due to earthquakes in the

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

sediment in the BraQmaputra 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 souree of the sediments (= erosion

products) determines the morphological processes.

BED lOAO

SUSPENOEO
lOAO

Fig. 1.7. Classificatlon of transport.

In Fig. 1.7 the usual (qualitative!) definitlons of the various modes of

transport are given:

Bed mat~ ~po~ is the transport of the size fractions that are present

in the bed material of the river.

Wa.6htoad is the transport of the fine partieles that are not found in appreciable

quantities in the bed.
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Thc bed materiul transport is determined hy ~he ~ompnHition of l"C hed and

by the hydraulic characteristics 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 sedi~ent belonging to the bed material load as weIl as

to the washload (Fig. 1.7).

In practice depend1ng 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

t

,
B',,,,

(Di) to the total sediment transport in a

river.

~
0'­~o
co.
0'"._ c
-:;e.o~
.\: _.#

- 0c~
00u~ River A indicates rivers like the River

Rhine, the River Niger and the River

Magdalena. A certain range of grain­

sizes is hardly present.
---Dj

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

trt;\nsport.

Sieve opening

Di (um) 150 105 75 62 50 42 35 25 0

P{D.}
1

(%) 0.9 2.4 4.4 6.9 9.1 11.5 14.4 21.9 100

Table 1.2. Gra1n-sizes of suspended sedidment (Serang River)
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As an example Tahle 1.2 gives a grain-size analysis 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

W becomes unrestricted ifc

p - p
s w ~c u·i (1-1)

For quartz (p = 2650 kg/mS) this criterion becomess

W ~ 1.6 uic
(1-2)

This Vlug~e4-Bagnold~enion does not only contain the characteristics of

the sediment (W ) but also of the flow (ui). This seems logical: washloadc
is by definition not taking part in morphological processes. If in a river

a dam is built with a reservoir then the value of W is decreasing in thec
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.

Rem~k: The data of the Serang River is Table 1.2 show that all (fine) 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:

• 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 (the Sudds) where much water is lost due to evaporation. The

Shire River (Malawi), a tributary of the Zambezi River originates from

Lake Malawi.
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• Same rivers have a "r ock.ysect ion ' in their "l]'Ivial course. This is for

instance the case with the Orinoco R'iver. '(he Ruf ij i, 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.

RQAD

o
4

801TO"'" OF"

SITE ORIGINALLY PRQPOSEO

FOR NEw BRIDGE
ROCK OUTCROPS Of

C~OS.EN BRIDGE SiTE

S,TABLE CHANN(L IN
POST. GLACIAL VA.Ll('I'

o 2 3 4 km

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 engineer­

ing. Most of it is scattered in articles. Part of it is from a geological

(sedimentological) nature. others are directed to river engineering. A tew

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 is 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

~e6ea4ch~ject on ~v~in 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.
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2. River characteristics

2.1. General

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

of a grain-size D through a valley with a slope i, a river can have many

shapes. Human interference can have altered the shape,by major river training

(no~zation o~ canalizationJor by smaller works like local bank pro­

tection.This all influences the appearance of a river. 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 wat~ the river reaches the middle course as a b~ed ~v~

gradualy becoming a meand~ng ~V~ 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 pr eserrt.Ln the delta.

Fig. 2.1. ldealized river

middle course lower
courseheadwaters

I
I
Ibraided

sea
. I

meande r Lnq I

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 ~~ght ~V~ as a type of planform. However, this form

seernsto be unstable. In a straight river there is a tendency to meander

in the river bed. There appear alt~e b~ propagating downstream slower

than the normal bedforms. These alternate bars have also been noticed

in straight laboratory 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 Fig. 2.2 the bank6ull ~­
~e has been taken. It is the discharge just large enough to fill the low
wat~ 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

meanderin~. There are indications that the braided part of the Tigris River

(the reach upstream of Balad) has an anmo~ed 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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Fig. 2.4. Normalization of the

River Rhine downstream of Basle

(l9th century).
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Human interferencp can transform

a braideJ river into a meandering

one. An eXqmple is given in

Fig. 2.4. Normalizatlon works in

the 19th century in the River

Rhine downstream of Basle

(Switzerland) have changed the

planform.

The artificial new meanders have

fixed banks. lf the new course

is made straight. alternate bars

are 1ikely to occur. This a

nuisance for navigation.

More downstream of Basle the origina1 meandering River Rhine has a1so been

normalized. Figure 2.5 gives an example.

""ECHTERSHEIM
é.J

GERMERSHEIM\)

o 2 3km

....)'OBERHAUSEN
(~..

Fig. 2.5. Normalization of the River Rhine upstream of Mannheim (19th century)



19

Tn normalizedrivers thenatural 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.

/

/
ten RES;YlAUp AlVER BEO

/
tI!? '9t§lR'CUP AtV," KP 169m

/ Noe CONSJA!C!'P ,UVER8[0 269 '"

Fig. 2.6. Development of the River Waal near Tiel (km 910 - 930)
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In this case the original reason for river training was the prevention of

jamrningof flooting ice. Ieejams 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 et al (1964) the meander lenght 0.)
is roughly proportional to the width (B ) of the river. The same holdss
for the relation between À and the radius of curvature (R ).

m
The definitions of-thè meander characteristics are shown in Fig. 2.7.

____ À

Fig. 2.7. Meander characteristics.
E 10e .....- j .. - _ .. 1 '
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The findings of Leopold et al (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•
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Fig. 2.9. Meander spectra forAngabungaRiver (after Speight, 1965)

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

meander 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 À '" Q Cl with Cl = 0.4 to 0.5 if the bankfull

discharge is taken. Ackers and Charlton (1970) have studied 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 13% 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 lake6 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 largelyon the local variation of the

composition of the bank material (Leopold et al, 1964, p. 298).



Hence it is no t easy to predict the time deper.ding behaviour of the planform

of frcely meandering rivers. However, attempts are being made (Ikeda ~ al,
1981; Parker et al, 1982 and Chang, 1984).

2.3. Longitudinal profile

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

slower in the downstream direction. This is the genernl tendency found.

Moreover, the mean grain-size decreases in the downstream direction. As early

as 1875 Sternberg descrihes this phenomenon mathematically (.6ee 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,
dM - aMdx (2-1)

in which a is a coefficient describing the ptoperties of the grains and the

river.

Integration gives

M M exp {- ax }
o

(2-2)

in which the integration constant represents the mass at x = 0

For the grain-size D this can be transformed into

D D exp {-a'x}o
(2-3)

The variation of D(x) seems to be due to wearing and sorting. The process

has 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 longitudinal profile can be approached by an experimental function.

For the Rio Grande (USA) the relation for the bed slope

ib = 0.0022 exp {-5.8 10-3 x } has been reported. As ib=-azb/ax also zb will

be changing exponentially with the distance (.6ee Jansen, 1979, p. 141).
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As an example of zb(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.

Downstrearnof Kampen the River Ijssel is discharging into the Ijssel 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. 2.1)

For aeon6luenee (Fig. 2.11) the equations of

Q2 continuity for water (Q) and sediment (S) hold.

(2-4)

Fig. 2.11. Confluence

The discharges Q1(t) and Q2(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.

Both rivers have a large discharge in September-

October ('white flood'). In addition the Niger River has a large discharge in

April ('black flood') (~ee 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 (MI - 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 reguliirhydrograph. lt regards a

tributary of the Otinoco River . Note the large variation of the bed level

downstream of the confluence with the Portugesa River. especially in the

narrow section B-B. lt regards here natural i.e. non-trained rivers.

In the case of a bi6~cation the discharge (Qo) and sediment transport (So)

coming from upstream are devided. (Fig. 2.13).

Fig. 2.13. Bifurcation

Of course here also the continuity equations

of Eq. (2-4) holde However, now each equation

has two unknowns. Thus add~tional infor­

mation is necessary.

This distribution of the discharge Q over
o

two branches is governed by the fact that at
the bifurcation only one water level can exist.

Hence the conveyanceó of the two downstream

rivers determine the distribution of Q •
o

The distribution of the transport S at the bifurcation is more complicated.o
For some sediment ('washload') the distribution of S is proportional to theo
distribution of Q • For the coarse material, transported as bedload, this iso .
not the case. The local geomet4y 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
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Given the distribution of Q and S as weU as the continuity of the watero 0

level at the bifurcation, it is not surprising that thc hedlevel can show

di4eontinuitie6 (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. grai~-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

(river bends. bedforms) are present at

the same time.

