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Abstract

Bank erosion along the Brahmaputra river in Bangladesh causes a large number of people to

lose their land each year and thereby their only means of livelihood. The resulting migration to the

already overcrowded towns and cities then creates severe social problems there. In addition, frequent

bank erosion endangers any dyking along the river so that little can be done to contain the extensive and

damag¡n* floods that often cover large areas of Bangladesh.

At the present time, bank protection and containment works appear infeasible both tecbnically

and economically. The people will therefore have to live with the problem, at least for the time being.

A better understanding of potential bank movement and an abilify to assess the risk of large local

movements, however, should assist in coping more effectively with what cannot be avoided. This thesis

describes a probabilistic study that estimates the risk of a given local bank movement based on

information that is available at the beginning of the year.

The Brahmaputra is a braided river. It forms a complex water and sediment transport system

that can assume many possible states and the known laws of fluid mechanics and river behaviour are

quite inadequate to predict the morphological changes that continually take place. Compared to the

single channel alluvial river, which attains a dynamic equilibrium between erosion and deposition along

its course by which it maintains a typical channel alignment and cross-sectional geometr¡ the braided

river has an extra degree of freedom in that the flow of water and sediment can be divided over a

variable number of different channels. The large changes that occur in this distribution of water and

sediment due to channel joining and splitting are very difficult to predict. In this study some success has

been achieved in predicting them qtalitatively one year in advance. Quantitative and longer term

prediction, however, does not appear possible at this time.

The required conceptual m odelfor quantitative prediction of river bank movement was therefore

conceived as a trend of individuat channels in a given cross-section towards equilibrium conditions (as



with single chan¡el rivers) on which a large random uoise (the changes in water and sediment flow over

the branch channels) is superimposed.

It was argued that average width/depth relations in the numerous branch channels over the

period of record are probably not far from equilibrinm conditions for the given water and sediment

distribution. This allowed an assessment of the degree to which the channels in each river cross-section

are out of equilibrium at any given time. The expected changes towards equilibrium could then be

estimated. The expected river bank movement then follows from the corresponding changes in channel

width.

Changes in width and depth towa¡ds the state of equilibrium can occur in many different ways

without violating the basic energy and continuity conditions. This raises the question of which changes

are most likely, given the known constraints. This is a typical problem for which the principle of

maximum entropy provides an appropriate solution.

The following results were obtained. In a qualitative sense, good success was achieved in

predicting the joining of two single channels in the following year. Predicting the spütting of a wider

channel into two channels was less successft¡I. ln a quantitarlve sense, the amount of outer bank line

movement could be predicted with a fair degree of accuracy one year in advance. The R2 value based

on a comparison of observed and predicted movement was on average 0.93. No systematic errors in

prediction were observed.

1U
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Chapter One

TNTRODUCTION

L.1 General

Alluvial rivers have their own cha¡acteristic channel dimensions, alignment and planforn that reflect a

dynamic equilibrium befween erosion and deposition of the sediment the rivers transport and through

which they flow. This equilibrium does not imply an absence of bank movement. In fact, continuous

bank movement is a characteristic of most alluvial rivers as meanders progress and the process of delta

formation proceeds. Bank movement is at times aggravated, however, aad can take on catastrophic

proportions as has happened in recent times along the Brahm¿putra river in Bangladesh. This raises the

question whether the bank movement is still within the normal spectrum of river variabilify or caused

by more drastic changes in flow ¿¡d 5sdimsat transport. Such changes could be human induced or

natu¡al.

To account for the huge bank movements that occur on the Brahmaputra, attention has been

drawn to the deforestation that has taken place in the upper catchment areas. This is said to have greatly

increased the sediment load in the river. Others have pointed to the continuing geological changes that

are occu¡ring in this tectonically active region and to the effect of the often underestimated variability

of the natural climate. It is true that the result of such changes in water and sediment input into the

system, would be changes in channel geometry as a behavioral response ai-ed at restoring a disturbed

state of dynamic equilibriu-. The question, however, is to what degree the equilibri'm has in fact been

affected by these factors.

For a braided river the response to changes in water and sediment flow is poorly understood

which makes it difficult to distinguish berween so-called normal ba¡küne movement which reflects

normal hydrologic variabiliry and abnormal movement which reflects sporadic or progressive change of

a clim¿¡616*ic, geographic or geologic ûature. The purpose of this study is to contributs to the

understanding of the behavioral response of the Brahmaputra river in Bangladesh and its effect on
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bankline movement under cunent cottditions. The study thus aims at assessing expected bank movement

not only in a qualitative but also in a quantitative sense. While the study focuses on the Brahm¿p¡¡¡¿

river, the resr¡Its are considered to be applicable to the analysis of bank movement of braided rivers in

general.

L.2 Characteristics of a Braided river

The characteristic bank movement along a braided river is different from that of a single channel river

which tends to meander. A meandering river invariably experiences erosion of the concave bank and

deposition of sediment along the convex bank. The effect of the alternating zones of erosion and

deposition is that the meandering river maintains a relatively stable, albeit travelling, sinuous planform.

Braided rivers, on the other hand, a¡e divided into subchannels or anabranches separated by

ba¡s or islands, each of which ca¡ries part of the total flow and sediment load. Each of these çþennsl5

experiences the kind of local erosion and deposition that is characteristic of single channel rivers. More

important, however, the contribuúon of each channel to the total flow of water and sediment is also in

a state of continua-l change. Thus some cha"nels become wider and deeper, others get shallower. Some

split into two channels, some unite to form a single channel, yet others tend to disappear. The erosion

or deposition in the subchannels or anabranches within a cross section also causes erosion or deposition

along the outer ba¡ks. Unlike meandering rivers the banks in a single cross-section of a braided river

may both experience erosion or deposition. Thus, a stable bank line configuration does not exist for

braided rivers. By the same token the islands befween the anabranches are not stable either. Old islands

may erode away and new ones may appear.

The bank movement in braided rivers is not gradual as in meandering rivers but sporadic. The

Kosi river in India is known to have shifted 19 kilometres laterally in a single year (Leopold, WoLnan

& Miller, L964). Lateral migration of as much as 5 kilometres in a single year has been reported by

Khan (1988) for the Brahmaputra River in Bangladesh. Simila¡ rapid movement has also been reported

for the Yellow River in China (Chien, 196L, quoted by Leopold et d., Lg64).
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The common aspect of bank movement in mea¡deri¡g and braided rivers is that both tend to

attain or restore a state of dynamic equilibrium that corresponds to the existing water and serlims¡¡

flow. The difference is that the braided river has extra degrees of freedom in the distribution of the flow

of water and sedi'ent over the anabranches, which makes the phenomenon far more complex. Little

success has therefore been achieved to date in explaining the morphology of a braided river.

Two different approaches have been adopted in the past, an empirical and an analytical

approach. In the empirical approach, field observaLions and experimental data have been used to develop

nrrmerical relationships befween the channel characteristics and the va¡iables describing the transport

of water and sediment (e.g., Leopold & Wolman, 1957). This approach has been reasonably successful

for'single river channels, although the mathematical form and the magnitude of the parameters of the

relationships a¡e obviously situation specific. The success for braided rivers has not been great because

the relationships developed from observations tend to describe existing stable channel cond.itions while

in a braided river stability of the river as a whole may involve radicai morphological change in individuat

branch channels. Moreover, the empirical approach does not attempt to explain why braiding or

meandering develops in the first place, nor why and how the channel configuration changes.

In the analytical approach, it is postuiated that the þ¡¿iding and the meanderiug processes ¿ìre

but different results of the same instability phenomena associated with the simple case of a single

straight alluvial stream channel. The inherent instabiliry of a straight alluvial channsl leads inevitably to

a situation which is non-steady in the sense that important changes occur over a period of time. In the

longer term, however, many of these changes may be reversed and a state of dynamic equilibrium will

then be established. The braided river is considered to be but the most pronounced examole of such

non-steady behaviour leading to dynamic stabiliry.

In the anal¡ical approach, a basic or undisturbed flow is assumed over which small travelling

perturbations are superimposed. The effect on channel plan form is determined by computing the rate

of growth of these perturbations. The phase difference between the shear stress gradient (or tractive
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offorce gradient) and the bed form gradient is considered to be the factor causing the instabiliry

erodible beds in this approach.

Although such anal¡ical stabiliry models have succeeded in explaining a nu-ber of aspects of

meandering and braiding, a major problem remains as fa¡ as the braided river is concerned. All models

lead to the conclusion that the rate at which new braids form i¡creases monotonically with the number

of channels. This is contradicted by common sense and by observations. As pointed out by Jansen, Van

Bendegom, Van den Berg, de Vries & Zanen (7979), the presently available a:ral¡ical models can only

assess whether stabilicy or instability prevails. They are incapable of predicting what happens as the

result of instabiliry, for exemple, how many cha¡nels will form in the river. Thus, little or no i¡formation

is provided on the extent and the geometry of the braiding. Neither is any of the analytical methods able

to predict what channel widths will prevail or what lateral displacement of the channels one may expect.

They, therefore, do not allow any Etantitative prediction of bank erosion or channel migration.

The present study takes a radically different approach. It recognizes the random nature of the

many changes that take place in a braided river as a result of the global and local changes in water and

sediment flow and attempts to make probabilistic predictions regarding bank movement at specific

locaúons. The underlying assumption is that there a¡e fwo factors at work. There are, in the fust place,

chalges in the flow of water a¡d sediment that cause deviations from equiübrium conditions in any given

river section. These a¡e considered imposed by changes in water and sediment flow elsewhere in the

river. The other factor is the trend in the river section to return to what would be eqniliþ¡iur cond.itions

for the changed flow regime. The return to equilibrium is the predictable part. It can be assessed by an

analysis of the state of equilibrium for the given flow of water and sediment in a cross-section and the

magnitude of any deviations from that state. The changes generated by changed conditions elsewhere

in the river a¡e considered to be a random noise imposed on the river section under consideration. The

thesis will show that in this way it is possible to make probabilistic predictions of the bank movement

that can be expected in a given year at any location along the river.



L*3 The Problem along the Brahmaputra River

The Brahmaputra river in Bangladesh (Fig. 1.1) has drawn worldwide attention because of the

magnil¡ds of the problems created by the flooding and river bank erosion of this vast river. The bank

erosion is of particular concern because of its long term disastrous consequences for this small, densely

populated country that is located for the greater part in the flood plain of the river. Almost every year

a large number of people are dislocated from thei¡ homesteads, losing their only meâns of livelihood -

the farm land. For example, in Kazipur Upazila (sub-districQ alone, along a 25 kilometre stretch of the

river, 18,032 out of 111-,820 people (L6.I2%) were displaced during the 7974198 period as a result of

erosion of. 9,7L7 acres of land out of a total of.36,827 acres (26.39Vo) (Saleheen, 1991). These people

gather in the already overpopulateå cities and towns creating severe and unmanageable social problems

and intense human suffering. Loss of human lives is also incurred by the bank erosion both directly and

indirectly. Moreover, any developmental planning near the river is hampered by the uncertainty of the

future position of the river banks. It is true that new shore land is also formed, including new islands

(locally called char) as a consequence of the channel movement. This, however, adds a new dimension

to the problem. The authorities (as in most developing countries) may favour others, rather than the

displaced people, in distributing the newly formed land, causing severe dissatisfaction and tension.

The bank erosion problem of the Brahmaputra river has been studied extensively in the past

(e.g., Burger, Klassen, & Prins, 1988; BWDB,1977; BWDB, 1978a; BWDB, 1-978b; Coleman, L969;

Galay, 1980; Goulter & Dubois, 1988; IECO, 1964; Khar, 1988; Khan & Booy, 1988; Khan & Booy,

1-989; Khan & Booy, 1990; Suharyanto, 1992; Stene, 1988; Stene, 1-993). Authors differ in their opinions

on the general trend, magnitude and predictability of the erosion experienced by the river. Coleman

(1969) concluded that the right bank of the river is consistently moving westward. This observation was

supported by other studies done in the seventies. Indeed, a flood embankment that was constructed on

the right bank of the river by the Bangladesh Water Development Board (BWDB) had to be

rehabilitated and moved to the west (BWDB, L978a; L918b). Later studies (e.g., Burger et al., 1988;
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Khan & Booy, L988; 1989), however, concluded that no single point on the right bank of the river moves

continually in westward direction; they all move back and forth. It appears that the average right bank

line has in recent Limes moved westwa¡d. It is questionable, however, whether this will be sustained over

a longer period.

Regarding the mapitude of the erosion, while ex¡mples of very large annual movements

abound, it is difficult to obtain reliable figures from earlier studies about the average annual movement

because different resea¡chers studied records of different lengths. Some studies, especially those that

concentrated on the socio-economic aspect of the problem, suffered from generalization and igrrored

the fact that the bank li¡es did not move in a monotonous and unidirectional fashion. Reported yearly

erosion rates are frequently un¡eliable because some of those were obtained simply by averaging the

bank movement over several years at a very limj¡sd number of locations.

The disastrous consequences of flooding and ba¡k erosion along the Brahmaputra river in

Bangladesh has, of course, raised the question whether the situation can be rectified or improved by

dyking and bank protection. At the present time contain'nent works appear to be technically and

economically infeasible and it is highly doubtful that attempts in this di¡ection will be undertaken in the

foreseeable futu¡e. It appears, therefore, that at least for the time being the people of Bangladesh will

have to live with the flooding and erosion problems which the Brahmaputra river poses. Under these

ci¡c 'mstances the best they can do is to protect lives and to mitigate the worst effects of flooding and

bank erosion on the people who live close to the river banks.

Adapting to the bank movement problem is easier when the phenomenon is well understood

and if the occu¡rence of large local erosion can be anticipated some time in adva¡ce. It is therefore

highly desirable to analyze potential bank movements in an effort to quanti$ the risk that they exceed

critical values at points along the river.

Such an analysis presents a difficult problem. The process of erosion and deposition of

sediments as governed by stream flow dynamiç5 is reasonably well understood. But the bank movement

that results from this process in a braided stream is far too complex to trace. Consequently, bank
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movement has to a large degree the appearance of a random process. It means that statements about

futu¡e bank movement must be formulated in probabilistic terms.

1.4 Basic Approach of the Study

The immediate purpose of the study is to develop a statistical model whereby the bank movements of

the branches at specified cross-sections can be estimated a year in advance. The basic information used

for this development consists of the hydrologic information regarding the river configuration and the

annual changes therein for the successive years for which detailed observations are available. The basic

constraints on the changes in cross-section are that the channels must together accommodate the flow

of water and sediment in the river.

The fi¡st problem that arises in this regard is a problem that occurs also for single channels,

namely that the same discharge and sediment flow can be handled by channels with different geometric

cross sections. This is because the available anal¡ical methods that relate water discha¡ge and sediment

flow to channels geometry do not provide sufficient relationships to uniquely determine the principal

dimensions of width, average depth and channel slope. In other words, there are more independent

va¡iables involved in a change in channel dimensions than there are independent flow and frictional

relationships. Researchers studying the equilibrium conditions for single channels were therefore obliged

to resort to experience, in the form of observed equilibrium relations (regime flow relations) or to some

extremum principle to supply the missing relationship in order to estimate cross-sectional change in

response to changes in flow conditions. In the case of a braided river there are additional degrees of

freedom since the total water and sediment flow can be distributed in many ways over branch channels.

One can therefore conclude that the known constraints on the movement of water and sediment

(provided by the hydrologic input and the available anal¡ical relationships) allow the braided river to

assume many possible states.



This raises two questions. The first is: What are the equilibrium conditions for the given regime

of water discharge and sediment flow in a given section of river? The second is: What is the response

of a given river section to a deviation from such equilibrium conditions?

It would seem plausible that in a braided river over a number of years deviations from

equilibrium depth-width relationships occur with equal frequency on either side of the equilibrium. In

other words, it is assumed that as many branches are in the process of widening as there are in the

process of narrowing for given conditions of flow. Thus one might expect that the average depth-width

relationships for given flow conditions, when taken over many branch chan¡el cross-sections and several

years, is close to the equilibrium relationship for such flow conditions. The first objective of the study

was therefore to determi¡e the so-called equilibrium depth-width relationships for branch channels as

a function of overall flow conditions in the section. A comparison of individual bra¡ches with the

equilibrium conditions will then provide an indication in what way and to what degree branch channels

are out of equilibrium. This will indicate whether they are likely to widen or to become narrower. This

leads to the second question, nâmely, the quantitative response of a particular river section to deviations

from equilibrium conditions.

Here the problem arises that changes of the cross sections in the di¡ection of equilibrium can

be made in many different ways without violating the basic conditions of flow a¡d sediment transport.

In other words, at any given time a great many different changes to the next state of the system are

compatible with our knowledge of the constraints that must be observed. This raises the question of

what changes are the most likely, given these constraints.

Under these circumstances it appears attractive to resort to the principle of maximum entropy

to determine what new state can be considered most probable given the preceding state and the

constraints imposed by flow and frictional relationships. This principle recognizes the probabilistic nature

of the morphological process and determines the most likely bank movement, based only on the

available information about the state, the degrees of freedom and the constraints, without any other
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(arbitrary) ¿s5rmption on the part of the investigator. The maximum entropy principle was therefore

used.

It should be emphasized that the maximum entropy approach does not attempt to predict what

in fact will happen - it only determi¡es the most probable new state evolving from a process that is

governed by the initial state and the constraints on the occurrence of new states. The method also

assumes that the time needed to reach the most probable new state is not a factor because a time step

of one year is assumed to be large enougb.

Deviations from the assumptions that are made are expected to show up in a discrepancy

berween the determined most probable and observed bank movements of the branches in the available

cross sections. If such deviations a¡e serious and systematic then the maximum entropy method will, if

nothing else, point objectively to the need for a revision of the assumptions.

The study thus provided a methodology to account for the erosion and deposition along all the

branch channels of a braided river. Movements of the outer bank tínes are, of course' more important

to the people and the structures affected and are emphasized in this study.

The paucity of data both in temporal and spatiai directions of the Brahmaputra river

necessitated working with the average bankfull discharge. The method may be expanded to

accommodate a more complete spectrum of water and sediment input when more data become

available. For a simila¡ reason, the time step was kept to one year. The predicted movement is,

therefore, the most likely scenario as expected on a macro scale on a yearly basis.

The application of the result of this study is nvo-fold. Fi¡st, this study is expected to bring

further insight into the problem of bank erosion and deposition of a braided river. Secondly, the

application of the principles to the Brahmaputra river will enable one to assess the general direction and

âmount of movement of bank lines at specific locations on a short term basis. This will help in planning

developmental activities along the river.
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L.5 Outline of Thesis

The study starts in Chapter Two with a brief literature review of the braiding process and its causes. The

chapter then discusses the mathematical models of river channels behaviour that have been developed.

A discussion of the variational principles and the principle sf maximrlm entropy found in the literatu¡e

is also provided.

Chapter Three gives a brief description of the physical setting of the Brahmaputra river, and

the data available for the river in Bangladesh. Chapter Four describes the morphological and hydraulic

cha¡acteristics of the Brahmaputra river. Chapter Five presents the equilibrium width-depth relationship

of the river as developed in this study. In Chapter Six a bank movement model for the Brahmaputra

river in Bangladesh is developed. Chapter Seven contai¡s the computational procedure and the

application of the developed model. The obtained results of quantitative bank movement prediction are

discussed in Chapter Eight. Chapter Nine presents the conclusions drawn from this study and the

recommendations made for further study and data collection. Additional relevant information and some

derivations are contained in a number of appendices attached to the thesis.



Chapter T\vo

T-,ITERATT]RE REVTÐW

2.1 Scope

The literature consulted for the study can be divided into fou¡ main parts. The frst part deals with the

research that has been devoted to the morphology of different river types. This part starts with a review

of the categorization of river types according to their morphological cha¡acteristics. Next, the resea¡ch

on whether a river will be meandering or braiding is discussed. Following this, the different opinions on

the mechanìsm governing the process of braiding are discussed. Finally, different approaches to the

determination of the so-called formative discharge are presented.

The second part of the review starts out with the empirical and analytical approaches to the

determination of equilibrium conditions for alluvial rivers. Following this, the va¡iationai prilciples used

by different resea¡chers to obtain the ext¡a relationship needed to solve the stable dimensions of a river

a¡e discussed.

The third part describes the maximum entropy principle and its use for the analysis of

probabilistic phenomena of which the braided river may be considered an example.

The fourth part provides a discussion of the previous studies on the problem of bank movement

of the Brahmapuûa river in Bangladesh.

Finally, a summary is presented of the findings most relevant to the research described in rhis

thesis.

2.2 River Type Categories

The rypical geometric channel pattern of an alluvial river is the result of the adjustment of the channel

form to the hydrodyna-ics of the channel flow and the accompanying processes of energy dissipation

and sedimen¡ ¡¡ansport. Since the channel geometry also affects the resistance to flow per unit length

of channel, the pattern can also be viewed as an adjustment of the effective slope of the river, at least
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in the short to medium time scale for which the valley slope can be regarded as constant. The abiliry

to adjust the channel pattern reflects the ability of the river to modify its planform in response to

changed conditions of water and sediment discharge, which may include changes caused directly or

indirectly by ht'man interference. The recognition and study of the response of an alluvial river to

changed conditions is essential for proper river management.

The most commonly used classification divides rivers into three classes: straight, meandering

or braided. The boundaries betweeu the classes are not always clear. For example, the distinction

between straight and meandering patterns is to some extent a¡bitrary, since it depends on the degree

of regularity and sinuosiry. At times, a braided pattern may be superimposed on a straight or

meandering channel. A fundamental problem with this classification is that it is not based on a single

characteristic. The distinction berween a straight and a meandering pattern is based on the tortuosity

of the course, whereas a braided chan''el is distinguished on the basis of the multiplicity of the flow

channgl5.

A more logical classification divides the rivers into single cha¡nel and multiple sþannsl typs5.

These main classes can then be further sub-divided as needed.

2.2.1 Single Channel Pattern The single-channel pattern is fu¡ther classified according to

sinuosity, degree of regularity, and level of mobility. Sinuosity (P), defined as the ratio of channel length

to the straight-line valley length, is used to distinguish straight channels from meandering channels.

According to Leopold & Wolman (1957), channels with a value of P s L5 are considered to be straight,

and those with P > 1.5 are meandering. Schumm (1963a) classified singie-channel rivers to be straight

(P=1.0), regular (P=1.5), and tortuous (P--2.1).It is to be noted that alternate definitions of sinuosity

exist. These are: ratio of thalweg length to the valley length (Leopold & Wolman, 1957); and ratio of

channel length to meander belt axis length (Brice, 1-964).

Kellerhals, Chu¡ch & Bray (1976) identified three categories of meanders depending on the

degree of regulariry. These are: (1) regular meanders having a clear repeated pattern and a maximum
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deviation angle between the channsl and the downvalley axis of less than 9f ; (Z) tortuol¡s meanders

having a somewhat repeated pattern and a maximum deviation angle of more than 9f ; and (3) irregular

meanders having a vague repeated pattern.

Comparing the level of mobilicy, Popov (1964, reported in Knighton, 1984) identified th¡ee

patterns. These are: (1) incised non-meandering or embedded meanders, (2) confined or limited

meandering, and (3) free meandering. Channels may also be distinguished as active and inactive on this

criterion.

In a less generalized classification, Kondrat'yev & Popov (L967, reported in Richards, 1982)

identified two categories distinguished by bedform characteristics.

2.2.2 Multiple Channel Pattern Braiding is not the only possible form of multiple channel type

rivers. Braiding in a descriptive sense refers to the intertrvining of multiple flow paths. Formation of

multiple channels, however, occurs in three general situations: braiding, anastomosing or anabranching,

and alluvial fan switching.

On the basis of stability of the branches, Schumm (1963a) distinguished between braiding and

anastomosi¡g patterns. The multiple flow pattern where the channsls are stable and identifiable even

with changing discharge and time is called the anastomosing pattern. This pattern would be created if,

for example, a meandering river divides, forming an isolated distributary which may show many

meanders before rejoining the main river. Some rivers with stable ba¡ks in cohesive material show this

pattern of multiple flow channels.

The channels in the braiding pattern are constantly shifting. The separate branches rejoin after

only a few simple curves. Rivers flowing on relatively steep slope through loose bank material may show

this pattern of multiple flow channels.

Streams formed on alluvial fans often form multiple channels. Any diversion of channels on the

alluvial fan results in a permanent lateral shift in flow path. Thus, alluvial fan switching differs from the
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theother two multiple flow path patterns by the permanency of the splitting of channels although

underþing mechattism may be the same.

The multi-channel pattern may be further classified depending on the degree of island

development. This ranges from occasional braided pattern with widely separated single islands to fully

braided patterns with many channels divided by bars and islands. The form of multiple channel pattern

is to a degree dependent on the river stage, which poses a special problem. For example, at higher

discharges, bars which are visible at lower flows, may be inundated. A river with a multiple channel

pattern may then look and begin to act more like one with a single channel. In this situation, an

appropriate flow needs to be specified at which the multi-channel pattern becomes apparent. Further

classification based on the degree of island development may only be relevant for the lower flows.

It is evideut f¡om this discussion that the classification in single and multiple channel types is

not without its problems. The classifications based on sinuosity values are arbitrary. Perhaps, a more

preferable approach is to use a common i¡dex such as 'total sinuositf (Hong & Davies, 1979) to define

chan"el pattern morphology. The total sinuosiry is the raúo of total active channel length to the valley

length. Note that the total active channel length is the summation of the lengths of all flow paths in a

reach. Channel patterns may be identified by relating this index to streâm power or any other measure

of energy expendirure.

2.3 Factors that Determine RÍver Channel Type

The conventional classification of straight, meandering and braided patterns continues to be the most

widely used classification. This is perhaps due to its association with a concept introduced by Leopold

& Wolman G957) which regards all three as different manifestations of the same continuum of

underlþg causal factors. Leopold & Wolman (1957) state:

If we assume that the pattern of a stream is controlled by the mutual interaction of a number
of variables, and the range of these variables in uature is conti¡uous, then we should expect to
find a complete range of channel patterns (p. 59).
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The concept assumes that streams are freely able to form thei¡ planimetric dimensions in response to

flows and sedimentations. It does not directly deai with the possibility of a transition between channel

patterns. However, the transitional patterns have been observed in nature, albeit over relatively short

river reaches. Knighton & Nanson (1993) noted that anastomosis in certain cases represent a transitional

channel pattern. This seems to support Leopold & WoLrnan's view.

Each cha''nel pattern in this conti¡uum of channel forms, is associated with a particular

combination of controlling variables. Attempts have been made to relate the three basic patterns to

¡¡ms¡ig¿l values of such va¡iables. Slope-discharge relationships have been widely used for this purpose.

Some of these relationships are given in Table 2.1.

Table 2.L Slope, discharge, bed material size and channel pattern

Note: In above equations, S = slope, O = discha¡ge, and D = bed material size (SI units)

Source eqrñtions Comments

Iæopold & Wolman
(19s7)

S = 0.0t2 Q-o'4 Braided channels plot above the line,
meanders olot below. Natural streâms

Lane (1957) S = 6.66¡7 9'0'2s
S = 0.004 Q'o'2s

Meanders
Braided with sandy bed

llenderson (1963) S = 0.00012 Dt'ls 9-0'46 Slopes g¡eater than this braids, less

than this meanders

Ackers & Charlton
(1970)

s < o-oot Q-o'12
S > 0-0014 8'0'12
S = 0.00085Q'o'21

0.0il }'o'tz < S <0.00H 80'12

Straight channels
Meanders
Meanders plot above the line, straight
plots below.
Straight channsl, alternating bars

Osterkamp (1978) S = 0.001 Q'o'24

S = 0.0019 Q-o'31

Includes all patterns. Coefficient value
increases as sinuosity decreases or
materiai size increases.
Braided channel5
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A close look ar the relationships listed on Table 2.1- shows considerable differences in their form

and the values of the coefficients. These differences are, perhaps, due to the different envi¡onmental

conditions under which the rela[ions are developed. For example, some of the relations were developed

from natural streams while the others result from laboratory experiments. AII rela[ions, however, suggest

that the braided pattern occurs at a steeper slope than the meandering or the straigbt pattern. This

suggests that a threshold value may exist for the slope beyond which the braided pattern prevails.

Laboratory experiments (e.g., Ackers & Charlton, 1970; Schumm & Khan, 1-972)

suggest that a simila¡ threshold governs the occurrence of the straight and the meandering channels. If

that is the case, then one could argue from the relationships of Table z'1'that channsl5 do assume their

patterns rargng from straight via meandering to braiding as the stream power increases. The stream

power is defined as yOS, where, Q is the discharge, S is the slope, and y is the specific weigbt of water.

It contains the variables discharge and slope as do the relationships of Table 2.1. Indeed, Chang (1979)

showed analytically that the number of braids within a braided chan¡el tends to increase with increasing

streâm power. Since the sediment transport also i¡creases with increased streâm power (Bagnold, 1-977),

the n'mber of channels would also tend to increase with increasing sedinent transport.