I I 1111. ..___.,.0.--

To obtain F~g. 2.16 over some kilometers

in each branch sa~ples have been taken

along the river axis and at distances

± ~ B from the axis. Each sample had a

sufficiently large size to get a good

estimation of the mean grain size (D )
m

on the particular location (de Vries. 1970).

/,,
,I

Fig. 2.16. Grain sorting at the

bifurcation Westervoort.
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2.5. Rivcr mouths

A river dLscha rges into ano t her river (1ikc rhc Rivcr Bcnue int o t he Rfvcr Niger).

into a lake (like the River LlsseI into t ho LlsseI Lakc ) or in a sea. 1'0 "a

large extent the water level at the mouth is uo t governed by the rLver, it is

therefore an independent houndary condition. At a far distance upstream of the

mouth the water movement and sediment movement are independent of the boundary

condition. Naturally the bed level there is influenced by the presence of the

mouth.

An elementary analysis of some schematic cases is given below;

• River with constant discharge entering a deep lake

The most simple case regards a river with constant width and discharge.

Upstrean of the mouth (x > 0) the saraeS 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 downstrenm.

The process is governed by the yearly sediment transport and the depth of

the lake .

• River with varying discharge entering a deep lake

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

(B) and the grain size are supposed 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 watèr level upstream of the mouth may vary in time but the bed level

hardly does.

The bed slope (~) can now be found from the reasoning that the yearly

sediment transport through each cross-section has to be the same. As an

approximation the transport formulae for this case are represented by

s = m un with mand n being constant.

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

s B m un B m
n

{î}
Ba B m

(2-5)



in which Chezy equation Q Bc/aib is used

Hence

(2-6)

If f{Q} is the probability density of the discharge then the yearly sediment

transport for each section amounts to

.r S(Q).f{Q}dQ'" constanto (2-7)

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

Fig. 2.17. River discharglng into a

lake

(2-8)

Also in ~his case ib is constant

(if Bis). Thère is one rlischarge

(Qd) for which the flow is uniform.

For Q f Qd backwater curves are

present (Fig. 2.17).

For mild (positive) slopes the back­

water curve wilI be of the Hl-type

if Q<Qd and of the H2-type for Q>Qd'

It is interesting to look in this case at the depth (a ) in the mouth.
o

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

QO

r Bm {BQ }~f{Q} .dQ 0: constanto _ aO (2-9)

If now ao is supposed not to vary with Q (which is less likely than tor ib)

thcn Eq. (2-9) can be written as

-n+1 -0 CD nnar Q .f{Q} .dQ c constant
o ()

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

Section 2.6 •

• 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 non-linear relationship between

flow velocity and sediment transport.

1

In Fig. 2.18 the variation of the flow

velocity is given. Due to upstream dis­

charge (Q ) there is the flow velocity u •o 0

u

-t

The flow velocity due to the tide is

supposed to vary as a sine-function with an

amplitude û. Therefore the flow velocity

in the cross-section considered reads

Fig. 2.18. Tidal influence

u - u + û sin wto (2-11)

nThe transport per unit of width is s and using s - m u gives for the average

transport s during the tidal period (T):

Ts.' T-1 Im {u + û sin wt} n dt
o (2-12)

o

If the parameters mand n do not change too much this gives with ~ = tl/uo

T
s =mu n • T-1 I {I - ~ sinw t} n dt

o 0
(2-13)

Due to the-upper discharge Q the transport would be so 0

n..m uo

From Eq. (2-13) follows withwt '"211and u t y or dy =wdt:

1 211
S .. S .- I {4lsiny + 1 }n dy '"~so 2110 0

(2-14)
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with

1 2n
B = - - f { ..sin y + l}n dy B (lP. n)

2n 0 (2-15)

For instance the following functions for e(~) can be found analytically:

n • 1 e - 1
e - 3/2 4> 2 + 1
e - 15/8 4> 4 + 54>2 + 1

n - 3
n - 5

These relations are given in Fig. 2.19 for 0 ~ 4> s 1.

Due to above mentioned non-linear relationship n> 1. Thus e > I or s> s •o

3

Consider now two cross-sections. The one up­

stream of the tidal influence (subscript 0) has

the characteristics u - u ; 4> • 0 and B ~ B •
000

The cross-section under the tidal influence has

the subscript 1. So here the characteristics

are 4> - 4>1 and B - BI.

s

For a constant upper discharge Q the masso
n-I balance has to express that both cross-

sections have to have the same total trans~

port as So - SI or

o~--------------~---o
- • - û/uO

• s
00 (2-16)

Fig. 2.19. e - f('.n) in which s is the transport unit width
Ol

in the cross-sectional area Al with Q • u .A_ 0 Ol 1

From Eq. (2-16) follows:



BI • B . m [~ln1 a1B1 (2-17)

Or

n-l n
81 . al

n-l n
8 .ao 0

(2-18)

As Bl > 1 for a constant width (Bl=Bo) it follows from Eq. (2-18) that al>ao'

In general it will follow from Eq. (2-18) that Al> Ao'

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

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

and the flow direction will rever~e.

2.6. Schematization of the regime

The main characteristic of a rive~ 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 p.ossible 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. The~e will be a tendency

to use an ave rage year and if possible also wet years will be used. No

systematic research as yet seems to have been carried out.

Instead of a time depending prediction it is possible to study the change of

an equilibrium situation into allew one, leaving the time dependi~g predic­

tions of the transient from one equilibrium into another for a second approxi­

mation. In this steady approach the probability distr~bution 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 yea~ly sediment transport. Hence this equation can be used to study the

change of the slope if the width of the river is changed (see also Section

1404).
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lt has to be remarked that in the above quoted analysis the transport function

is approached by a power law S = m un. This has been done to make .theanalysis

sufficiently 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 dihcha4ge'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 vÁ..z
the bed slope ib upstream of the mouth and depth ao at .themouth.

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

Eq. (2-8)would lead to a discharge Qd, for the slope ~ according to
i

Bl-n/3 i nIs ~ Qn/s f {Q} dQ = Bl-n/3 i nIs
• Qd. (2-19)• b 0 • . b ~

or

n/3 ex>

Qd -/ Qn/s • f {Q} • dQ
i

(2-20)

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

a
ex>

Qn n . (2-21)-1 Q • f{Q}. dQd 0a

Equations (2-20) and (2-21)show that always Q~ ; Qd • In other words one

single discharge cannot lead to correct answers for bgth ib and ao'

Two more remarks can be made in this respect.

(i) The definitions applied to find the 'dominant' discharge use the

characteristics of the e~ting river. Obviously a different discharge

has to be applied to forecast the response of the river on man-made

changes in the river system. •
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(ii) The ahove given examples for ib and ao show that there is no need to define

such a thing as a 'dominant' discharge. In principle the problem of finding

\ and ao 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•

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

• For studying new equilibrium situations it is advised to use the probability

density f{Q} of the discharge.

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

00 n
f f{Q} dQ::E Qi

o i=1 (2-22)

As an example it can be tested whether a continuous probability density f{Q}

based on daily discharges can be approximated by a histogram based on

monthly averaged df scharges-, As the sediment transport plays a key role

in the morphological predictions it is logica1 to test this approxioation

via S. This can be done by some test computations of the factor a with n

bein~ the number of days in a month and

n ~ S {ij th}mon
a = ---------------n

E
i=1

(2-23)
S {Qd }ay

For flushy upper rivers due to the non-linear relationship between Q and S

the value will be a «1. 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).
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3. Fluvi~l processes

3.1. General
The combined transport of water and sediment in rivers i8 a complex process

because there is an interaetion between the transports of the two phases. The

problem is time-depending, deali.ngwith thrce 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 mode15 that can be used for

morphological forecasts.

In this chapter the mathematical description is treated. In the first place

Section 3.2 deals "dth the one-dimensional approach. Here the average values

of the morphological parameters for each cross-sectfon 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-dimensionnl approaches are treated. The two space dimen­

sions are in the fiTst place the x and y coordinate in the horizontal plane.

Also two-dimensional 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. 3.1.

h a

• The wat~ dep~h (a) is mainly of impor-

tance for navigation. Predi.ctionof a (x,y,t)

is an~icipated.

• The wat~ level (h) is of interest for

the possibility to withdraw water for

irrigation or with regard to flood

problems.

• The bed level (zb) is important to know

when bank protection works or bridge

piers have to be designed. Obviollsly

zb(x,y,t) has to be predicted.

-u

.-.-datum

Fig. 3.1. Definition sketch.
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3.2. One-dimensional npproarh

3.2.1. Ana1ysis of h3Sic equations

In the one-dimensional élpproach the average values of a, h, and zb are con­

sirlered for tllecross-sections. With h = a + zb accorrling to the definition

(Fig. 3.1) this means that a anelzb can be considered as clependent variables

for which r eLevant 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 6o~ basic equations are required.

The equations are:

~+ dU da
dZb

~monentum water u - + g - + g - = - g
dt dX dX dX c2a

continuity water
da da dU 0-+ U - + a dXdt dX

(3-1)

(3-2)

transport formula 5 = f {u, t:, , D , C ete} (3-3)

continuity sediment o (3-4)

The following remarks have to be made:

(i) The equations are valid for a wide river with constant width B.

The banks are supposed to be fixeo or less erodible than the river

bed. For erodible hanks a1so B(x,t) would have to be considered as

a dependent variabIe. This would require an additional equation,

which is not readily availab1e.

(ii) The equations are valid fOL s/q«1; i.e. small mean sediment con­

centrations.

(iH) 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 transport is a function of

the focal. hydraulic parame ters. Hence this model is not applicable if

there is a change in suspended load over short distances

(see Sub-Section 3.3.3).
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lt has been shown (de Vries, 1959, 19(5) that Eqs. (3-]) through (3-4) form

a hyperbolic systen \.,iththe characteri stLc eelerities dX/dt

celerities c 1,2,3 are the roots of the cubie equation:

e. The thrce

c3 - 2uc2 - {ga - u2 + gdf/du}e + ugdf/du o

An analysis can for instanee be found in Jansen (1979. p. 94).

Equat:f.on(3-5) can be modified using the following three dimensionless parameters.

• relative celerity

• Froude number

• Transport parameters

<I> c/u

Fr = u/;ga
_1

ljJ - a df/du

(3-6)

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

222 2
<I> 3 ;...2<1>+ {l-Fr- - ljJ Fr- }+ ljJ Fr- = 0 (3-1")

t- .0'. SIOH~;; s•....,._ R[O ... OS

~ ,<, ,.,
ol •• 'ER Uv[\. .. +u

~ W4U. L("n +
.0'~ - aco Uy[L +~

r-
IO·'

.... 1O.t.

,o·~,+--+.....c.:-=+---t----+-+-----1_"":"'--I-­
o 0.' 0.. 0.. Ol 1.0 1.1 ...

Fig. 3.2. Relative celerity of disturbance (after de Vries, 1969)
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In Fig. 3.2 tltethree roots ci (i = 1,2,3) have been represented graphicnlly

as f unctLons of the Froude number and 1jJ •

Before analysing this figure it is of importnnce to pay so~e attention to

the parameter 1jJ •

Using as an approximation 5 = m un it follows

df/du
a

n-l
m n u s= na q (3-8)

Hence 1jJ '" siq, a value which is usually much smaller than unity. Note that

O{n)=O(5). Therefore in Fig. 3.2 only values 1jJ« 1 are sketched. The

figure shows that two celerities eI 2 = u±/ga or <PI 2 .. 1 ± Fr-1 are, ,
apparently for Fr < 0.6 not influenced by the mobility of the bed (thus by lil).

Inserting for this case the known roots ~1 2 in Eq. (3-7) lead to an,
expression for ~3· This can be done as follows. Equation (3-7) can be written

as:

o (3-9)

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

_2
lil Fr - - ~ ~ ~123 (3-10)

or

_2 -1 -1-(l+Fr )(I-Fr ) cp
3

(3-11)1jJ Fr

thus

cp Ijl

3 - Fr2

Note that in Fig. 3.2 for Fr

interested in changes of the

(3-12)

< 0.6 it holds 14> I» 4> Hence if we are
1,2 3

bed the Eq. (3-12) can be used for ~ • moreover
314 14 00 can be concluded. This implies that the flow can be assurnedto be

1,2
quasi steady. Thus for this case Eqs. (3-1) through (3-4) can be simplified to
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:1 a ;) ;'.
u 1\11:) u IJ

u + Cl + <J -CJ (3-13)
:) x a x ;)x C;~a

;)u aa 0 (3-14)a + u - or q q (t)
dX 3x

s = f{u, parameters}
(3-15)

as
+ -dX

(3-16)
= 0

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

dU t -lil azodX 2 + 9 -- = - g
u..1 dX

3u
2

C q
(3-17)

For a gtven discharp.eq and known bed level zb the flow velocity u can be

computed for specific boundary conditions.

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

az~ + df(u)
dt du

dUa x = 0
(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 Eqs. (3-17) and (3-18) in principle can be used for the description of

·morphological processes in rivers.
Two additional assu11Iptionscan 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.

(i) For -~mO.U. vaiue» of x and t the 61Li.cü.OYl.teJun (right hand slde) in

Eq. (3-17) can be neglected with respect to the other terms. This gives

the óimple. wave. mode.l.
(il) For laAge. valUe.6 of x and t the backwa.t~ e.66e.ct6 (first terms in Eq.

(3-17» can be neglected. This leads to the ~botic model.



ad (ii)

·lo

The ch a r a c t e r i s t i c s of the .~.{I)I!'J.'(! m1V(:' liIOdd'. c an b e dernon s t r a r od

ea s i l y wh..:n in add i t t on lile assumpt ion Fr «I is made. The momenturn

cqua r Lon (Eq.(3-13» s i.mpl Lf ies t hen into

o thus h const. (3-19)

This means that the water ]ev eI is horizonta 1. (' JUg.i.dlid a.PplLoUma.t.i..OI1' )

As q '" u.a = constant, it cao be written u atax + a?lu/'iJx 0

Combining this with Eq , (3-18) yields

'iJzb df(u) [ _u!: ] = 0 (3-20)at + du

Considering in addition Eqs. (3-8) and (3-12) for Fr2 « 1 gives

a zb a a---c-at ax o (3-21)

From Eq. (3-19), hovcve r , follows 3 a/'Jt = -ozb/'iJ t. Hence

= 0 (3-22)

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

The paIUlboUc model is obtained from Eq. (3-17) if the first term

(responsible for the backwater effects) is neglected.

Differentiation with respect to x gives

a 21.
b u2 ~ = 0ä7 + 3 C~q a x

(3-23)

Eliminatiog au/'èJx from Eqs , (3-18) and (3-23) gives

a Zb [ d f (u) 1. Cu2] 'èJ2Zb 0
at du 3 q ax2

(3-24 )

Linearizati0n yields

df (u)
dil

dsO/dll
~ 0.

di JOIlo
K (3-25)df(u)/dll-------

3 di/dIJ
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The parabolic model gives therefore the following morph~logical

eql1ation to describe the changes of the bedlevel

(3-26)

with

3nso
io

(3-27)

in which the subscript 0 refers to the orginal uniform situation

for which changes are considered •

• In the above derivation only differentiation with respect to x has been

applied. Tberefore the derivation remains valid for q = q(t) and s ..s(t).

'For a river with varying discharge K = K(t). Hen~e the general equation

reads

- K(t) o (3-28)

• In the derfvation backwater effects have been neglected. This is only

valid if relatively large va.Lues of x are considered. Comparison with the

complete equa·tion leads to the conclusion that the assumption implies the

conditi_on ft) 2 to 3 withA - xi /a • The 'length scale' A is a characteris-o 0
tic parameter for the river considered. Note that A-I is obtained for a

river reach with a length ov,~rwhich the difference in piezometric head is

equal to the normal depth.

An applic'.ationof the use of Eq. (3-18) is given in Sub-Section 3.2.2.
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-q a

In Fig. J.J a t r ench is r ep resent ed dr cdged

across a river (t=O).

How will the trcnch he deformed if only

bed10ad transport is present?