The dependency of channel patterns on slope and sediment load was shown in the laboratory

experiments of Schumm & Khan (L972).In their experiments, the channels remained straigbt until a

threshold slope (about 0.002) was reached. Then the pattern changed to meandering. This was associated

with the development of secondary currents that eroded and redistributed the sediment so that

alternating ba¡s and a meanderiug thalweg were formed. These secondary currents were destroyed at

an upper th¡eshold slope (about 0.0L6) when the channel changed from a meandering to a braided

pattern. At this point the streâm power was higb enough to induce braided channel development by

widening the channel significantly. Between these two thresholds the bank resistance was sufficient to

keep the channel in a meandering one. Schumm & Khan (1972) also observed that with an increase of

slope in their experiment, an increasing ¿rmount of sediment supply was required for the stabiliry of the
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ofchannels. This observation suggests that another possible threshold may exist for the occurrence

different channel patterns, namely sediment availability.

Laboratory studies have shown that straight cha''tnels a¡e unstable except at small sediment load.

Field data supporting this observarion are largely unavailable. Schumm (1963b) observed for the mid-

west region of the United States that meandering is associated with cohesive sediments and wash-load

transport whereas, braiding is associated with coarser non-cohesive sediments and bedload transport'

This finding emphasizes the relationship berween chan¡el pattern, composition of boundary material and

sediment load. Gravel bed channels were not included in the observations'

Inherent resistance of the river bank to erosion is probably an important criterion for the

development of different channel patterns since this influences the ability of channels to modi$ their

patterns. Ackers & Charlton (1970) found from experiment that meandering channels tend to be wider

than straight ones. Note that availability of sufficient energy for bank erosion and sediment transport

controls to a degree the process of meandering. If the banks easily erode then the channels will assume

a wide and shallow form with multiple cells of secondary circulation that possibly lead to braiding'

Brotherton (Lg1g) therefore related the occurrence of straight, meandering and braided patterns to the

erodibility ancl trânsportability of bank particles. In an analytical approach in which the meandering and

braiding is considered as an instabiliry problem, Engleund & Skovgaard (1973) defined a threshold width

above which the channel braids and below which the channel meanders. Following a similar approach

and assuming that the rivers have an inherent tendency to form braids, Parker (L976) found that straight

channsts exist only at low width-depth ratio. According to him, braiding is prominent when the slope

and the width-depth rario are sufficiently high, and meandering is prominent when the slope and the

width-depth ratio a¡e sufficiently low. Empirical relationships between channel width (I4 and shear

stress (r) developed by Antropovskiy (1972) distinguishes channel patterns as:

Free meandering:W < 0.013 t-I'ao

Incomplete meandering: 0.0ß f'r'$ < w < 0-041 r -1'a0

Braiding: W > 0.041 r'I'ao
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From the above discussion, it may be concluded that the channsl pattern sequences of straight,

meandering and braided a¡e related to:

(1) increasing stream power implied by an increase in slope at constant discharge or an increase

in discharge at a constant slope,

(2) increasing sediment load, particularl¡ the bed load, and

(3) increasing width-depth ratio which is accompanisd by an increase in bank erodibiliry and

an increase in sediment load.

Slope here is taken as an imposed constraint which is adjustable only over a relatively long period of

time.

Braided and straight patterns a¡e in a sense rwo extremes. The braiding pattern with wide and

shallow channels caused by bank erosion and localized circr¡lation (Chitale, 1973) is the high er.ergy-

environment extreme. The straight channels a¡e the low energy-envi¡onment extremes where the stream

power is insufficient to cause ba¡k erosion and secondary currents are insignificant. Meandering

channels exist in between these fwo extremes. This and the fact that the variables considered are

continuous iu nature tend to confum that the channel patterns can be expected to represent a continuum

of channel forms as Leopold and Wol¡nan suggested.

It has been observed, however, that the changes from one pattern to the other as the critical

thresholds are crossed are more abrupt than the concept of a continuum would suggest (Schumm &

Í(han, L972). There are also other problems with the continuum concept. First, it relies heavily on the

results of laboratory experiments. Second, the classification of channel patterns underlying the concept

oversimplifies the range found in nature. There a¡e evidences of various transitional patterns with

specific characteristics. For example, meandering streams in upland environments often have extensive

unvegetated point bars across which chutes a¡e formed that create pseudo-braided patterns at high

stages and straight channel with mid-channel ba¡s appear braided at low stages (Richards, 1-982). Also,

other distinctions such as active and inactive or confined and unconfined can be made between channels

(Ferguson, L98L). Schumm & Khan (1972) reported that ch¡nnel pattern may vÍì.ry along a river even
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with the uniform condition of st¡eam power and sediment load. This may indicate that the valley slope

is close to a threshold value.

2.4 Characteristics of the Braided River Type

As d.iscussed in the previous section, braided channel patterns are formed in a high energy fluvial

environment with relatively steep valley slopes, large and variable discharges, domi¡a¡t bedload

transport, non-cohesive banks that are not stabilized by vegetation, and lack of river competence. They

have a relatively high width-depth ratio. Individual channels are generally straight in alignment although

some may be sinuous. The wide and shallow cross-sections develop secondary currents with multiple

cells that results in ba¡ formation. Braids may develop where erodible banks allow cha¡nel widening.

The geometry of braided channels has received little atteution compared to that of meandering

rivers. The literature on meandering rivers is vast and provides many relationships between channel

geometry a¡d variables of causative nature. Only a few such relationships have been developed for

braided rivers.

Even the description of the degree of braiding is complicated by the fact that braiding tends to

decrease with the higher river stages. For example, the Brairting Index, a measure of degree of braiding

defined by Brice (L964), which is the ratio of twice the sum of the lengths of islands to the length of the

reach, is dependent on the river stage sirce the lengths of the islands va¡ies with the river stage. To

avoid this problem of stage dependency, Howard, Keetch & Vincent (1970) used only the variables that

can be determined from the topographic maps.

When a single channel divides into branch channels the result is a reduced hydraulic efficiency.

Thus, braiding brings about modifications of flow dynamics and energy loss. The sum of the widths of

the divided channels wül be greater than the width of a single channel carrying the same water and

sediment flow. Similarly, the average depth of the divided channels tend to be less than that of the single

one. More stream power is needed therefore to maintain the sediment transport. This implies a steeper

slope along the divided reach. Adjustment of several hydraulic variables is thus needed to maintain both
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water atrd sediment transport continuiry. It can, therefore, be said that the braiding channel form is

associated with the requirements of the physical transport processes. However, ¿ unique one-to-one

relationship between the channel form and the transport process may not exist. Krnmþein & Orme

(1972) are of the opinion that complex braided reaches may appear topologically random,

Shifting bar forms and abandoned distributary channels may occur in a braided reach that

appeats to be in equilibrium. However, on average, over a period of years, the total sinuosity and area

of such a reach is maintained (Richards, 1982). Thus, a braided reach may continue to maintain this

equilibrium locally after the bar formation or channel widening.

The instabiliry of bedload transport in wide, shallow channels in high energy-environment

streams may create braided patterns (Parker, 1976). The hydraulic inefficiency associated with the

braided pattern then permits dissipation of the excess energy.

The conditions leading to the development of a braiding pattern can thus be summarÞed as;

(t-) higbly va¡iable discharge, (2) excessive bed load, (3) highly erodible banks, and (a) steep valley

slopes. The effect of these va¡iables on braiding are described briefly in the following.

Influence of Discharee Variabilitv The regime of braided rivers is usually cha¡acterized by a highly

variable discharge. It shows higher flood peakedness, higher total discha¡ge range, and higher mouthly

variability (Morisawa, 1985). The variabiliry of these flow characteristics tends to lead to bar formation,

diversion of the flow and creation of new channels. Rapid fluctuation in discharge is often associated

with high overall rates of sediment supply. This causes large fluctuation in bed load movement and bank

erosion that lead to bar formation which in turn may initiate braiding. The rising as well as rhe falling

river stages a¡e both hydraulically important in braid formation. Secondary circulation cells with opposite

di¡ection of rotation meet and rise at the mid-section during the rising stage of the flood (Morisawa,

1985). This meeting causes the flow to decelerate at that section causing deposition of coarse particles.

Secondary cells with opposite direction of rotation were found to exist in braided reaches of the Mistaya

River in Albe¡ta (Diemer, L979, reported in Morisawa, 1-985). Also, there is evidence, on a longer time
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scale, that braids have at times developed as a direct result of historical floods and continued to exist

(Burkham, 1972; Schumm & Lichty, 1963). Goff & Ashmore (1994) reporred rhat in the braided

Sunwapta river in Alberta, major periods of morphological change occur during periods of high

discharge.

It should be noted, however, that a rapid variation in discharge does not always lead to the

development of braids but promotes it. Braiding reaches a¡e sometimes interspersed with meandering

reaches and in the laboratory experiments, braiding can be produced under steady state conditions

(Hong & Davies, 1979; Leopold & Wolman, 1957).

Influence of Excessive Bed Load Braided rivers carry heavy bed loads as indicated by the existence of

sand waves (see Colema:r,1969). While it is generally assumed that braiding is not symptomatic of

overloading, availability of sediment i¡ sufficient quantity is essential to obtain and maintain a braided

form (Knighton, 1984). Hoey (1992) noted that in complex braided systems, fluctuarions in bedload

transport and chaages in channel configuration may be autogenic (inherent) and may not require

external forcing.

The process of braiding is enhanced by the occurrence of a coarse fraction in the sediment load.

This forms the initial deposits due to local incompetency. The deposits, in the form of bars, cause the

flow to attack the channel banks. The resulting bank erosion is needed for the development of a wide

and shallow channel pattern.

According to Church (1972), braiding occurs when the resistance to flow of the single channel

becomes too high to transport the water-sediment load. If the resistance to flow is not reducible by

single channel adjustments, local aggradation occurs to increase the available specific energy. Thus, bars

are formed due to deposition of excess load. This divides the flow into channels a¡ound the ba¡. These

channels are steeper, relatively deeper and more efficient even though the combined resistance of these

channels may be higher than that of the upstream single channel. This, in turn, increases velociry and

energy of the river to be able to transport the incoming sediment.
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Others (e.g., Knighton, L912) have also suggested that braiding occurs when the river is locally

incompetent to transport the bed load. In this situation, deposition of the bed load occurs which

increases the gradient thereby increasing the competency. A bar formed due to deposition of the

bedload divides the channel and braiding occurs. The effects of fluctuating water and sediment load are

reflected by the oscillation of ba¡s with single chute. During periods of low flow, sediment ir transit is

stored in these bars. These bars also provide the mechanism for removal of the stored sediment during

periods of high flow. Old channels are reoccupied during high flow, and thus, secondary braiding occurs.

Leopold & V/olman (1957), on the other hand, are of the opinion that braiding is not

necessarily indicative of excessive bed load. They point to observations of aggradation at constant slope

without braiding. The process of braiding, in their opinion, is not a matter of lack of. overall capacity but

a lack of local competence. Schumm's (1-968) statement that high suspeuded load is transported in

meandering channels whereas bedload transport needs a straight and braided system, supports this.

Ffowever, the importance of the sediment øvailabilíty is evidenced by the changes in channel pattern of

the Rangitata River in New ZeaJand (Schumm, 1980). Depe¡ding on the difference in the supply of

sediment at different reaches, the pattern along the river changes from a braided to a meandering one.

The laboratory experiments of Schumm & Khan (1972) demonstrate the need of an ample supply of

sediment. The va¡iability of bedload transport was also reported in a hydraulic model study of a braided

river by Wa¡burton & Davies (1994).

Influence of Slone The existence of a threshold value of the slope above which braiding occurs, is shown

by theoretical and empirical studies (e.g., Leopold & Wolman,1957; Parker, 1976; Schumm & Khan,

1972). When the slope is less than this threshold value the pattern is straight or meanderi¡g. Chang

(L979) and Pa¡ker (L976) showed that the degree of braiding seems to increase with slope. There is,

however, evidence of braiding of large rivers with very mild slopes (Leopold & Wolman, L957). Also,

braiding is observed to be a cha¡acteristic of channels in deltaic areas where the slope is very mild. It

seems, therefore, that the critical factor in braiding ishigh stream power (7pS, where 7 is the specific
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weight of the fluid, p is the discharge, and S is the slope) rather tlan steep slope. A river must have

sufficient power to achieve high bed mobiliry and to erode its banls.

Influence ofErodible Banks Fahnestock (1963) noted that highly erodible river banks are a prerequisite

of braiding. Such banks are important sources of sediment and will permit the channel to widen allowing

braided reaches to occur. The opportuniry of bar formation is greater in a wider channel in which the

non-uniformity of flow due to localized deposition tend to affect part of the channel rather than the

whole cross-section. Without erodible banks, bars that are formed have a tendency to be wiped out

rather than to grow.

It has been observed that rivers tend to meander, rather than assume a braided form, when

banks are resistant to erosion even though the bed load transport may be dominant (Miall, L977). Rivers

may even assume a sequence of meandering and braided forms as they pass through deposits of varying

resistance to erosion (Mackin, 1956). Also, a river was reported to have changed its pattern from

braiding to meandering as a result of increased resistivity of bank material caused by planting vegetation

at appropriate places (Nevins, 1-969, reported in Knighton, L984). On the other hand, both meandering

and braided patterns have been observed with ba¡k materials that a¡e not noticeably different in terms

of resistiviry (Fahnestock, 1963). The erodibiliry of bank material is therefore not the only factor in the

occurrence of braiding. It may be the deciding factor when other conditions are close to their threshold

values.

None of the factors described above is capable of either creating or maintaining a braided

pattern alone. It is the combination of the va¡iables that is responsible for an environment that is

conducive to a braided pattern.

Ackers & Charlton (1970) consider the braided pattern to be unstable. They argue that braiding

is simply an adjustment made by rivers with erodible banks to carry the large sediment through multiple

channels (which a single channel is incapable of transporting). The result of braiding is aggradation

which occurs until the river achieves an equilibrium slope. Then braiding will stop. The channel will then
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assume either a straight or a meandering pattern. This view is not undisputed since increases in slope

tend to accelerate braiding instead of stopping it. Many studies (e.g., Chang, t979; Parker, 1976)

consider the braided pattern to be a true eqriliþ¡ium form even though the individual channels a¡e

transient. Leopold & Wolman G957) observed that rivers maintain braided reaches with Iittle changes

over decades. In their opinion, braiding is the result of the adjustrnent made by the rivers with erodible

ba¡ks to a sediment load too large to be carried by a single channel. Once established, braiding can be

maintained with only slight modification. Some theoretical justification in support of this opinion has

been provided by Parker(L976) and Chang (L979).

2.5 Mechanism of Braiding

The theories of the mechanism initiating and maintaining the formation of braids have long been

dominated by the concept of bifurcation at the point of disjunction. The central proposition of this idea

is the formation of a mid-channel bar which eventually splits the flow of the river i¡to rwo or more

active channels. However, the iuitiation of such a ba¡ and its growth has not been adequately addressed.

The following discussion summarizes the different opinions encountered in the literatu¡e on tåe

mechanism of braiding.

There is no evidence of any particular sedimentary structure that would cause the special

hydrauiic conditions that initiate braiding. The analysis of parameters aimed at describing the flow

behaviour leading to braiding is mostly a description of the conditions su¡rounding the phenomenon of

braiding rather than an explanation of the phenomenon itself. There are a very few articles (e.g., Chien,

1-961.; Krigström, 1962, reported in Richards, 1982; and Smith, 1971) directly concerned with the

mechanism of channel multiplication. Most investigators accept the idea that meandering and braiding

are simply alternate forms of the same river behaviour so that braiding as well as meandering results

from the general flow condition that exists in the river. In the same way the mechanism that leads to

meandering is repeated at any bend, the potential for braiding is thought to be inherenr and latent at

every incipient point of disjunction when the overall flow conditions in the river reach a critical point.



26

ofThe result is a growing bar in the middle of a river. Such a bifu¡cation is the simplest form

multiplication, and repeated splitting could produce any observed braided form.

According to this concept, bifurcation is imminent when the hydraulic conditions in a wide

channel may lead to secondary currents that cause a deceleration of the current in the mid section of

the channel sufficient to initiate the local deposition of coa¡ser bedload material. This then serves as a

locus for further deposition. The bars formed in this way are diamond shaped in outline and grow in

the direction of flow. As fu¡ther deposition occurs the ba¡ grows vertically and in a downstream

di¡ection. When the bar is large enough, the main flow becomes concentrated in the channels on either

side of the bar. This concentration of flow causes erosion of tne Uants and bed until the bar emerges

as an island. With lower river stages vegetation starts to grow on the island which resist erosion a¡d

causes further deposition of finer material.

In addition to these longitudinal bars, Smith (1970) describes transverse bars. The transverse

ba¡s are tabuiar in shape, flat-topped and covered with bed forms (ripples and dunes). They have a steep

slope face downstream a¡d are dominantly composed of sand. Many such bars seem to be dune fields

that were uncovered at low flows. Also, Brice (L964) suggested that bedforms created the bars of the

Loup Rivers. According to him, large dunes were built across the river during flood stages. The crests

of these dunes, as they grew bigger, were subsequently breached by the currents, and water pouring

through the gaps produced a fanlike structure that became bars at low flow. Coleman (1969) noted that

huge sand waves (7-L6 m high with a wave length of 183-9L4 m) migrated at the rising stage on the

Brahmaputra river. At the falliug stage, one bedform climbed on the back of the other, and the trougbs

were filled up. These structures composed of both suspended and bedload material remained as ba¡s.

Cadle & Cairncross (1992) from a study of Karoo river in South Africa, suggested that braid

bars originate and develop through the initial deposition of sediment from unit bars (sand waves).

Vertical accumulation of sediment occurs by the repeated deposition of sand waves to form an incipient

braid bar. Subsequent $owth occurs through sediment transport over the braid bars and deposition on

the side and downstream end of the bar. Depending on the amount of vertical aggradation and channel
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scouring which takes place, sediment moves laterally or obliquely across the bar. These braid ba¡s evolve

into compound bars through oblique accretion. Also, periods of high flow cause sediments to be

transported obliquely across the compound bar and deposited on the side and downstream. Flow

divergence around the compound bar causes erosion of the fi¡st-order channel banks and channel

widening takes place. And thus, channel bifurcation occurs.

Rundle (1985a; 1985b) strongly criticised the concept of mid-channel ba¡ formation as the

mechanism of braiding, and proposed that braiding occurs by the dissection at a lower flow of the

tongue structure across the channel left behind by the flood. The central argument put forward by

Rundle (1985a) is that the process of braiding is erosional rather than depositional contrary to the

prevailing view in the literature. However, the mechanism he proposed and some of his criticisms of

depositional concepts are questionable. He argues that a stream would accelerate around mid-cha¡nel

deposition and hence, deposition around it would not be possible. This is of course true when an object

is mechanically placed in a uniform equipotential flow pattern. However, the deposition of the mid-

channel bar is supposedly initiated by a local reduction of competence that is caused by the occurrence

of multiple ci¡culation cells in the wide channel. Moreover, the blanket assertion that the chaaged flow

pattern around an obstacle is not comparable with deposition is unrealistic. For example, when a bend

in the river forces a change in direction deposition, nevertheless, occurs along the inside river bank.

Moreover, Rundle's observation were mostly on river reaches with high Froude number (supercritical

flow). The formation of a tongue shaped transverse bar in the reaches with lower velocity is not

unexpected under this condition. This, however, is rather an unusual situation. Tongue shaped transverse

bars also occur when a sediment laden concentrated stream enters into a lake or a sea. This does not

lead to braiding but to delta formation which is a different process.

It seems that in spite of Rundle's criticism the most plausible explanation of the initiation of

braiding is the formation of a mid-channel longitudinal bar which subsequently grows and causes

bifurcation of the river, culminating in a braided pattern. This, however, does not rule out other

mechanisms under special circumstances.
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2"6 Forrnative Discharge

2.6.L The Concept When the regime theory that was developed for irrigation canals was applied

to rivers with variable flow the concept of the formative or dominant discharge was needed. This is by

definition the steady discharge that would have the same effect on chan¡el morphology as the spectrum

of discharges that actually occurs. The resime theory of Blench (1952;1969), reaffi¡med by Ackers &

Cha¡lton (L970), posits that channel morphology does not adjust with every short-term va¡iation of

discharge. Rather, it depends on a discha¡ge measr¡re which rypifies the range of competent discharges

experienced by the river.

The formative discharge can be defined more precisely in a number of ways. For example,

Ackers & Charlton (1970) has defined dominant discharge to be the steady flow that produces the same

meander wavelength as the observed range of varying flow. \ùy'olman & Miller (1960) defi¡ed the

dominant discharge as the flow that performs most work in terms of sediment transport. They reasoned

that the effect of a particular flow event in a longer period depends on its frequency of occurrence.

Sediment transport is approximately a power function of discharge while the frequency distribution of

the discharge is approximately log-normal. The total sediment transport that can be attributed to a

particular flow is thus the product of transport and frequency of occurrence. This suggests that most of

the work is done by events of intermediate magnitude. The single formative discharge then becomes the

mean of the probability distribution of:

FtG(ql = GQ)fQ) (2.1)

Where,

Í(Ø is the probability distribution of the discharge p assumed to be known;

G(Q) = sediment discharge = a function of Q, also assumed to be known for a river.

The NEDECO (1959) defi¡es dominant discharge as the discharge corresponding to the water level hp

which follows (Jansen et al., 1979):
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(2.2)

where,

O, = sediment discharge = W a ub;

I,lz= width;u = velocity;

a, b = constants 6f ssdimga¡ property;

x = coordinate in flow direction:

1 = time = 1 year, and subscript D marks the value corresponding to dominant discharge.

Pickup & Rieger (7979), however, considered that every competent flow event has some influence on

channsl form. The channel form 'y' at a Lime 't' should be taken as a weighted sum of the effects of all

input discharge events up to and including f, and can be expressed as:

y(t) = /nfu)Qtt-u)du
(2.3)

where,

h(u) is the impulse response measuring the effect of discharge on channsl form over various

time lags u; and

p is the discharge.

The flow which just fills the available cross-section without overtopping the banks has often

been taken as the formative discharge. Several arguments can be adva¡ced for this practice.

(a) There is evidence suggesti:rg that the frequency with which bankfull discharge occurs is to a degree

consistent among rivers (WoLnan & Leopold, 1957). The average recurrence i¡terval of ba¡kfull

discharge is found to be about 1.5 years (Leopold et al., 1964; williams, 1978).

(b) There is an approximate correspondence between the ba¡kfull discharge and the discharge which

cumulatively transports most sediment (Wolman & Miller, 1960). Note that although flood flows

individually transport greater loads, they recur too infrequently to have a greater cumulative effect.

l{,t* 
u,." . Ê+";! hol,dt = o
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(c) There is a marked process discontinuity associated with overbank flow. The water level

corresponding to the bankfull discharge is considered by many to have sipificant influence of

chennel formation process (e.g., Hawey, L969; Pickup & Warner, 1976). River stages above this level

are considered to have less influence on the cross-sectional shape.

2.6.1 Estimating Bankfull Discharge The bankfull discharge can be estimated from the bankfull

stage by means of a stage-discharge relationship or a slope-area method (Brown, 1971). Williams (1978)

provides a review of eleven definitions used for identifying bankfull stage, and compares sixteen methods

of computing bankfull discharge. The definitions a.re: (1") the elevation of the valley flat; (2) the elevation

of the active floodplain; (3) the elevation of the low bench; (4) the elevation of the 'middle bench' for

rivers having three or four overflow surfaces; (5) the elevation of the most prominent bench; (6) the

average elevation of the highest surfaces of the channel bars; (7) the height of the 1s"¡/e¡ limit of

perennial vegetation; (8) the elevation of the upper limit of sand-sized particles in the boundary

sediment; (9) the elevation at which the width-depth ratio of the cross-section is a minimum; (1-0) the

stage correspondiirg to a change in the relation of cross-sectional area to top width; and (11) the stage

corresponding to the first maximum of the bench-index (/) defined as (Riley, 1972):

, _ (w,-w,.t)
(dt-d¡.1

(2.4)

where,

T4 is rhe width:

d is the depth; and

subscript i represents positions of the wetted perimeter at equal distances.

Which definition to choose depends on the use to be made of the bankfull discharge. For fluvial

geomorphologists, the active flood plain is the most nsaningful bankfull level. The banks of the valley

flats are the most important to engineers since a stage higher than this would cause damage to
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structures, crops etc. William (1978) computed bankfull discharge at 136 sites using active floodplain

(Definitíon 2), and at 1l-3 sites using valley flat (Defínition 1) as the ba¡kfull stage. Combining these nvo

groups of data he found a general relationship of bankfull discharge (Q), average bankfull cross-

sectional area (Al and slope of the water surface as suweyed at low flow over the entire reach (S) as:

Q6 = 4.0 Ai'21 yo'za (2.s)

Some other equations, that exist in the literature, are given in Table 2.2 aiong with their applicability.

Table 2J Equations of bankfull discharge

Reference Equation f.or Q¡, (*'/s) Applicabiliry

Lacey (1930; 1934) 10.8 Ah ¿uo'67 5o'ss All

Nixon (1959) 0.57 AhI'21 Ali

Rundquist (1975) o.4I Ab1'22 Droo'ou All

Riggs (1976) 339 A^1'2e5 5o'sto D56> 2mm

Riggs (1976) L55 Ahl'33 So'os 10'o'os6s's All

Iæopold et al. (1969) 1.5 Yeør f-lood (annual
maximum)

Active floodplain

Ketlerhals (1967) o.g Dono'15 d^o'25 A^ Ds>2mm

Emmett (L972) o.g A^1'18 South Central Aiaska

Emmett (1975) 1.4 A^1.14 South central Idaho

Dury (1976) Lß S0'2s Q.H Wht'81 + 0.83 Aot'0e;t'10 Humid resions

Kellerhals (1967) (5.1X fi6) Wb D*1'15 5'1'25 Ds> 2mm

Henderson (1961) (3.76 x pre¡ pro2'se 9'2'27 5<Dso<270mm

Note that in the above table, O¿ is the bankfull discharge in m3/sec,

,4, is the bankfull area in m2,

146 is the bankfull width in metres,

d, is the bankfull depth in metres, and

D is the particle size in millimetres.
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There are some objections to taking the bankfull discharge as the formative discharge. They are:

(1) the bankfull channel is difficult to define if the valley bottom is narrow or if several benches exist,

(2) the ba¡kfull discharge which is defi¡ed in terms of elevation may nor always be the most effective

discharge in terms of sediment trânsport, (3) channel form parameters may not always relate well with

bankfult discharge, and (a) bankfutl discharge may not always have the same frequency of occurrence

even within the same basin. Nevertheless, when these limitations are kept in mind, the bankfull discharge

cân serve as a good surrogate of the formative discharge.

2.7 Mod,elling River Channel Changes

A study of changes in river channel dime¡5is¡5 in response to deviations from equilibrium conditions

must take into account the constraints imposed by the physics of fluid flow and sediment discharge. In

rhi5 5sçtie¡, a brief description of the mathematical-physical analysis of water and sediment flow process

is provided. Also, a brief review of modelling of the aggregate trânsportation process is provided. This

includes a review of the avaüable deterministic and stochastic modelling techniques.

2.7,1Mathematical-physical Models The equations of fluid motion for a single channel with

small cuwature can be written as:

Au ôu du uvu- +v- +w- +-
dsôndzr

^adv dv dv u'u- +y- +w- --ãsdnêzr

drv dw Awu- +v- +w- +9
ds ôn ôz

= -I Ø *n
p ds -s

_l ôp *o
pdn'"

lAD--* +r,
pdz

(2.6)

(2.7)

(2.8)

where,
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.r, ,? and e form an orthogonal curvilinear coordinate system;

s-axis is along the channel centreline, positive in downstream direction;

n-axis is perpendicular to the s-axis, positive towards the concave bank;

z-axis is vertically upward;

r is the local radius of curvature;

p is the pressure;

g is the acceleration due to gaviry;

u, v and w are the time averaged velocities along s, n and z di¡ections respectively;

p is the fluid densiry;

Fn F, and. F, are the friction terms in the s, n and z di¡ections respectively.

The continuiry equation of water and sediment can be w¡itten as:

au *d9r) *! =o e.s)ãs dn âz

âQ" +tã(q,r) _o e.ro)ôsrdn
where,

Qn úd q, are vol 'metric bedload transport in n and s di¡ections respectively.

Equations (2.6) through (2.10) can be used to obtain solutions for bank erosion rate. This

requires some simplifying assumptions and the use of experimental results. One of the techniques, for

instance, imposes a channel alignment perturbation of the form:

q (x,t) = A(t)sinIk(x -ct)] Q.r1)

where,

4@t) is the channel centreline deviarion at a straight line distance.r at time r;

,4 is the amplitude;

k is the wave n 'mber (2r/1);
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.t is the wave length; and

c is the celerity of the sinusoid.