It has to be noted that relatively s~all

values of x are concerned. Hence the

--------~-~~~.~.---------,--------~
I

h

-- s

).),unpiewave eauaxco«can be app1ied.

Fig. J.3. Dredged trench.

The variation in the depth a is so large that the celerity c cannot be con­

sidered constant.

If the variation in dep th is considered it follows from Eq. (3-20) with
ns = m u

-1 aa
a ä;Z=O (3-29)

Or, for a constant discharge and a horizontal water level )zb/at

thus

aa [ n] aa+ m n qat an+1 ax 0

Thus

aa
... eta) aa

0-=at ax

(3-30)

(3-31)

Now the deformation of the trench can be estimated qualitatively for t > O.

Three parts can be considered:

• The ltoJUzontai. bed wil! no t deform as 3a/ax

thus a stJx '"0 and therefore a 7./h = O.

• The dowMtJteam .6iope wil I become f lat ter because aa/h < 0 thus a uFJx > 0

0, hence a u/ax o

or as/ax > 0 and 3c/3x > O. A point of the slope with depth a will move in

the time fl t dovns rrenm over a distance fl x '"c(a) i'; t.

• The up6tJteam 6iope will for t > 0 get st eeper, This will continue until

the slope will be under the ~ng]e of rcpose.
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In Fig. 3.4 the situation is sketched for t o for t Ij t.

~ ExrANSIOIf- WAVE SHOCr.- WAVE

SIIOCX- WAVE EXPANSIOIf- WAVE

ItUMP

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

In this figure a1so the deformation of a hump instead of a trench is given.

Note the simi1arity and the difference. A gradua1 f1attening of a slope is

similar to what is called in gasdynamics an e.x.pa.n6,wrt wa.ve.. The opposdte

(the slope be~omes steeper) is called a ~hoek WQve..

RemcrJLh.6 :
(i) For the above given considerations it is essentia1 that s '"f(u) holds.

For sma11 distances this implies that bed10ad transport is postu1ated.

In the case of suspended 10ad the picture can be comp1ete1y different.

(U) The information on the deformation of a hump will be used to exp1ain

the motpho10gica1 phenomena occuring due to c10sure of one branch of

a river f10wing around an island (Section 4.6).

3•.2.3. Examp1e: Morpho10gica1 time-sca1e for rivers

The parabolic model derived in Sub-Section 3.2.1 can be used to obtain some

information on the speed at which morpho10gica1 processes in rivers take

place. A mOll.phol.og-i.eai. ti.me.-~ea.le. can be defined (de Vries, 1975).
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Fig. 3.5. Definition sketch.

II is ilssumed that the river considered is

discharging In t o .1 lake. At t=O the va t er

level of this hypotheticéll lake is lowcred

over a rlistance h. This Jea~s to a

degradation of the riverbe<1 which ends at

t » w. \~en also the bed level is lowered

over a distance IIh.

For the mathematical solution of the problem

reference is made to the original publication

(de Vries 1975). See also Janssen (1979. p. 123).

lf 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)

in which the ;complementaAy ~o~-6unction'is described by

00

erfc y 2=rn f exp {_u2}. du
y

(3-33)

y -1.0 -0.5 -0.2 -0.1 0 0.1 0.2 0.5 1.0 2.0

erfc y 1.84 1.52 1.22 1.11 . 1.00 0.89 0.78 0.48 0.16 0.005

Table 3.1 Complementaryerror-function.

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

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

following question:

16 a srar.con )(:: L i.6 ~ef.ected, at whLtt .tÜtI(' .t.
til

!r"adle.d 50% 06 tlie niMf va.t(l('_?

T w.i.11 tlle den!rada.t<.oJ-l ha.ve.
In
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i:\;:J .t

(3-35)
9<L ,.~;,._

I

~enc~·Jt

For a number of rivers Table 3.2 gives the value of N • For L the large
m ,m

value L D 200 km has been chosen to fullfil the requirements for the para­m
bolie model ti > 2 to J.
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~._.-- -- -------_ ------- .

! -TSTATION _r I
RIVER (approx. distance I n i i 3"/i I N

I I I m
to sea) I I

nun *10 4 I km I centuries
....,,'*"" !

I,
Rhine Zaltbommel 2 1.2 100 20 I
(Netherlands) (100 km) !

I

Magdalena Puerto Berr10 0.33 5 30 2 I
(Colombia (730 km)

I
I
I
I

i
Ounaremete 2 3.5 40 10 I

!

(1826 km)

Nagymaros 0.35 0.8 180 1.5

Danube (1695 km)

(Hungary) Dunaujvaros 0.35 0.8 180 1.5

(1581 km)
!

Baja 0.26 0.7 210 0.6

(1480 km)

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 1.1 270 1.3

(Thailand)

Serang Godong 0.25 2.5 50 2.0

(Indonesia)

Rufiji Stiegler's Gorge 0.4 3.2 20 4.0

(Tanzania)

Table 3.2. Morphologieal time-seale (after de Vries, 1975) for L = 200 km.m
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3.2.4. Comparing equilibrium situations

In this Sub-Section for a number of standard problems the steady state

solutions due to morphological changes will be discussed. An equilibrium

situation in ~ river is changed into a new equilibrium. This means that the

basic equations are considered for a zb/a t - O. In the most simple cases with

a constant width it means that also a stax - 0 and aa/ax • O.

Hence the analysis can be carried out with

3/2 ~
Q-CBa ~ (3-39)

and

(3-40)

In this elementary analysis mand nare supposed to be constant. The same

holds for C or if the Strickler formula with C - 25(a/~) 1/6 is used the

value of ~ 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

óCl

x<O -1. x ) 0..
Cl x =0 Cl-ACl

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

6Q of the constant discharge Q is withdrawn.

.What changes take place eventually (i.e. for

t+CD)?

Fig. 3.6. Withdrawing water

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

Hence s has to be same at the upstream side

(minus sign) and the downstream side (plus sign).

Thus s_ .,s+ •.

Apparently

n (3-41 )m 1I

J



or
9. = q - Ag
a a+

(3-42)

or with a+= a ...6a

6a ~ = 6Q
9 Q , (3-43)-=

a

The sudden change 6a at the intake'has to be reflected by a step 6zb in the

bed: 6zb ..6 a bccause the water level is contInuous (h = h+).

In this case the smaller discharge can only carry the original transport if

thc downstream beaslope increases eventttally. With the assumption C_ = C+

it follows

q - ë q - c {a - 6a }3/2 {i +6 i~ } (3-44 )

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

relative change of the slope

6i-='i
6Q/Q
1-6Q/Q

:::oQ if 6 Q «Q
Q (3-45)

If not the assumption C = C but ~_+
6i 1

- 1T=
~ - (6Q/Q)] ../3

The proof is left to the reader.

~+ is made then the result is

(3-46)

Case 11: Withgrawing sediment from a river

AS From a river with a constant wirlth Band a

J constant discharge Q, sedilT'entis withdrawn

at a constant ratc 6S trom t = O. The sedit:lentx<O x > 0• is IIsedfor building.purposes.
5 x:O S-àS

Fig. J. 7. Withdrawing sediment
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The new equ l.Lfbr-Ium sftuat rou (t :: UI) can be es t Imated as follows.Using agaän
ns = muit fol10w5

_1. n
Q = B.a.u - 8.a. {slm} (3-41)

Hencc (see Fig. 3.7):

'na .s
_1

n
• (a + fla)(s - fiS) (3-48)

if A a is thc increase of the depth for x> O.

From Eq. (3-48) fol10w8 with a - a

Aa . [1 J n-1a =. 1- (A5/5) - 1
(3-49)

In the downstream reach the slope has to decrease. This. can he estimated by

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

(3-50)

(3-51)

The exponent 3/n becomes 10/3n if ~_ • ~ is assumed instead of C = C+

Case 111: Change of width

A civcr with fixed banks and constant width 8o
is narrowed for x> 0 to:á new width 8 • The

1
discharge Q is const-ant. Instead of the old

depth (a ) for x> 0 and t -+ CD the new deptho
becomes a I.

Fig. 3.8. Change of width

From So - S) and Qo • Q I follows wlth s - m uno

n-l
n (3-52)
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For x • 0 there is él bottom step hecause the water level is continl,lOus.The

botto~ step is ~?b = ~ 1 - élo'

In this case the ncw slope (i1) is smaller than the old slope (i~.