This analytical approach is controversial and raises the question whether it makes sense to start

with such complicated equations if the results are trot any more accurate tha¡ what can be obtained with

simpler formulations. Some of the problems are the following: Firstly, the reduction of the equarions

to those of a damped oscillating system through lirea¡ization neglects higher order terms and timits the

application to channels with small curvatures only. The solution then essentially becomes that of a

straigbt cha¡nel whereas the interest lies precisely in the deviation from a straight channel. Secondly,

the critical stresses for incipient sediment motion is a questionable basis for sediment transport

equations as has been addressed by Lavelle & Mofield (1987). Thirdly, an erosion constant is used in

predicting rate and extent of erosion at any point. This constant can be very uncertain and will vary from

place to place, even for the same river. Finally, there are many uncertainties regarding friction and

velocity distribution, which raise questions about the adequacy of the analysis.

One may conclude that the morphology of a river system is far too complex to be described by

analytical relalions that describe the dynamics of water and sediment movement. Researchers have

therefore sought for descriptions of river behaviou¡ in simpler terms that provide approximate

mathema[ical models of response to changed conditions. Such models of river behaviour can be

deterministic or stochastic.

2.7 2 Deterministic Models The determi¡istic approach which one finds in the literature is based

primarily on an evaluation of the stability of the channel alignment. Two distinct gfoups of studies are

available here. The first group consists of the so-called regime theories which were originally developed

for the desip of stable canals in erodible soils (Lacey, 1930; Blench,7952). Arguing that natu¡e often

provides relatively stable cha"nel dimensions corresponding to given conditions of water and sediment

transport, these theories determine empirical relationships between cha¡nel dimensions and flow

patâmeters based on observed stable river channels. With the exception of a few (e.g., Hooke, 1980;
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Hickin & Nanson, 1975; Nanson & Hickin, 1983), the investigators do not attempt to predict rate and

direction of change if equilibrium conditions are violated. Although Stevens & Nordin (1987) have

provided regime theories with some anal¡icai basis emploþg the conservation law and Newton's law,

they are basically emptical.

The second group of deterministic models attempts to evaluate channel alisnment stabiliry

through a more rigorous analysis of perturbation. Th¡ee rypes of conceptual models have been employed

to study the instability phenomenon. These are: (a) the potential flow model (e.g., Reynolds, L965), (b)

the shallow water flow model (e.g., Adachi,7967; Callander, L969; Parker,1976), and (c) the shear flow

model (e.g., Engelund & Skovgaañ, L913). The basic model is developed from the equations of

conservation of mass and momentum, and from a stabiliry criterion that relates to the movement of

sediment particles on the streâm bed. The models thus attempt to present the observed fypical channel

planforms as features that follow from the basic flow equations. elthough these models have succeeded

in explaining a number of aspects of meandering and braiding, a major problem remains as far as the

braided river is concerned. AII three models lead to the conclusion that the rate at which new braids

form increases monotonicaly with the number of channels. Also, no information is provided on the

extent and the geometry of braiding.

Two different categories of models have been developed to deal with planform geometry. The

first one evaluates the conditions for the formation of alternating bars in straight channels and is known

as the bar theory (e.g., Ikeda, Parker & Sawai, 1981; Kitanidis & Kennedy, l-98a). The second one

examines channel migration features in weakly meandering flows and is known as the bend theory

(Odgaard, 1989a; 1989b). Blondeaux & Seminara (1985) presented a unified treatment of bar-bend

theory. Authors on the bar theory differ in thei¡ treatment of bank erosion and of secondary flow and

its effect on bed topography and primary flow. Some authors assume the rate of bank migration to be

proportional to and in phase with the difference between nea¡ bank and section average velocity (e.g.,

Odgaard, 1987; Hasegawa, L989), while others assume the rate to be proportional to and in phase with

the secondary flow (e.g., Kitanidis & Kennedy, 198a). In the bend theory there also is a difference of
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opi¡don in the treatment of the secondary flow. Blondeaux & Seminara (1985) consider a secondary

current to be controlled by an external stress relation, while Odgaard (1989a) considers it to be

cont¡olled by basic flow equaúons.

The major problem of deterministic modelling is that the relations between the sediment

transport processes and morphological change of a river are not suffrciently developed. Except for a few

specific bed forms, morphological change cânnot yet be related adequately to the physical process of

5sdims¡t¿¡i6n. The process of morphological change as it occurs in natural channsls is governed by

tb¡ee-dimensional turbulent flow characteristics. It is not yet possible to include these characteristics in

a model for natural channels. Even if it were possible to adequately describe the flow mathematically,

¡þs a'ms¡isal solutions would require discretization of the process (Alexander, 1979). The ca-lculated

erosion and deposition in each part of the cross section would be affected by the way the continuous

boundary is discretized (Bridge, 1976).

The deterministic models described above were developed for single channel rivers. Application

of such models to a braided river cannot be expected to be very successful for a number of reasons.

First, the stabiliry of a cross section of a braided river implies the stability of the a¡abranches. The

stability of each of the anabranches, on the other hand, depends on the stabitiry of all other branch

channsl5 as well as the cross section as a whole. Secondly, in the process of stabilization the nr mber of

branch channels may change over time. Two or more bra¡ches may reunite to form one channel or one

branch may split i¡to two or more channels. Thirdln one branch may be stable and continue to be so

while the others are changing. In brief, the behaviour of individual branch channels and the enti¡e river

a¡e interrelated and, this relationship must be considered if the model is to be adequate.

In a recent stud¡ Murray & Paola (1994) developed a deterministic numerical model of water

flow over a cohesionless bed that captures the main features of real braided rivers. The model was

similar in concept to those of cellular computer models to study naturally occurring self-organi2sd

patterns (e.g., Forrest & Haff, 1992; Werner & Fink, 1993; Werner & Hallet, L993). In the cellular

model of stream braiding of Murray & Paola (1994), the initial condition was a uniform slope with
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white-noise elevation perturbation. Iteration began when water was introduced into some upstream cells

and sta¡ted moving downstream, cell-by-cell, carrying discharge. Iteration ended when water reached

the downstreem end. Although their model reproduced many of the phenomena observed in natural

braided rivers, it exhibited apparently unpredictable changes in configuration indefinitely even though

no random influences were introduced after the run started. They compared this and the observed

fluctuation in sediment to those of self-orga"ized or "autogenic" behaviour of braided streâms.

Representation of this behaviour, however, was not achieved in their model.

2.7.3 Stochastic Models Stochastic models of bank erosion are not abundantly available in the

literature. Khan & Booy (1988) presented a Transfer Function approach ef ¡6dslling bankline erosion.

In their model, the banklines at the end of a time step were assumed to be the output of a dynamic

system where the input to the system was the banÌline at the beginning of the time step. Variables other

than bankline posilion rTvs¡s þrmped in the system. In addition, the model parameters were related to

the magnitude of the water discharge.

2.8 Variational Principles

2.8.1 The Need for a Variational Principle To hansport a certain amount of water and

sediment, a single channel ailuvial river can adjust its width, depth and slope. Thus, it has three degrees-

of-freedom and the problem is to establish relationships that determine these th¡ee quantities. If one

imposes values of discharge and slope, then the equations produce a family of solutions çe¡taining

different values of width and depth, and hence, different sediment transport rate and velociry. Two sets

of equations defining the sediment transport and frictionai characteristics are readily available. One extra

equation is, therefore, needed to solve the system. What constitutes the appropriate choice of this extra

equation is, however, unclear. Different approaches have been used to provide the extra equation
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needed to solve the system of equations. Some resea¡chers related bank stabiliry (e.g., Parker, 1978) with

bank movement while others followed variationai principle.

The variational principle approach is based on the argument that a ch¡nnel achieves stabiliry

or equilibrium when a specified function of some of the variables defining the system has an extremum

(either maximum or minimum) subject to given local constraints. The stable solution can be obtained

by maximizing or minimizing the specified function related to the system.

The most commonly used variational principles a¡e: minimum streâm power, minimum u"it

stream power, minimum energy dissipation rate, maximnm friction factor, and maximum sediment

transport rate. The inter-relationship between these principles are discussed by Davies & Sutherland

(1983), Yang, Song & Woldenberg (1981), and White, Bettess & Pa¡is (1982). Some of these principles

may be equivalent under certain conditions, one may be a special case of the other. The principles are

briefly discussed in the following.

2.8.1 Principle of Minimum Unit Stream Power The principle of minimu¡1 r,ni[ stream

power was advanced by Yang & Song (1979) who hypothesize that: an alluvial channsl will adjust its

velocity, slope, roughness and geometry to minimize âmount of unit strezm power used to transport a

given sediment and water discharge. The unit stream power, U' is defined as:

uo=ß (2.r2)

where,

Z is the mean flow velociw. and

.S is the slope.

This principle has been used to explain equilibrium flow conditions of alluvial streams both in field and

laboratory conditions (Y ang, L976).
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2.8.2 Principle of Minimum Stream Power Chang (L979) uses streâtn power instead of unit

stream power as the quantiry that must be minimized to obtain the equilibrium condition of a¡ alluvial

channsl. The stream power is defined as:

Streøm Power = yQS (2.13)

where,

p is the discharge,

S is the slope, and

7 is the specific weight of water.

It may be noted that the unit stream power concept of Yang (1976) will produce the same result only

if the cross-sectional area remains the same. Also, attempts have been made to relate the principle of

minimum streâm power and minimu¡n unit stream power to that of ninimum rate of energy dissipation

(see Yang & Song, 1979; Song & Yang, L980).

The principle has been used to explain patterns of naturai rivers, width-depth ratios of alluvial

rivers in regime and gravel bed streems (Chang, 1980a; 1-980b; Chang & Hill, 1977). However, it is only

applicable to a channel of fixed location, and is not intended to provide solutions for the planform

chanses.

2.8.3 Principle of Maximum Friction Factor The principl" o¡ ¡1¿çi¡,,m friction factor as

stated by Davies & Sutherland (1980) is as follows: If the flow of a fluid past an originally plane

boundary is able to deform the bounda¡y to a non-planar shape, it will do so in such a way that the

friction factor increases. The deformation will cease when the shape of the boundary is that which gives

rise to a local maximum of friction factor. Thus, the equilibrium shape of a non-planar self-formed flow

boundary or channel corresponds to a local maxi:num of the friction factor.



40

The friction factor/ (using conthuity Q = IWd) is defined as:

,=ry e.M)

where,

Q is the water discharge,

d is the depth,

S is the slope,

I4t is the width, and

g is the acceleration due to gravity.

2.8.4 Principle of Minimum Enerry Dissipation Rate Yang et al. (1931) describe the

principle as: A system is in an equilibrium condition when its rate of energy dissipation is at a minimum

value. When a system is not in an equilibrir-m condition its rate of energy dissipation is not at its

6f1i¡1rm value. However, the system will adjust in such a manner that the rate of enerry dissipation

can be reduced until it reaches ¡þs minimrm and regains equilibrium.

The energy dissipation rate is defined as:

ø, =lrQ + 7"QIIS

where,

y is the specific weight of water,

/, is the specific weight of sediment,

Q is the sediment discharge,

/ is the reach length.

The other variables are as defined before.

(2.7s)
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2.8.5 Principle of Maximum Sediment Tiansport White et al. (1982) hypothesized that for

a particular water discharge and slope, the width of the river adjusts itself to maximize the sediment

¡¡ansport rate. Although they could not provide a physical explanation, they observed that the principle

worked in practice. This is perhaps not surprising since the ability of the river to transport the sediment

is crucial in the development of the morphology. This is especially the case for a river with an abundant

availability of sediment for transportation. The following discussion further addresses this issue.

With regard to the relationship between the width and the transport capacity, three

contradictory views are present in the literature. These are: (a) the sediment transport decreases as

width increases, (b) the sediment transport i¡creases as the width increases, and (c) the sediment

transport increases and then decreases as width increases, with a peak transport capacity at some

intermediate width. The view in (a) has been expressed by Henderson (1966) and can be shown to be

dependent on an invaüd premise; whereas, that in (b) (Bagnold, 7977; Parker, 1979) produces

conclusions that are inconsistent with transport formulas or are restricted to channels at a near-threshold

state (Carson & Griffiths, L987). In both of these cases, the transport rate is shown as a monotonic

function of width which does not seem right. The bed load capacity should approach zero as width tends

to zero opposing the view io (a), and should approach zero as depth tends to zero opposing the view

io (b), since i¡finite width corresponds to zero depth. Therefore, the view in (c) expressed by White et

al. (1982) is more realistic and suggests that relationship function between transport rate and width has

an optimum rather than increasing or decreasing monotonically. As width increases, transport rate per

unit width of a strip of moving sediment decreases since the width of the strip itself increases. This

decrease corresponds to the resultfurg decrease in depth and hence, the excess tractive stress on the bed.

When the channel is wide, a ftuther fractionai increase in width results in a bigger fractional decrease

in tractive stress and hence, the unit transport rate decreases. On the other hand, for a fractional

increase in width in narrow channel results in a smaller decrease in unit transport rate and therefore,

the total transport rate increases. This has been demonstrated by Carson & Griffiths (1987) and is given

inAppendix-A.
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The principle of maximum transport capacity is equivalent to that of minimum stream power

concepr (White et al., 1982). This is shown nAppendix-Ù. Onishi, Jain & Kennedy (1976) has suggested

that a principle of maximum sediment transport capacity is involved in determining the plan shape of

a river noting that a meandering channel can be more efficient than a straight one.

The variational principles have been widely used in explaining different aspects of flow in an

ailuvial river. Griffiths (L984), however, argued that their use represents an illusion of progress. To

substantiate this he provides a demonstration that use of the principles lead to a conclusion of constant

Einstein's sediment discharge function and Shield's entrainment function with the magnitude of the

parricular constant being dependent on the principle used. In fact both of these expressions are highly

variable in natu¡al channels. This demonstraúon has.been criticized. Song & Yang (1986) disputed

Griffiths' claim and points out the inconsistency in formulation in support of the use of these principles.

In reply Griffiths (1986) provided a rebuttal. The issue is still u¡resolved.

The idea that a river must follow an extremum principle in order to be stable is not self-evident

and no satisfactory theoretical explanation has yet been found. Nevertheless, the above described

variational principles were used in this study to determine the dimensions of the i¡dividual branch

channsl5 because of thei¡ success in application to single channel natu¡al rivers. The principle of

maximum sediment transport capaciry was found to be better suited in this study as will be shown later.

The application of this principle to the branch channels of a braided river requires that the

discharge in each of the branches are known. This, however, is not the case for the Brahmaputra river.

The water discharge in each branch sþannel under eqnilibrium condition has to be determined. As

mentioned in Chapter One, this is done by using the relationship between depth and width (discussed

in Chapter Five) and the principle s¡ 64çi¡rrm entropy discussed below.
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2.9 PrÍnciple of Maximum EntroPY

Entropy has been used in the science of systems where there is a basic uncertainty as to what particular

state will prevail among the many that are physically possible and compatible with the known constraints.

It measures the degree of randomness of the system. The specific characteristics of entropy, which

enables resea¡chers to deal with uncertainfy, found wide application in a variety of fields. Besides

thermodynamics and communication (which are the major fields that contributed to the development

of tle concept), entropy has been successfully applied to statistics (e.g., Jaynes, L957a; I957b; Kullback,

1968), marketirg research (e.g., Kumar, 1983), economics (e.g., Theil, 1967; Theil & Fiebig, 1984)'

transportation (e.g., Wilson, 1968), biological sciences (e.g., Chaitin, 1979), operational research (e.g',

Guiasu, 1-977), psychology (e.g., Attneave, 1959), physical processes (e.g., Bevensee, L993), water

distribution network (e.g., Awumah, L990; Awumah, Goulter & Bhatt, 1-989), contaminant transport (e'9.,

Woodbury & Uþch, 1993), and many others. In each case the evaluation and subsequeut utilify of

entropy will depend on the field of application and the constraints imposed by the specific problems.

The concept of entropy originated in the development stage of classical thermodynamics where

it was defined in an abstract manner as a thermodynamic variable of the system. This function was at

the rime rather mysterious si¡ce the measure did not obey a conservation law (unlike mass, energy etc.)

and was found to be always increasing (Tribus, fg7g). A complete and satisfactory'explanation' for this

was not found until the concept was used iu the information theory as popularised by Shannon (1948a:

194Sb) and improved by Jaynes (1957a, L957b).

In statistical mechanics, a second definition of entropy was developed. It is defined as a measure

of the number of ways in which the elementary particles of the system may be arranged under given

circumstances (Fast, 1962), and can be written as:

-"ä(*) 
'(*)

or, alternatively,

s-- (2.16)



S = -k/ Ðn, tnp,
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(2.77)

where,

.S = entropy of the system,

N = total number of particles in the system,

N¡ = number of particles in energy state i,

p¿ = fraction of particles in energy state i, and

k, = BDltzmann,S Constant.

In statistical information theory, the concept of entropy was introduced by Sharnon (19,18a;

1948b). It is viewed as a measure of the degree of 'uninformativeness'. The following axioms are

concerned with the information content h(p) of a reliable message (event,E) given that the probability

of .E prior to its arrival wasp.

Axiom 1: The information content h(p) depends only on the probabiliry p of the message. The

informatiou does not depend on the i-mportance of the event to which the message refers to.

Axiom 2: The function h(p) is a continuous function of p in the interval 0 < p < 1 and it is

monotonically decreasing, i.e.,h(p) > h(p) tf 0 < pt <pzs l.

Axiom 3: The message has zero information whenE has unit probability, i.e.,tt(I) = Q.

Axiom 4: The informalion content of the message is additive for stochastically independent events. If

the probability of occurrence of events E , and E7 are p, and p2respectively, then the probability

of their joint occurrenceisp¡t.t. The information content of the message which states that both

events occurred equals to the information of the message on E, oniy plus that on.E2 only, i.e.,

h(ptp) = h(pì + h(pz) if 0 < pt, pz 
= 1.

It can be shown that the simplest function that is compatible with foregoing axioms is h(p) = - tog p.

Thisisadecreasingfunctionfrom co at p=0 to 0 &t p= l suggestingthatthemoreunlikelythe

event was before the message arrived, the more informative the message is.
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If we consider a complete set of mutually exclusive events,87, .... , ¿N with probabilities P 7, ......,

p,¡y, then the message that.E¡ has occurred, increases the informaLion content received by h(p) ='log pi.

We do not have any prior knowledge of which E wül occur, except that the probabiliry of occurrence

of each E¡ is p¡ Therefore, the expected information prior to the arrival of the message is:

NN
s = ft¡h(n) ='[p¡logPi

i=l i=I

(2.18)

which is Shannon's entropy. It has the sr-e form as the entropy definiúon used in statistical mechanics.

It defines the expected or mean i¡formation content provided by the set of potential events.

This information content is evidently dependent on the values ofp¡. For the unconstrained case,

it reaches a maximum value when the values of all p; are equal which implies maximum randomness.

When a constraint applies there is a set ofp¡ values consistent with the constraint that maximizes S. This

defines the maximum randomness consistent with the constraint.

Jaynes (I957a;1957b) proposed that Shannon's entropy (measure of uncertainry) be used to

define the values of the probabilities p¡ that wül maximize .l thereby maximizing randomness or

minimi2i¡g prior iaformation about the chance of p¡. Thus, Jaynes converted entropy to a powerful

instrument for the generation of statistical hypothesis where one wants to avoid building prior "chances"

into the system (Tribus, 1979).

Jalmes' use of entropy is straightforward in its mathematical description, and can be written as

follows. Let there be a system involving the va¡iables x¿ that can assume a large nrrmber of different

states and that is subject ¡9 ¡¿ çs¡5t¡aints given as:

(2.1e)fn¡f,(x,¡ = 1f,', r = 1,2,..".,m

where, p; is the probabiliry associated with.r¡ so that
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fr(x) ís the nh constraint function, aod <t> are constants in the constrâint equations.

The least presumptive probabiliry distribution is a set of p¿ which obeys the above (m+1)

equations, and maximizes the quantity given by:

S = -Kfp,kn,
i

This definition of probability through entropy paved the way to use Shannon's measures in virtually all

fields of study where probabiliry theory is used.

Since its i¡troduction to information theory, other forms of informalion measures have been

introduced by many (e.g., Kullback & Leibler, 1-951; Tverberg, 1-958) of which Shannon's entropy is a

limiting case. Entropy has been viewed as system complexity (e.g., Ferdinand,1974), and information

without probability (Ingarden & Urbanik, 1962). Rényi (1960; 1967) irtroduced simila¡ entropies for

possibly incomplete probabiliry distributions a¡d has formulated the problem of characterizing all these

new entropies. The problem was later solved by Aæél & Darôczy (see Aczél & Daróczy, L975, lor a

complete mathematical treahent of entropy).

2.9.1 Entropy of a Continuous Distribution The expressions for entropy given above are all

for discrete probabiliry distributions for which entropy is defi¡ed as the negative expectation of the

logarithm of the probabiliry. In a simila¡ marner, the definition is extended to a continuous distribution

as the negative expectation of the logarithm of the density. For a distribution with a densiry fuuction of

f(x), tbe entropy S is def,rned as:

E4=I
i

ig = _ /f(x)tnf(x)dx
:-

It is customary to use natural logarithms for a continuous distribution.

(2.20)

(2.2L)



47

For a normal distribution with mean ¡.r and variance ê, the entropy can be expressed as (see

Theil & Fiebig, 1984):

s = llog2rre o2 o )a\

which shows that the entropy for a normal distribution depends on the va¡iance and. not on the mean.

This reflects that the exclusive source of uncertainty of a random outcome from a normal distribution

is the variance. For solutions of other distributions see Lazo & Rathier (1978).

Selection of a continuous distribution, which is as uninformative as possible, is sought by

statisticians in a number of situations. ps¡ s¡ample, the challenge of formulating a prior distribution of

a parameter that varies continuously is faced by Bayesian statisticians. The distribution with maxim rm

entropy subject to the constraint(s) formed from a priori knowledge about the parameter may be

selected for this purpose. This is allowed provided all the lnown information about the parameter are

included, but none of the unknopn i¡formation about the parameter is included in the constraint(s).

2.9,2 Entropy as a Measure of System Flexibility Kumar (1987) used the entropy of a system

to measure its flexibility, that is: the abilify of the system to overcome without any significant change in

its capacity the failure of one or more of its component. He provided an objective theory of flexibility

in marufacturing systems.

The concept of system flexibility has a di¡ect application for a water transporting system where

imposed constraint cause a redistribution of the transport in each component. Such is the case in a

braided river where the existing share of water transport of one or more branch channels is changed

and a redistribution of flow becomes necessary. The redistribution can take on many forms and is

subject to the constraint that the total amount of transport remains the same.

The similarity of a goal-oriented system flexibiliry to the problem at hand is used in this study.

A general axiomatic approach towards the development of a measure,l/, is provided in Chapter Six.
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2.9.3 Other Expressions of Entropy In addition to the communication and thermodynamiç

entropies, other mathematical expressions of entropy exist in the literature. These expressions were

developed by different researchers working on different problems. Some of these expressions are given

below.

Rényi (1961) provided an expression of entropy which can be written as:

(2.23)

This is a generahzed expression of entropy for possibly incomplete distributions. This function satisfies

atl the properties of an entropy function. However, the optimizing values of xi s do not automatically

satisfy non-negativiÊy constraint. A.lso, note that the proportions,.r;'s, do not have to add up to unify as

in tbe case of the entropy due to Shannon. This property is an added advantage of this expression. Note

that this expression of entropy for possibly incomplete distribution approaches Shan¡on's frrnction as

a + ,1. Bessat & Raviv (1978) discussed the concaviry of this function and proved that for 0 < a 3 1, S

is strictly concave with respect to x.

Another expression which is due to Kaput (1986) has fwo parameters and is written as:

s(x1xr..........,xn) = *^(Ðra, u * I

,(x,,xo.....,x,) = I tlF*:-0.-'1, -.0(x,,xr.....,x) I 'a 
| +-: I

(2.24)

This expression reduces to Rényi's expression (Eqn.2.?3) for p = ,1, and to Shannon's expression (Eqn.

2.18) for þ = I and c + 1. The property of monotonicity and concavity of this function with respect to

a and p are not known (Kumar, 1987).
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Belis & Guiasu (1968) proposed a function of entropy and called it 'useful entropy'. This is

written as:

S = f u,x,lnx, (2.2s)

This is a modification of Shannon's entropy. The 'usefi¡lness' or the 'effectiveness' of the received

informaúon is reflected by the weights u¡. The srm of the parameters is not required to be uniry. The

function obeys the monotonicity and concavify property of an entropy function.

There are other functions that a¡e suitable as expressions of the meastue of entropy of a system

which can be used for the specilic nature of the problem. In this study, however, the expressiou due to

Shannon is adopted because of its simplicify and wide use.

2.10 Earlier Studies of the Brahmaputra

Most studies on the bankline movement of the Brahmaputra river that have been undertaken in the past

concentrated on the social impact of the bank erosion. Some studies s¡¡mined the magnitude of the

movement and compared it with past records in an effort to find a general trend. As discussed in

Chapter One, these studies led to different conclusions.

There have, however, not been many attempts to predict bankline movement in advance because

the behaviour of the Brahmaputra river seemed too erratic and the resea¡chers tended to look for clear

trends in the movement. A few studies that did attempt to predict movement are briefly discussed in

the followins.

2.10.1Statistical Model Khan (1988) used the Transfer Function Noise model suggested by Box

& Jenkins (1g76)in the space-time domain to predict the location of the banklines of the Brahmaputra

river on a yearly basis. In that study, satellite imageries of L973 and L976-1983 were used. The location
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of banklines at 97 points were measured from a North-South reference line, and the yearly locations of

1976-L983 were related to the 1973 bankline position. It was assumed that the position of the bankline

at any location in any given year is the output of a dynamic system in which bankline positions ia the

previous year are the input. All other variables were assumed to be lumped in the system.

The appropriate Transfer Function was found to be a first order Moving Average model with

a noise term that may be modelled by a first order Autoregressive process. This model was able to

predict the bankline position at the locations with a standard error of about 270 m. The model did not

perform that well for the points where the changes were abrupt and large. Since the details of the cross-

sections were not measured at most of the 97 locations considered in the study, it was not possible to

investigate the reasons for the devialions. Nonetheless, this was a fi¡st attempt to predict the bankline

movement quantitatively.

2.L0.2 Conveyance Model Attempts have also been made to predict channsl migraúon by means

of conveyance models. In these models the location of centroid of the channel cross-sections was

assumed to define the position of the stream. Its movement with time was assumed to show the di¡ection

of bank migration and its future trend.

Goulter & Dubois (1988) worked with the centroid of the cross-sectional area. Cross-sectional

area however is not a correct representation of flow capacity which is determined by several va¡iables.

Burger et aI. (1988) chose to work with the centroid of the channel conveyance. They divided the cross-

section into vertical strips and computed the conveyance of each strip using þ{anning's equation and

assuming the wetted perimeter of the strip to be the contact line with the solid boundary. As pointed

out by Suharyanto (L992), the assumption that the flow in a strip is independent of the flow in adjacent

strips induces an error. Suharyanto (1992) therefore used a finite element approach in the computation

of the conveyance. He estimated the average velociry for the vertical strips, considering each strip to be

an interconnected portion of the flow. RPT, NEDECO & BCL (1986; 1988) used the approach of

Burger et al. (L988) and computed relative conveyance as the ratio of the conveyance of each strip to
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the conveyance of the enti¡e river cross-section. In a similar attempt Coleman (1969) studied the thalweg

(deepest point of the channel) movement to identify channel migration.

The studies in this category with the exception of the study of Coleman (1969) concluded that

the Brahmaputra river in Bangladesh does not show any consistent migration pattern. The studies,

however, were not able to account for the large movements that do occur and that do cause people to

lose their land and livelihood.

Monitoring the movenent of the centroid of conveyance of the cross-section would give an

indication of the direction of movement of the river if the river had a single channel. The centroid of

conveyance in a bend of a meandering river would show that the flow is concentrated close to the outer

end of the bend. Monitoring the position of centroid over time would show the erosion of the outer

bend where the erosion is most active. Erosion of the inner bend does not occur. The study of the

thalweg would show a similar movemeut pattern'

Channel migration in a braided river is different. Here, erosion may occur on both banks

simultaneously or even on the bank which is located furthest away frort the thalweg or the centroid of

conveyance. This situation was observed in several instances for the Brahm¿pu¡¡a river by BWDB

(1g78b) where erosion occurred in the bank furthest from the thalweg. It is clear that the movement of

the centroid of conveyance does not necessarily show the bank movement for a braided river. For

instance, in a section with major portion of the conveyance located near one bank, the centroid of

conveyance would not show significant movement if erosion or deposition occurs on the shallower part

of the cross-section. The conveyance models of these studies, therefore, a¡rived at the obvious conclusion

that there is no significant movement of the banks of this river. The observed bank movements do not

support this conclusion.
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2"1L Sumrnary

This chapter briefly described the classification of rivers into straight, meandering and braided patterns.