With the assumption C • Cl it follows easily from the Chézy equationo . .

i. I __[BI] n~3
(3-53).1. Bo 0

If one assuaes "No • "N 1 instead of Co • Cl then the exponent in Eq. (3-53)
becomes: (4n - 10)l3n.

Remallfu :
(1) For avarying discharge and a vidth that does not vary too ml,lchthe

above given analysis can also be given. using f{Q} • This is the

analYs:l.sgiven in Section 2.5 resulting in Eq.' (2-8)~ The esë:imate

for the nev slope according:to'Eq: (3-53) therefo~e .lso hol~s f~r'

-.a-~arYin·gc,tiSchar:ge.This equatj,oJlis graphically representec! in Fig. 3.9 •
. -', -.".;.

1.1
f :' . e.eo

-1--'--0

I ·0.0)

'0.90

Fig. 3.9. Consequenccs of constriction of river vidth.



(U) According to Eq. ()-53) aR also can be seen fron Fig. 3.9 the new slope

is equal to the old slope if n = 3. Accor~ing to the Meyer-Peter and

Kueller (1948) formufa this is the case for a large t ransport of coarse

bed mater 1al. It should be remarkcd that the above given enalysis is

an elementary ~ne. In a practical problem a more in-depth-approach is

advfsed taking into account the change in roughnesl4that may occur.

(iii) In the three cases described above a discontinuity in Q. S and B

respectively lead at x • 0 to a discontinuity in the depth. As the water

level ia continuous (no hydraulic jump) this wUI result in a step 6zb

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

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

at the dowostream end of the channel. The bottomlevel6zb is reached

only for t+ ""•

3.2.5. Influence of susrended 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 loc.td hyc!rauliccontJitions.This is true when bedload tlr4n6poJt;t is

present. In the case of .6U6pended loa.d Vu1n6polLt, however. it is only true

for steady uniform flow. This also the situation for which transport

foraulae are developed and tested experimentally.

The first question is how transport'can be estimated for non-uni6o~ 6loW.
It is customary and justified to introduce the friction term in the differential

equation for the backwater curve (equation of Bflanger) as if the flow were

uniform. Similarly this can beodonë for bedload. The local shear stress can

by aaans of the Chfzy formola be transformed into the flow velocity.
Hence ai • uZ/Cz.

For non-uniform flow with suspended load this cannot be done without res­

triction•• This is related to que.tion what local means in this respect.

For non-uniform flow and suspended load a distinction has to be made between
..t.Jtan6poJtt and :tJu1n6poJtt c.apac.i..ty:

a
transport (s') = ! u q, dz

transport capacity s • C(u) i.e. following from a formula
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in which • denotes the sediment concentration ..

Generally in the case of suspended load

• ) u/ij x > 0 p,i.vess' < s

• a uIa x < 0 gives s'> s

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

Suppose a steady uniform flow in a laboratory flume with a fixed bed for

x ~ 0 and a mobile bed of fine sediment for x > O. The mean concentration

over the vertical is~. For large values of x the average equilibriuM con­

centration ~ is reached. It requires a certain adaption length to reach thec
equilibrium concentration over the entire depth. This equilibrium concen-

, .
tration belongs to the flow conditions present and the sediment characteristics.

'.0 r;----,-----,----._,----,-..:...:...---,-----,

1
. 1/2/chny: so In •

W/u .•= 0.0,'061.

° IS 30 45 - -75___ ___,..x
,0

90

Fig. 3.10. Adaptat;Lon concentratien vertical (after Galappatti. 1983)

In Fig. 3.10 the theoretical adaptation of the concentrations determined by

Galappatti (1983) is given. It has been assumed ~hat at a distance z - 0.0125 a

the conëentration is instantaneously.equal to the equilibrium concentration.

(here for x > 0).
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It appears that the a.da.p:tLtuoYl ieYlgtlt depends on thc parameter H/u* and the

roughness (C-value). In this example IlO sediment supply at x=O is preser.t.

Hence erosion will follow for x ~ O. In Fig. 3.10 the situation is considered

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

In practice morphological computations are carried out with numerical models

with discrete values óx and ót. If L is the adaptation length than two cases

can be distinguished•
• óx > L. In this case the one-dimensional morphological model can be used

for suspended load as for bed load•
• óx < L. Now in fact a two dimensional (vertical) model has to be used.

The concentration cp(x.z.t)has to be calculated and the transport

s' = f u 4> 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 asymptotic

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 fiver bends
To understand the bed level in river bends some attention has to be paid

-to the details of the flow in bends of

u-

Fig. 3.11. Circular bend.

open channels.

In Fig. 3.11 a circular bend in 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

postulated. In this problem a natural

coordinate system is appropriate. Here s

is the coordinate along the streamline and
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n the direction normal to thc flow line (thus s-n is the horizontal plane).

The b-axis is perpendicu]nr to the s-n plane. The components of the velocity

vector are u , u and ub respectively. According to the definitions of s,n and
s n

b it holds Us f. 0; tin= 0 and ub = O. However, derivatives of un and ub exist.

For steady flow the momentum

au
_!_~+s a'us as p as s

u 2
_!_iE.+s a'

r p an n

equations in the natural coordinate system read:

(3-54)

(3-55)

o (3-56)

in which p is the pressure. The right-hand sides contain the components of

the acceleration ~Ithat is present in addition (e.g. due to gravity and/or
)

friction). In Eq. (3-55) the radius of curvature of the streamline is

indicated by the parameter r.

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

the hydno~tatiep~e4Q~e ~~bution is present.

If the piezometric head is measured from the bed level, then the Bernoulli

equation along the streamline gives

(3-57)
+ a = constant

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

means"that here is one Bernoulli-constant for the entire flow field.

In the n-direction holds

r
a
dn

{g(a-z)} (3-58)
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if z is the distaoce to the bottom.

Hence

u2s
gr

ad
ao (3-59)

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

u aus s ad--+
9 ar ar

o (3-60)

The coordinate n is taken positive in the direction of the centre of curvature.

Hence a/ar = -afan. Combining Eqs, (3-59) and (3-60) gives

2 a!,lti ad ad us s s=- = -gr an ar 9 ar

or

-1
u '" rs

(3-61)

(3-62)

Hence the ass~mption of potential flow leads to the conclusion that the largest

flow velociti~s are found in the inner bend.

Now the influ~nce of friction can be taken into consideration. In a vertical

there is only fne value of da/dr. As Us is due to friction

water surface than near the bed it holds

larger at the

u du dd~urface
s s• water -- >
9 dr dr

u du dd• bed level s s~< -
9 or dr

Cl Cl
Z Z
r.LI r.LI
co co
Il:: Il::
r.LI r.LI
Z t E-<
Z ::J
H - 0

Hence the water particles near the water surface are slightly deviating out­

ward whereas the water partieles near the bed are slightly deviating inward
-1

(u g du /dr relatively smali). Thus in
5 5

the bend there exists a heLi..c.o.ida1. 6.e.ow.
This helicoidal flow is composed of a main

current in the direction of the channel

axis and a circulation in the cross-section

(Fig. 3.12).

Fig. 3.12. Circulation in the cross-section



The water level in the benu has a slope perpendicular te the river axis.

TJle value of the djfference in head (6H) accross the river can be estinaterl

using Eq. (3-59).

If r is the radius of curvature of the inner bend theno

r +Bo
t, H = J (3-63)

ro

Example.:
For the River Waal at a certajn place r = 2 km and B = 260 m. The average flowo
velocity is u = 1.2 mis. The Eq. (3-63) can be approached bys

t, H
US2 (1. 2) 2. 260

'"g(r + ~B} . B = 9.8(2000 +130}
o

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 shallower

while the outer bend gets a greater depth. The cross slope becomes SQ steep

that the perpendicular transport component is compensated by a transport

downwards due to gravity. The change of the bed level impl1es that in a

natural river Eq. (3-62) will not hold anymore. The velocity u is relatively
5

large then in the out~ 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 ~ 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: comparison of theory and

measurement (after Kondrat'ev et at. 1959)

As v < <u, the tota1 shear stress at the bed makes only a smal1 ang1e Ö with

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

The flow through bends in open channe1s wi11 not be discussed here in detail.