Criteria that govern the occurrence of these patterns and th¡eshold values for the ss¡66lling va¡iables

were discussed. The most widely accepted view of what initiates the braiding process seems to be the

concept of a mid-cha"''el bar formation due to the local incompetency of the channel that occurs due

to the formation of opposing circulatory cells. Other mechenisms of braidin g ûay, however, be observed

under special circumstances. Anaiytical methods of predicting bank movement, even for a single channsl

river a¡e not available. Researchers have therefore sought solutions through the construction of lrmped

mathematical models. For the Brabmaputra river, these models have had very little success.



Chapter Three

PHYSICAL SETTING OF THF' ßRAHMAPUTRA

3.1 Introduction

The Brahmaputra river in Bangladesh has not been affected by human activities to a great extent. Except

for a partial flood protection embankment on the right bank, the river flows in an ¡lmost natural

envi¡onment. While similar to other braided rivers in general terms, the Brahmaputra has some special

features that must be pointed out for a better understanding of its behaviour relating to the bank

movement. This chapter describes briefly the origin, recent developments, and the principal

morphological and hydrological features of the Brahmaputra. The available morphological and

hydrological data and thei¡ sources are listed and briefly discussed.

3.2 Course of the River

The uame Brahmaputra means the son of Brø\mru, the ultimate creator of the universe. The river is in

fact one of the greatest creations on earth because of its grandeur and vastness, and its distinctive albeit

erratic behaviou¡. Thus, at least in a figurative sense, tie river might be entitled to its name.

Originating in a great glacier mass in the Knilas range of the Himalayas south of lake Gunkyud

in southwest Tibet (Fig. 3.1), the river under the name Tsanpo flows through Tibet, China, India and

Bangladesh and drains into the Bay of Bengal. In Tibet it flows easfwa¡d for about 1125 km (700 miles)

along the bottom of a longitudinal graben parallel to and about 150 km north of the Himalayas. The

Tsanpo is braided at wider channel sections (about one kilometre at some places) and flows through

a valley filled with gravel. At the extreme eastern end of the valley the river enters a deep narrow gorge

at P¿ which leads it around the Nantcha Bama Peak and in a southerlv di¡ection across the Eastern

Himalayas.
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The Tsanpo enters India under the name Dihøng.It flows for about 230 km through the gorge

after which it enters the Assam plain near Pashighat. Nea¡ Koba in Assam, fwo rivers, the Dibang and

the Lohit,joins the Dihang. Downstream of the confluence, the river is called the Brahmaputra. It then

curves west and flows for about 725 km (450 miles) through Assam. Near Dhubri the river takes a sharp

southern turn before entering northern Bangladesh. In Assam, the river flows in a highly braided

channel characterized by numerous lateral and midchannel bars and islands.

After entering northern Bangladesh the Brahmaputra river receives the flow from the

Dudlaunar, the Dharla and the Teestø. Downstream of the diversion with the Old Brahmaputra at

Bahadurabad, the river is locally known as the lanrun¿. Some government agencies refer to this part of

the river as the Brahmaptüra-farnt¿n¿. Continuing along what is now the new course' it distributes flow

to the Dhaleswari andreceives flow from Kørotoa-AtraiHurøshagar before joining the Gangø (Ganges)

near Goalundo. From its source to the Ganga-Bralmtaputra confluence, the length of the river is 2900

km (1800 miles) of which n5 km (170 miles) is in Bangladesh. Downstream of the confluence with the

Ganges the combined river takes the name Padma which later on meets the Meghna and discharges into

the Bay of Bengal as the Lower Meghnø.

Ín 1787 the river experienced a major change in course with devastating effects on the

environment. Prior to 1787 the river followed the cou¡se now known as "Old Brahmaputra" in a south

easterly di¡ection. It theu joined tbe Meghnø near Bhairab Bazør (see Fig. 3.1)' There were two smail

distributa¡ies of the Brahmaputra in the direction and area of its presenl course, the Jenai and the

Konai. After 1787 these two channels sta¡ted receiving more and more discharge and by 1830 they had

formed the present course of the Brahmaputra river which carries nearly all the flow. The old course

became a mere spill channel. In the early years following this major change in course the new river was

of the meandering rype, perhaps due to the early meandering course of the fenai and, Íhe Konai

(Thomas, 1970). In time, however, the river became highly braided with multiple channels between

widely spaced high banks separated by large sand shoals or islands locaily known as chars. The width

of the river varies between L.5 km and' t7 km (Khan' L988).
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The cause of this major change in river course is a matter of controversy. Some authors viewed

this change to be geologic and some to be hydrologic in nature. Ferguson (1863) suggested that an uplift

rntbe Madhupur Tract, a Pleistocene alluvial terrace in the Bengal Basin, may have caused the diversion.

This view was disputed by La Touche (1919) according to whom the beheading of the Tsanpo river i¡

Tibet by the Dihang tributary increased the flow in the Brahmaputra thereby initiating the change

(Rashid, 1978). Hirst (1916) viewed the zone of subsidence between the Madhupur Tract and the Baind

Tract (aaother Pleistocene alluvial terrace of the Bengal basin) as the cause of the diversion' Hayden

& pascoe (1919) opposed Hirst's (1916) argument and supported La Touche's (1919) theory. Later on,

Morgan & Mclntire (1959) supported Hi¡st's view of the existence of a zone of subsidence befween the

fwo Pleistocene blocks. According to them the change in the Brahmaputra river was in response to the

steeper gradient in the direction of its present course and was hitiated by a single flood event'

It is likely that more than one factor played a role in the shift in course. It is interesting in this

connection to note that the water levels for a given discharge have been rising with time (Khan, L988)

suggesting a rise in bed elevation. If this trend persists, then a flood may cause the river to abandon its

present course creating a new channel which may, in future, become the new course of the river-

Especially, the Bangali river, which is very close to the Bralmtaputra Right Flood Embankment, is a

possible diversion channel. It has been observed that the distance between this river and the

Brahmaputra is decreasing over the years (BWDB, 1978b). In a separate study Goswami (1983) found

a similar trend in the Assam area upstream of Bangladesh. These observations suggest the need for a

closer study of possible avulsions. In this study, however, changes of this nature will not be discussed.

33 Drainage Basin and Climate

The Bra-hmaputra river has a d¡'ainage basin of about 580,000 sq. km (224,00 sq. miles) in areai extent.

About 50vo or. the basin is in Tibet, 42vois in India and about \vo (d'6,00 sq' km) in Bangladesh' The

upper catchment of the river and its north bank tributa¡ies lie in the east-west trending ranges of the

eastern Himalayas that rise steeply to the north above the Brahmaputra plain. The Himalayan watershed
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of the Brahmaputra river can be divided into four sets of nnique geologic and structural u¡its. These

are (a) Trans-Himalayas (average elevation 6500 m), (b) Greater Himalayas (average elevation 6000 m),

(c) Middle Himalayas (average elevation 4000 m), and (d) Sub-Himalayas (average elevation 1000 m).

The Trans-Himalayas of Tibet is in the north and consist of highly fossiliferous sedimentary formation

of Palaeozoic to Eocene age (Wadia, 1968). The Greater Himalayas consist primarily of granils5 ¿¡¿

gneiss with some sedimentary sequences in between; and are composed of a series of structural

overthrust, nappes and recu'trbent folds. The Middle Himalayas consist of Palaeozoic deposits of shales,

slates and phyllite. These are succeeded by a belt of highly metamorphosed schists, quartzite and

dolomites to the north. The Sub-Himalayas consist of mainly Tertiary sandstones and have many raised

and relatively young terraces which are composed of pebbles, cobbles and bor¡Iders of gneiss, quartzite,

granites and sandstones.

The Brahmaputra valley at the extreme east is bordered by the Tertiary hills of the Patkai-Naga

ranges consisting of various metamorphic rocks in the foothill regions overlain by higber metamorphic

rocks. In the easternmost vailey of the Brahmaputra river, a considerable portion of these rocks lies

under the Recent alluvium deposits. Some of them are exposed to the northeast of the valley. The

Meghalaya plateau and the Mikir Hills are higblands flanking the southern part of the valley and are

primarily made up of p.eiss and schists and some younger intrusive rocks.

The southernmost part of the valley is the Bengal basi¡ that is bounded by the Lower Ju¡assic

trap rocks in hüls on the west, the Eocene sandstone and limestone Shillortg hills on the northeast, the

Tripura and Chittagong hill5 on the east and the Bay of Bengal on the south. The whole region consists

predominantly of Recent alluvial and deltaic deposits except for the four major Pleistocene alluvial

terraces. These are the Barind and Madhupur tracts and the two river flanking terraces in the east and

the west. They have straight and distinct bounda¡ies with the Recent sediments and are highly oxidized,

reddish-brown in colour and more compacted and weathered (Coleman, 1969). The Recent sediments

are loosely compacted, grey in colour, have a higher water content, and consist of sand and silt in the

upper valley, and silt and clay in the lower valley.



58

Rao (1979) reporred rhe investigations of the Geological Suwey of India which noted a stepped

sequence of three to four geomorphic surfaces in the Quaternary landscape of the Brahmaputra valley-

The stratigraphic units are further identified into Piedmont Plain Facies composed of gravelly deposits,

and Flood plain Facies characterized by a fine sand-silt-clay complex. The floodplain exhibits alluvial

features of natural levees, point bars, meander scrolls, ox-bow lakes, channel bars, and large nu-ber

of depressions (locally known as beels) outside the natural levees.

The Brahmaputra valley and its higblands form an extremely unstable seismic region. The

sharp changes in the river course have been studied in relation to the subsurface structure of the region

and it was concluded that the tectonics of the area have controlled the main course of the river (Murthy

& Sastri, 19g1). The subduction faults in the north and the transform faults in the east are the causes

of the active tectonic nature of the region. Chaudhury & Srivastava (1981) plotted the epicentres of the

earthquakes of magnitude five or more on the Richter scale from historical and instrumental earthquake

data up to i-971. Their map shows that the Brahmaputra river flows through a higbly tectonic area'

Devastating earthquakes have occurred in the vicinity of the river including Bangladesh.

The 1897 and 1950 eaÍhquakes that occurred in Assam were both of 8.7 on the Richter scale

and are the most severe ones in the recorded history. These caused landslides, rockfall on hillslopes,

ground subsidence, and morphological and course changes in the tributary channels. The landslides

caused by the L950 earthquake temporarily blocked the courses of the Subans¡n in Assam, and Dilzang

andDibanginArunachal Pradesh in India. The water ponded by the blockage was subsequently released

by a sudden bursting of the obstructions causing devastating floods downstream (Podd at, !952, reported

in Goswami, l-983). This occurrence added an enormous amount of sediment to the river system, a

portion of which, some believe, is still being transported by the river to the Bay of Bengal'

The thick pile of Recent sediment is supported by the Precambrian base which is criss-crossed

with fractures. Also blocks exist which move vertically at different rates. This has been established by

recent geophysical investigations. The Manas basin is controlled by tectonic and erosional scarps, the

Subansiri basin is sinking and experiencing se¡limentation. Some believe that the Brahmaputra basin is
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still sinking otherwise the sedimentation would have raised many of the tributa¡ies and the lowlands on

either side of the river to the flood level.

The Brahmaputra river carries snowmelt from the ¡¡6rr¡¡ain5 of the Himalayas and the

rainwater from the drain¿gs basin. Most of the catchment area of the river lies in the monsoon region

of southeast Asia. A major portion of the runoff of this river and its tributaries comes from the summer

rainfall. A belt of depressions, known as the monsoon axis which extends from northwest India to the

Bay of Bengal controls precipitation in the summer. Heavy rainfall in Assam caused by the position of

the monsoon axis near the foothills of the Himalayas has a major effect on the discharge of the

Brahm¿pu¡¡a river.

There is a substantial spatial and temporal variation of rainfall in the Brahmaputra catchment

area. The va¡iation is mainly due to the location of the area in relation to the monsoon axis and to the

highl¿¡d5. The average annual rainfall is about ?30 cm with a va¡iation of about 15Vo to 20%. The

rainfall occurs mainly in summer from June to September. The pre-summer monsoon rainfall is about

?ß% - 25Vo of the total annual rainfall (Goswami, 1983). The pre-monsoon rainfall is primarily caused

by depressions moving in from the west and by local convectional storms during March, April and May.

The snowpack in the Himalayas melts from March to June and sometimes causes pre-monsoon floods.

The natural vegetation of the Brahmaputra basin varies with the variation of altitude from

tropical vegetation in Bangladesh to alpine meadows in the higher ranges of Tibet. About 20Vo of. the

valley is forested. Large areas of subtropical forests are in the foothills a¡d in the forest reserves in tle

region. The active floodplain, the river banks and the islands are grassed.

The Bra-hmaputra valley is primarily composed of alluvial soil formed on Recent river deposits.

Soils in the upper part of the river consists of boulders, gravels, pebbles and coarse sand. The

intermediate part consists of coarse and fine sand; and the lower part consists of mostly fine sand and

clay. In Bangladesh, the river bed is composed of medium and fine sands. Similar material is found up

to depths of more than 50 m below the river bed (Petrobangla, 1983).
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The river carries a huge amount of sediment during the flood period. Different organizations

have studied the variation of the size distribution of the transported sediment across the channel and

at different locations along the channel. The values of. D5e at Bahadurabad and at Sirajganj were

observed to be slightly different. The values were found to be within 0.ã mm to 0.15 mm (FAO, 1966-

67, reported in Petrobangla, 1-983). The D65 did not vary during the period of observation between 1966

to 1969 across the channel. However, it dropped from 0.3 mm in February to0.22 mm in October. From

Nagarbari to SimjganjDor was found to be fairly constant at 0.18 mm. The bed material was found to

become coarser during the flood season at all of the stations. BWDB (1978b) estimated Manning's

roughness coefficient at different locations of the river. These are (from downstream to upstream):

Nagarbari 0.022; Sirajganj 0.01-8; Gabatgaon 0.021; and Bahadurabad 0.035.

The distance elevalion plot of the Brahmaputra river in Bangladesh (Fig. 3.2) has been taken

from Khan (1988). The bank elevation plot with distance for the entire river is taken f¡om Goswami

(1985) and plotted on the sa-e figure. In Khan's plot, data of the low water months have been taken

from 33 almost evenly spaced cross sections of the river between the India-Bangladesh border in the

upstream to the Gangø-Brahmaputra confluence in the downstream within Bangladesh. It is to be noted

that the water surface elevations in different channsl5 of the river may be different at the same cross

section even on the same date. The difference can be as high as 0.9 m. Also, the water surface elevation

measured at the same channel only an hour later are sometimes different. The combined effect of

superelevation due to the flow and the wind may have been the cause of such variation. Khan (1988)

showed that the river can be divided into two reaches of different slope. The upper reach is much

steeper. It has a slope of 0.000L05 compared to the lower reach which has a slope of 0.000053. The

average slope of the river in Bangladesh is 0.0000819 (0.432 ft/mile). During flood stages the water

surface slope is 0.35 ft/mite (Coleman, L969).