For a thorough investigation on this topic reference is made to de V·riend (1981)~

The studies by Van Bendegom (1947) and Rosovskii (1959) assume that 10ca11y

the velocity field is adapted to the 10ca1 radius of curvature. According

to de Vriend and Struiksma (1983) t~is can on1y be the case if there is much

friction! In general there wil1 be phase lag. The velocity field 1ags behind

the change in geometry (expressed e.g. in the radius of curvature). It seems

that this lag is essentia1 in exp1aining the bed topography in river bends.

Experimenta1ly it has been shown (de Vries, 1961) that in the branches of

the Rhine in the Netherlands phase 1ags do exist in the bends between some

morpho10gica1 parameters. If along a 1ine 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.m
then these morphological parameters vary in the s-oirection. By treating

the experimental data statistically it was shown that u reacts more downstream
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than a on a variariou in t he radius of curva t.u re and D reacts more èownstream
111

t han u. These tendencies wcre also found in ascale modeI of a r each

of the Lowcr Rhine, This demonstrates the compLex i ty oI t lie flow in a cu rved

alluvial channel especially if the bed materinl 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 pararnount 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 j,simportant to know. Between the bends

i.e. at the 4iv~ CftO~~ing~ the available depth is of inportance to navigation.

An early statistic research was carricd out by Le1y (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 conc1usions were

• The mean depth across the river in the bends is about the same as at

the crossings.

• 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

l~ B downstream of a change in r (phase lag).

• The magnitude of 8 depends on r with (metric units):

8 = 22
r (3-65)

Based on the work of van Bendegom (1947) in NEDECO (1959) a method is given

to compute for a hypothetica1 river with fixed banks the depth accross the

river for an infinite1y 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
-(Xl.
2 x rllD (3-66)

in which

r radius of eurvature of the circular bend

D mean grain size

i longitudinal slopex



and

Cl = te 2 (n +2) (n+ 3 )
(3-67)

The parameter n is he re r.he exponent of the pove rl.av for the vertical velocity
n-1

distribution (u(z) = z )

The additional hypothesis

i . rx i o ro (3-68)

(in whieh the subscript 0 stands tor the outer bend) is questionable.
....

Equations (3-66) and (3~68) lead to

1 1 { ~ ~ }
o

1.5(11 r
o 0

a ao
!lo (3-69)

This equation sometimes gives good results especially as the eoefficient

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

Apmann (1972) studies the same problem. He argues that

da a (3-70)

in whieh the eoeffieient m depends on the 6tow paJta.me;teJt 6D/ai. The maximum

depth a in the outer bend follows then frommax

a (m+1) (1- r . Ir)
max 1. 0

a I _ { r . Ir) m+1
1. 0

(3-71)

From measurements of the Buffalo Cr.eeka value m = 2.5 is dedueed by Apmann.

For the Rhine branches in the Netherlands m ~ 7 is found.

Od~aard (1981) conellJdesthat for this axial-sym~etrical approach the expression

(3-72)



is used by various au thors albei t tha t t he cxprcssion Ior K differs. AccordLng

to Odgaard the exp ressLon r: = 2Fi)2 is used by van Bendegom (947) v i th

FD = -;)./lg6D'. Odgaard uses Labo rat ory measuremen t s f rornZir~erman [:,Kennedy (l9ï8)

and his own data (rom thc Sacramento River. Hc concludes that his expression

for K has to be preferred abovc the ones used by others. Odgaard does not

discuss the work of Apmann (1972).

The above indicated approaches all considered axial-symrnetricéllflow and there­

fore neglect phase lags betwecn u and a. Moreover uniform bed material is

postulated (no grain sorting in the bends).

A completely different approach to predict the bed topography is river bends

is indicated by Einstein. This is a statjsticál analysis and synthesis based

on the following élssumptions. The basic idea is that for a river reach with

(nearly) constant width

• The regime Q(t) is the same.

• The composition of the bed material is the same.

• The influences of the banks can be neglected if B/a » 1.

For each cross-section therefore only the geom~y in the horizontal plan is

different. The geometry is expressed hy 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)

legend re polynomials P (y). Here y is measured perpendicular to the river axis.r

-0.5

·0.5·0.5

0.0 0.0

-0.5

-'.0
-lO

- ~ :.(y)____ ..;1 • , .. -+ _, 0
-0.5 0.0 .05 ".0-_._y

Fig. 3.1'.. Ler.(~ndre poLyuonri a l s
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The functions P (y) are given jn Fig. 3.14.
r

a P (y) + a P (y) + ..... + a P (y) + ..... + aNPN(y)o 0 I 1 r r (3-73)

The parameters a for any cross-section nare related to the curvature C of
r

the cross-section p upstream of n according to

ar,n A +o,r

Po
L

p=l
Ap,r Cn-p+ 1 (3-74)

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

belong to the entire river.

The procedure is now as follows:

An.a.i..y.6..L6 :
(i ) Use the measured bed levels zb(Y)

Eq. (3-73).

(ii) For the river with known geemetry (C) determine the parameter A from

to determine the coefficient a from
r

Eq. (3-74).
0:

Syn.the.ó..L6 :
(i ) In Eq. (3-74) the parametp.rsA are now known. For another part of the

river C is known thus a can be computed from Eq. (3-74).r,n
(ii) With known parameters a in Eq. (3-73) the bed level zb(y) cao ber,n

computed.

It remains to be seen how many (N) polynomials have to be used. Moreover the
!

oumber (p ) of cross-sections upstream of the cross-sectioos considered haso
to be selected.

• Einstein (1971) used in his applicatino to the Missouri River N

took p = 15 which means a distance of about 2 km.o

6 and he

Nijdam (1973) applied the method to the Waal River. He also took N = 6 but

selected p = 30 which meaos that the geometry upto a distaoce of 3i kmo
upstream of the cross-section considered is respoosible for the bed level

1n that cross-section.
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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 p • Moreover Nijdam reports that the resultso
are Iess good at the crossings. With 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.

,



The statistical method treatcd have has 8uother esscntial underlying assumption

vcz. the presence of an aLtuviaX bed. If part of the bed is not erodible (rock,

clay-layers, armoured area$) then thc predictiun fails. Obviously the method

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

ported over the gravel bed. The bed profileOUTER BENO INNER BENO

GRAVEL

Fig. 3.16. Cross-section Meuse

River near Roermond

G3

of the bends in this river differs from an

a11uvia1 river (Fig. 3.16). There is no

sand deposition in the outer bend. Via the

crossing the sand is transported to the

inner bend. There sand deposits are present.

In this river morpho10gica1 predictions are

difficu1t. because transport formu1ae do not

app1y. Hence the transport of sand in areach

is governed by the óupply at the upstream end. This is a similar situation as

can be present in an a11uvia1 river with suspended load. For this part of the

Meuse River the sediment transport is ómaLtVt than the sediment transport

capacity. The gravel layers prevent erosion.

Gradua11y it becornespossib1e to compute bed levels in a11uvia1 bends based

on the hydrodynamic equations. In the two-dimensional (horizontal) water

equations the effect of the helicoida1 flow has to be incorporated. The

sediMent equations have a1so to be taken for the two-diMensiona1 case. More­

over some formu1a has to be adopted for the direction of the transport.

In Fig. 3.17 some resu1ts are given ot the two-dimensiona1 model SEDIBO being

developed by the Delft Hydrau1ics Laboratory (Schi1peroort et al, 1984).

The resu1ts 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 a1so including the case of a sediment mixture and/or the presence of

suspended load.
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3.3.3 Two-dimcnsional vertical

In Sub-Section 3.2.5 it has already been indicatcd that in thc ca~e of sus­

pended load chanreH in the geomctry over relutively short distances may cause

that the local sediment transport is not equal to tllc local.sediment transport

capacity.

The mathenatical models with one spa ce dimension can then not be userl. 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 iniegral f~(z) u(z) dz over the depth.

For a first introduction in this type of models reference can be made to

Kerssens et al(1979).

The concentration (x.z) is determined by solving the two-dimensional convection­

diffusion equation

u l! _.1_ { WA, + l!}
3x 3z ~ c 3z o (3-75)

in which

w ~ fall velocity

c = c(z) a 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 unifor~:flow. The solution of Eq. (3-75) requires

a boundary condition at the bed. The discussion of these type of models is

outside the scope of these lecture notes.



67

4. Morphological predictions

4.1. General

Artificial interference in a river system by engineering works (discharge

regulation, water level regulation, normalization, canalization etc.) will

lead to a response of the river. It is required to predict the response to

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

predicted.

For instanee 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 ~egimetheo~ycan 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 rive~ 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 modeis. However, some problems are too complicated to give

areliabie prediction.

As an example the morphological problems present at the access to the ports of

Brazzaville (Congo) can be mentioned. Figure 4.1 gives the sitllationof the

'Port à Grumes' (Timberport) along the Congolese branch of the Congo River.
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~~------------------

KINTELE

M'BAMOU
ISLAND

KINSHASA

rapids

Fig. 4.1. Situation 'Port à Grumes', Brazzaville

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

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

rapids are situated. This is why at the port the logs transported along the

river are loaded on trains to be transported to the coast (Pointe Noire).

The Congolese branch is characterized by islands and bars. Although the sediment

transport of the Congo River is relatively small (see Table 1.1) nevertheless

serious morphological problerns can occur (D ~ ~ mm).

•
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The 'Port à 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 from the river bank.

(Fig. 4.2).

Bank «««('/lU

1965 (deep
1982 (deep

Rock

. M' BAMOU ISLAND

Fig. 4.2. Channe1 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 is not possible because a large area has to be reproduced. At

present (1985) a1so a mathematica1 model is not avai1able for quantitative

forecasts. This is because the flow pattern has astrong three-dimensiona1

character governing the distribution of sediment upstream of the bars and the
is1ands. _

Given the size of the prob1em it is questionable whether river engineering

works (perhaps except maintenance dredging) can improve the situation. Logically

the prob1ems are most serious for navigation in dry years (see also Fig. 1.2).
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In tllefollowing sections the possibJe morphological prediction for some

cases are treated. It will become clear that the river has to be schematized

considerably to make morphological computations possible. The predictions are

only carried out for problems that can be schematized in one space dimension.

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) mayalso 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 1 {Q }

for the new situation.

As the yearly sediment transport is the same in the two cases:

00

r S(Q) • f {Q}dQo 0
(4-1)

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

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

--=
i
bO

(4-2)

As less water has to transport the same amount of sediment, ~ ibo'

At the mouth for the same reason the depth will decrease.

For a constant width B the ratio for the depths in the mouth (a /a )
o 00

can be deduced from Eq. (2-10)

a [_fOO_Q_nf_l_Q{_d_Q}_jl / n
_jU_ = 0
a 00 n
00 of Q foQ{dQ}

(4-3)
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Fig. 4.3. Withdrawal of water at x L

In Fig. 4.3 the changes of the bed are drawn for a constant discharge. The

water level at the intake rises with an amount L'~ib' At the mouth the depth

reduces with t:. a = a - a •o 00 oj
Note that the same depth reduction is present at the intake!

Just downstream of the intake the bed level rises eventually with ~ ao + L. ibi

It requires some additional analysis to see how Fig. 4.3 would look like for

a regime with r {Q} which is transformed into f {Q} due to the withdrawal ofo 1
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 Qd 1 for which just uniform flow exists with anormal depth just

equal.to a l' This discharge is found from

co

(4-4)

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

for a discharge Qdo with



72

00

a -n J Qn f {Q} dQ
o 0 0

-n n
ao Qdo (4-5 )

The continuity of .óecii_ment in the new equilibrium situation requires

a
1

(4-6)

As al < ao it foLl.ovsQdl < Qdo. The character of the backwater curve for the

steady flow in Fig. 4.3 upstream. of the intake depends now in the va1ue of t, Q

(the discharge withdrawn). U~streamof the intake the flow is uniform if just

t.Q" Qdo - Qdl. Other possibi1ities are:

(i ) 6Q > Qdo - Qd1• The upstream discharge is now Qo ..Qd I+ ti Q > Qdo. There

wi11 be a backwater curve of the M 2 type.

(U) t,Q < Qdo - Qdl· The upstream discharge is Qo = Qd 1 + se < Qdo· Now upstream

of the intake the backwater curve wi1l be of the MI-type.

4.2.2. App1ication of fixed weir

In order to obtain a sufficient1y 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 upstrearnof the weir is obvious1y inf1uenced by the presence of

the weir. In case all sediment passes eventua11y the weir (t~oo) the bed level

can be estimated. This is the case if the sediment passes over the top of the

weir or when it is f1ushed through the weir by special gates.

The year1y sediment transport in the old

equilibrium situation amount to

00

v= JS(Q). f {Q}. dQo 0
(4-7)

When this year1y amount passes the weir then

the eventual average bed level rise (t, zb)

upstream of the weir can be found by expressing

the transport formu1a as a function of the

depth.

Fig. 4.4. Sedimentation upstream

of fixed weir.
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If a is the height of the crest of the weir above the original bed level then
o

the depth (al) upstream of the weir follows from (Fig. 4.4):

a 1 = a0 + t,.H - t,.Zb (4-8)

in which the depth of flow (t,.H) over the weir is a (known) functions of the

discharge (Q). Hence with S = B m un

Q n
V .. f B m { ( t,. tJ. )}. f {Q}. dQo B ao+ H- zb 0

(4-9)

Combination of Eqs. (4-7) and (4-9) shows that t,.zbis the only unknown.

Solution is possible e.g. by means of the ~egula 6alh~. 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.

KENY.

-,'-+-----

TANZANIA

Fig. 4.5. Tana River (Kenya)
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The computations were made with the Engelund-Hansen (1967) transport formula
-4

(n = 5) based on the availabe data (DsO "" 0.32 mm; i z: 0.35'10 ). Usingo
Eq. (4-9) the eventual rise of the bedlevel upstream of the weir was estimated

at f::, zb '"2 m for ao = 4m.
Note: In Jansen (1979, p.437) the term (1 - dh/ds) in Eqs. (6.4-12),

(6.4-13) and (6.4-15) has to be deleted.

As can be seen from Tab1e 3.2 the Tana River is re1ative1y fast. The main

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

about Zb(t) downstream of the weir. Qualitative1y temporary erosion can there

be expected. This is due to the fact that for sma11 values of t a sma1l sediment

supply via the weir wil1 be present due to the sedimentation up~tAeamof 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

local ~co~ downstream of the weir may be present.

4.3. Withdrawal of sediment
In Sub-Section 3.2.4 the principle of the withdrawa1 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 prob1em wi1l be treated in a more general sense. The prob1em can occur

due to 'sand mining'. However, a simi1ar problem can be present due to the

subsidence of the river bed due to mining of gas, oi1, coal, etc. ~n deep

layers be10w the river bed. From the basic equations (see Sub-Sect:i..on·3.•2.1)

the water equations are still valid. This ho1ds a1so for the equations 'for the

sediment transport.

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

equation now reeds

Clzb Cls
--- + -- = W(x,t)at Cl x

(4-10)

The right-hand side represents a ~o~ce-tehm describing the 10wering of the

bed due to subsidence. This term wi11 be non-zero in a certain reach of a river.
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Fig. 4.6. Sediment withdrawal (t zo 0 and t-+-co)

In Fig. 4.6 the situation is sketched for continuous dredging of6 S at x = L.

As has been shown in Sub-Section 3.2.1 downstream of x = L the slope will

for t -+-co become flatter and the depth smaller. For a constant discharge the

water level at x '"L will lower over a distance 6 h = L·6i = L(io - i1).

In the interval 0 < x < L the depth will increase by 6 a following fromo
Eq. (3-49). Just downstream of x = L the bed will finally have lowered over

a distance 6Zb(L.oo)-tlh +tlao' At x = L the bed level is df.scontLnuous, The

bottom step is tla• For all values x > L both the bed levels and the watero
levels are lowered by tlh.

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

starting from the erosion-base (sea or lake level). This is the only point

that remains the same for t = 0 and t-+-00 •

RemaJLk:
(i ) The situation of Fig. 4.6 is a rather theoretical one. In practice both

Q and tlSwill be time-depending. However. to understand the results of

time-depending morphological computations such a simplified case is of

great help.

(ii) The lowering of water- and bed-levels due to withdrawal of sediment may

have negative side-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+ 00 if 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 imp0rtance to study the

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

---- -1--­
I
I
I @
I

- +
x=L

L

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

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

bas been reduced from B to BI. Therefore tbe noromal depthis tbere larger. Foro
a mild positive slope backwater curve MI and M2 are present as indicated in

Fig. 4.7.

Tbis gives regions of erosion and sedimentation. In Fig. 4.8 the function S(x,o)

is indicated qualitatively.

---:f------- ~.__--,.---
r si:- I I

sedimentatioQ + erosion
x=O

- +
x=L----x

Fig. 4.8. Function S(x,o) due to constriction.
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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 is continuous at x = 0 and x - L. However. the continuity

of the sediment canno~ be studied by

as+ -ax o (4-11)

becausea zb lat is not defined at the discontinuities. However. the continuity

equation holds in the i~eg4al 604mnamely S_ - S+' Mor.eoverofcourse Q_ - Q+.

Hence with n ands ..m u q '"u.~.

a [::J~I (4-12)+
a

As the water level is continuous the step in the bed level is equal to the

difference 6 a ...a+ - a

• For x - 0 the result is a_(o.t) < a+(o.t). Hence there is a downwaAd bottom

step in the flow direction.

• For x - L the result is a_(L.t) > a+(L.t). This gives in the flow direction

a step ~d in the bottom.

The function SeXto) 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 Qo the sediment trans­

port follows from S(x.~) ..constant ...S .
o

For t+ ~ the following changes of the bed level compared to the old equilibrium

are present

• x > L

o < x < L

x < 0

no change

lowering ..(10 - i1)(L - x) + 6z'b

lowering" (io - i1)L
•
•

in which 6z'b follows from Eq. (3-52) and i} from Eq. (3-53).
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4.5. Bend cutting

River navigat10n 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 Eqs. (3-17) and (3-18).

In order to understand the morphological processes Fig. 4.10 inöicates the principle.

In this figure the water level differences are exaggerated. In the new bend

(reach 11) it is assumed that the bed level at t = 0 follows a straight line

between the bed levels of the reaches land 111 of the river. The length L of

the original bend is shortened to Ll. Thus ib1 > ibo' As q = ca;/2 ib~ it ~ollows

a < a • Hence at t = 0 backwater curves are present (Figs. 4.9 and 4.10).
n1 no

0.500 m'ts
B.150 m
C. 45 m"'/s
SHORTENING I600m

o O.!> 'km

E
~
..J
W
>
W
..J

.
I

e+-~....,.-.3Ioo"",-----;_-,----,---l-- ...---.-------------- .-----.---~--

f ._--- .._----_._~.
i

,..."<,... .__._L.. ._.

2 .---- - r
i

..! -

INITIAL CONOITlqN

AF"TER I YEAR j _
- --- AF"TER 2 YEARS

_._._. ULT'MATE EOUILIBRIUM

i
•I

36.2

B 40 46
O+-----~------r--~--~~----~------~------T_----~-
30 32 34 A 42

DIS1ANCE IN km

Fig. 4.9. Short-cut of a single channel (after Jansen, 1979)
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"2 hO I l-_~ ~ 1 _

CD a ••

a.,

-- I----1

® I
I
I
I

----------- ----~----

Fig. 4.10. Principle of bend-cutting (t - 0)

The situation for t ...0 cannot be an equilibrium one. The velocity gradients

(au/ax) lead to transport gradients (aslax). Hence d zb/at rI= O.

S(x,o) 1--·----1-------
I

@ I ®
I

In Fig. 4.11 schematically the

function SeXtO) is sketched for

the case B(x) ~ constant. As

azb/at + as/ax ...0 the reach I

has erosion for t ~ O. Sedimenta­

tion oècurs in reach 11 (t ...0).

For t > 0 temporary sedimentation

occurs in reach 111.

er

Fig. 4.11 Function SeXto) for Fig. 4.10.

For reach 11 at t + CD the original bed level is again present. For t+ CD the bed

level in reach I has been lowered by ÓZb c (Lo - L )~.

RemaJlk:
(i ) For slow rivers dredging in the new bend will prevent the temporary

reduction of the depth in reach 111 due to sedimentation. For quick

rivers this is not necessary. One may even dredge along the alignment

of the new bend a pilot c.hanne1..The river wil! then reach relátively

soon the new situation.

(ii) Naturally the old bend will be closed by means of a dam preferably during

low discharges. 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.348) regarding

the increase of depth for navigation by the closure of one river branch.

~ ~
z z

.~I ~! !:-~d~--~-
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tO, 2 J 4 !> ti 7

..
I
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..: 12000.....
ê
! .000
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lil .000
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.............__ """""'" _.."..rt ,--+r ',......_~\...,..~~.
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Fig. 4.12. Closure of a branch (after Jansen, 1979)
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In this case the river is flowing around an island. The narrow branch is

closed in order to arrive eventuaily 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 confluence) a step in

the bed level6z will be present. This step cannot be computed as it dependso
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.

I I

plan

longitudinal profile

I I
-.....:--j---------:-:]4---
I I I
s I I

I I
x=o ---x x=l

Fig. 4.13. Principle of channel closure (t - 0).

In Fig. 4.13 the situation at t c 0 is given; the minor branch has just been

closed. The essential difference with Fig. 4.10 is that here the bottom steps

6z are present; they originate from the situation at t < O.o
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Besides these two steps there are two more .stepspresent due to the change

in width at x ..,0 and x = L for t > O. These are the steps treated in

Sub-Section 3.2.4 (Case 111).

Thus for t > 0 there are 60Wt bottom steps present:

• For X" 0: (i ) The step because Bo > BI' This step remains at x = 0 for t> O.

(ii ) The step è Z originates from t < O. This propagates downstreamo
for t > O. It is an expa.YL6ion wave, so it becomes flatter for

t > O •

• For x • L: (iii) A step because B2 < Bo' this fotep stays at x = L.

(iv) A step 6z from the situation at t < O. This discontinuityo
propagates downstream for t > O. It is a shockwave.

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

Fig. 3.4 where the deformation of a hump is sketched.

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

steps indicated above.

Re.maJLk.4 :
(i ) As was explained in Section 4.4 the presence of discontinuities in the

width at x - 0 and x ..L makes that the di66~ential equation expressing

the sediment continuity does not apply at the discontinuities because
I

a zb/at is not defined there. The continuity of sediment is expressed in

integ~ form because S(x,t) is continuous.

(ii) Figure 4.12 shows that the water depth downstream of the island is tempo­

rary decreased due to sedtmencatt on, Appàrently the example regards a

relatively slow river. In practice it may be advisable,to 'help' the river

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

will be obtained only after some time.
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description

depth

area

width

celerity

Chézy-coefficient

grain diameters

Froude number

acceleration of gravity

water level

energy head

(energy) slope

Nikuradse sandroughness

length

mass

pressure

discharge per unit width

discharge

radius of curvature

hydraulic radius

sediment transport per unit width

(bulk volume)

sediment transport (bulk volume)

time

flow velocity in x-direction

flow velocity in y-direction

flow velocity in z-direction

fall veloeity

horizontal coordinate

transport parameter = si D3/2 vgt.
horizontal coordinate

flow parameter = t:, D I u ai

vertical coordinate

dimensions

[LJ
[L2J
[L]
[LT-I]
[L~-J
[L]
[-J
[LT-2]
[LJ
[LJ
[-J
[LJ
[LJ
[M]
[HL_lT-2]

[L2T-1J
[L'T-1J
[LJ
[L]
(_i2T-lJ

[L'T-1J
IT]
[LT-lJ
[LT-l]
[LT-IJ
[LT-lJ
[LJ
[-J
[LJ
[-J
[LJ
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Z(b) bed level [L]
Z = W/ku* [-J
t:" relative density sediment (ps - 0 ) / 0 [-J
IS turbulent viscosity [L 2T-1J
Tl - z/a = relative depth [-J
K von Kármán constant [-J
1\ c xi/a = length scale river [-J
u ripple factor [-J
v kinematic viscosity [L2T- ~
0 density of water [ML- 3J
Os density of sediment [ML-3]
T shearstress [ML-1 T-2]
<P sediment concentration [-J