As noted by Burger & Smith (1985) the rivers in Bangladesh are almost completely unaffected

by human activities except for some in the coastal region. This is also true for the Brahmaputra river.

Existing embankment structures have practically no effect on the flow regime. Some concern has been
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expressed, however, about the effect of Braltmaputra Right Flood Embankntenr which is the main

structure built along the west bank of the river. It was built in 1968 with eight T-headed groins. It was

designed to protect the districts of. Ranpur, Bogra and. Pabnø from flood waters. It was not intended

for bank stabilization. The embankment, however, confines the flow on one side of the river eliminating

the storage on the right bank aud increasing the peak discharge downstreâm. Thomas (1970) expressed

concern that the regime balance could be upset by such confinement. He argued that the confinement

will prevent the river f¡s6 sþanging back to the original meandering form which characterized the new

course of the Brahmaputra river soon after tle avulsion of 1830. Thomas' concern appears to be

predicated on his view that the river will again start to meander which he believes to be the stable form

of the river. There is, however, no clear evidence supporting this view. On the contrary, it appears that

erosion th¡eatens the embankment itself. Originally, it was built about L500 metres west of the right

bank. By 1978 a back up embankment had to be constructed further away from the river bank because

the erosion threatened the embankment in ten locations (BWDB, 1977).

Another major structure across the river is the Eost-:lllest Interconnector at Nagarban. This is

a powerline crossing designed to transmit hydropower geuerated in the eastern part of the country at

a lower cost to the west part. This overhanging powerline is supported by towers located on 12 m

di¡meter piers. Those piers can oniy have a minor effect on the flow regime (Hinch, McDowell, &

Rowe, L984).

In addition, the planning and design phase of the lamuna Bridge near Sirajgan¡ is ¡lmost

finnlized. If and wheu completed, this bridge will connect the east and the western part of Bangladesh.

This bridge will aiso have only a minor effect on the flow regime downstream.

3.4 Hydrolory

The seasonal variation of the monsoon and the freeze-thaw cycle of the Himalayan snow determines the

hydrologic regime of the Brahmaputra river. It is one of the largest rivers of the world in terms of the
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water and sediment discharge. In the following the river stage, water and sediment discharge together

with their temporal and spatial va¡iation and observed relationships are briefly discussed.

3.4.1 Water Dischargg As mentioned before, the water discharge of the Brahmaputra river comes

from the snowmelt in the Himalayas and the monsoon rain in the catchment area. The river may carry

huge amounts of water. In 1988, for example, the peak flow was estimated at 98,600 -37set. The lowest

recorded flow was 2,860 m3/sec in 1970. The average anns¿l discharge is about 20,000 m3/sec at

Bahadurabad. In terms of the average discharge at the mouth, the Brahmaputra river ranks fourth in

the world. On the basis of the average discharge per unit of drainage area which amounts to 0.0345

m3/sec/km2, this river surpasses all other rivers in the world.

Usually, there is more than one major flow peak in the hydrograph (Fig. 3.3). The first peak

is the result of snowmelt in the mountai¡s benveen late May and early Juue. The second and any

additional peaks are caused by the heavy monsoon rainfall in the catchment area. They occur in July,

August, or sometimes in September. The maxim '* flow may occur as early as late June and as late as

early October. The yearly maximu- flow has va¡ied over the period of record between 43,100 -37sec

and 98,600 -3¡r". with an average of 65,600 ot37sec. The minimum flow occurs between January and

April, usually between February and March. The annual maximum, mean and minimum discharge are

shown in Fig. 3.4. Note that no data for 1971 were recorded because of the liberation war. The annual

range of discharge (the difference befween the annual maximum discharge and the annual ninimrrm

discharge) varies substantially with time. The variation has been befween 39,740 m37sec and 93,360

-37s"c. The total anuual runoff can vary between 425 billion m3 and 735 billion m3.

The contribution of the tributaries in Bangladesh, the Dudkumar, the Dharla, the Teesta, the

Korotoa-AtraiHurasagar and other small rivers is small in relation to the total flow in the Bra-hmaputra.

Any diversion of flow into the distributaries Old Brahmaputra, Dhaleswari, and other minor cha¡nels

is not substantial either. Therefore, for all practical purposes the discharge at Bahadurabad may be

considered as the discharge of the Brahm¿pu¡¡a river in Bangladesh.
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3.4.2Water lævel The maximum water level recorded at Bahadurabad is20.62 m and the minimum

water Ievel is L2.88 m above PWD (Public Works Department) datum. Corresponding values at Sirøjganj

are 14.24 m and 6.4O m respectively. The danger level set by BWDB (Bangladesh Water Development

Board) is L9.36 m at Bahadurabad.

The peak water level occurs between late June and mid October, more frequently, however, in

July or August. The minimum water level occurs between January and April. It is interesting to note

that the latter is noticeably out of phase with the minimum discharge. Annual maximum, mean and

minimum water levels at Balzadurabad are shown in Fig. 3.5 for the period of record.

BWDB (1978b) noted that the lowest water level at Bahaduraóad shows a rising trend. The

minimum discharge does not show such a trend. It was therefore inferred that the river bed at that

station is rising. The water surface slope for different reaches is given by BWDB (1978b). Reported

slopes a¡e: from Nagarbari to Simjganj 0.29 ft/mrle for high flow and 0.28 ft/mile for low flow; from

Sirajganj to Milanpur 0.37 ft/mtle for high flow and 0.34 fl/mile for low flow; from Milanpur to Golna

0.38 ft/mile for high flow and 0.35 ft/mile for low flow; and from Gotna to Porarchar 0.49 ft/mile for

high flow and0.47 ft/müe for low flow. The water surface slope is higher during the high water season.

The average slopes were found to be similar across the river. Also, as mentioned earlier, a transverse

slooe was observed at some cross sections.

3.4.3 Stage - Discharge Relationship Iftan (1983) analyzedthe stage and discharge relationship

of the Brahmaputra river using seventeen years of water level and discharge data recorded at

Bahadurabad. It was found that eleven out of seventeen rating curves are looped. Some rating curves

have multiple loops while others have regular simple loop. An example of one such a looped curve is

shown in Fig. 3.6.

A looped rating curve is caused by factors such as the acceleration of the flow in space and

tirne, and changes in rougùness and bed form at different water stages. This has been verified in State

Hydrologic Institute of Leningrad experiments (Ivanova, 1967, reported in Cunge, Holl¡ & Verwey,
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1980). The deviation of discharge from the steady state discharge, assuming relative difference to be

small, can be written as (see Khan, 1988) :

e-Ø=-Q" ãh= Q" dh' 25, dx 2Src ât
(J.1)

in which

Q is the discharge,

Q is the steady state discharge,

S¿ is the bottom slope,

c is the kinematic wave velocity,

å is the water depth, and

f is the time.

The right hand side of Eqn. (3.L) can be positive or negative suggesting that the rating curve is

transformed into a loop with the deviation positive in the rising part and negative in the falling part. For

slow natural floods the loop is more or.less symmetric about the steady flow rating curve; deviations may

be larger but a¡e nearly equal in absolute value during rising and falling water level. This symmetry,

however, may disappèar for flood waves quickly varying with time (Cunge et al., 19g0, p. 196).

The looped rating cuwe generally follows a counter clockwise direction from the rising to the

falling stage. For a slow natural flood the loop is symmetric, but for flood waves that quickly vary with

time, this symmetry may disappear (Cunge et. al., 1980). AIso, a greater bed slope makes the deviation

smaller. The increase in roughness which accompanies the passing of a flood decreases the flood peak

discharge and opens up the loops more. The increase is caused by the formation of new islands from

the remnants of the giant dunes formed during a major flood event (Coleman, L969). Also, the creation

of new and the closure of existing channel5 (Latif, 1969; Khan & Booy, 19g9); and the division of a

channel into two or more branches (Kha" & Booy 1990) cause the rougì¡ess coefficient to increase.

The time dependency of the stage-discharge relationship is also due to the changes in bed level caused
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by scour or deposition during flood, and changes in energy grade line (Simons, Stevens, & Duke, 1973).

Statistical relations between stage and discharge have been obtained both for the before peak and the

after peak portions of the rating curve by Khan (1988) for all available records. It was found that the

before peak and after peak portions of the analyzed rating curves are statistically different.

A plot of the rating curve for different years at Bahadurabad in Bangladesh (Khan, 19gg), and

at Pøndu in Assam, India (Goswami, 1985) shows somewhat increased elevation for the same discharge

i-plyt"g a slight rise in the bed level of the river with time. Although this phenomenon has nor been

established with more studies, it should be observed carefully. BWDB (1978b) has also nored the simila¡

phenomenon for the low water levels at Bahadurabad.

3.4.4 Sediment Discharge The Brahmaputra river is one of the world's rivers most heavily laden

with sediment. It is second only to the Yellow river i¡ China in terms of the sediment transported per

unit drainage area (Holeman, 1-968; Milliman & Meade, 1983). Goswami (1985) placed rhe Brahmapurra

in fourth place on the basis of total load measurements at Pandu, Assam. He found that more thang1Vo

of the total sediment is transported by the river during the rainy season (May through October) with

the major portion of the load (95Vo) being carried by the moderate events of relatively frequent

occurrence. This is in line with suggestions by v/olman & Miller (1960).

Sediment discharge observations in Bangladesh are not closely spaced with respect to time and

location' Therefore, the available sediment discharge hydrographs (Fig. 3.7) are only approximate. The

peak sediment discharge may well have been missed in these hydrographs simply because the

meÍìsurements are weekly (sometimes fortnightly) and since the concentration of suspended sediments

increases very rapidly with the increase of water discharge.

The sediment transported by the lower Brahmaputra (Assam and Bangladesh) is mainty

nsdirrm to Frne sand and silt. The banks are also primarily composed of the same sand and silt. They

rarely contain any clay (less than 5%). Thus the banks are non-cohesive. This makes them very

susceptible to erosion. The sediments through which the river flows have originated from the same
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catchment atea. As a result, bed and bank material is almost the same and there is little varialion in

material size in the lower Brahmaputra. For practical purposes, the bed load material can be taken as

the same for the entire reach of the river in Bangladesh.

Nearly all sediment is carried by the Brahmaputra river as bedload and suspended load. There

is very little wash load. The depth integrated samples that are collected for measuring serliment loads

contain the suspended load and some of the bedload. The recorded daily sediment transport rate of the

Brahmaputra river in Bangladesh va¡ies between a high of 2.26 million tons/day to a low of 0.02 million

tons/day. Coleman (L969), however, reported a transport rate of 5.0 million tons/day and a total ¡nns¿[

transport of the order of 600 million tons from the measurements made iu the mid-sixties. Based on the

measurements in the upstream, at Pandu in Ass¡m, Goswami (L983) reported an average transport rate

of.2.I2 mülion tons/day with a maximum o126.5 million tons/day during the peak flow season.It is to

be noted that the measurements of sediment concentration of the Brahm¿p¡¡¡¿ river in Assam ¿ìre more

frequent in space and time thao those in Bangladesh.

The sediment discharge increases rapidly with the water discha¡ge as shown in Fig. 3'8 (after

Khan, 1988). The logarithmic plot suggests that the regression line underestimates sediment discharge

at higher flows. This observation in itself may not be statistically sþificant. However, a simila¡

phenomenon has been reported by others (e.g., Richards, L982). Khan (1988) suggested the relationship

between the water and sediment discharge as:

Q" = 0.38Q,t36 (3.2)

where.

O, is the sediment discharge in tons/day, and

p* is the water discharge in m3/sec.

The increased agricultural activities in the catchment area of the Brahmaputra river and the

deforestation upstream, especially in Nepal, have been a concern to both authorities and researchers

in this area. The concern is that the increased human activities increases the sediment load in the river.
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Froehlich & Sta¡kel (1993) reported that the earlier natural tendency of channel incision has changed

to prevailing aggradation due to deforestation a¡d extensive land use n the Darjeeling Himalaye area.

These increased loads are ultimately ca¡ried to the Brahmapuûa through the Teestø river. The belief

prevails that these increased loads a¡e reducing the water transport capacity of the river by choking the

channels and thereby causing frequent and devastaling floods. The 1988 flood, which was the worst in

terms of damage and human sufferings in the recorded history, is often cited as an example of the

phenomenon. Stene (1993), however, noted that the channel bed elevation of the Brahmaputra river in

Bangladesh has decreased throughout L976-83 period with an average degradation of. ?3 cn,;t. He also

noted alternating scour and fill from one year to the next. More detailed studies a¡e needed to prove

or disprove the assumption of increased sediment supply in this river due to increased hrman activities

in upstream catchment areas.

3.5 Available Data

The temporal and spatial distribution of hydrologic and geomorphic data on the Brahmaputra river in

Bangladesh is neither continuous nor e*ensive. This is characteristic of most developing countries of

the world and is caused by economic limitations. A systematic and detaüed data collection did not sta¡t

in Bangladesh until the mid-sixties. Prior to that time only occasional land survey maps showing the

banklines of the river a¡e available. However. a continuous water level record at one station is available

from 1949. Other data describing the location of banklines with time, hydrologic data of water and

sediment discharge and water levels, cross seclion data, and geologic data describing the history and

division of the area a¡e available from the early seventies on with some data from the early sixties.

Befween 1764 and L773, Major lømes Rerutel surveyed the Old Brahmaputra river for the fi¡st

time. The ea¡liest survey map of the new course was done by Captafu Wilcox in 1830. Bangladesh Water

Development Board (BWDB) land survey maps are available from 1.956 (1956, 1963, L966, L974,1976,

L977, L982 and L983). These a¡e based on the measurements at 33 cross sections (ajmost evenly spaced

over 206 km) from the India-Bangladesh border in the upstream to Nagarbari n the downstream near
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Ganga-Brahmaputra confluence. Also, maps of 1867, L875, 1-935, L944 and 1952 are available. IECO

(1964) suggested that pre-1952 maps should not be used because of serious errors. Some of the maps

were subsequently corrected using ground control and aerial photography.

The Multispectral Scanuer (MSS) images from I,ANDSAT are available from 1972 in

photographic and digital format. The reflectance values ofbands 4, 5, 6 and 7 for each ground resolution

of size 79 mX 79 m are contained in the Computer Compatible Tapes (CCT) in digital form and can

provide important information about the land-water interface. The Thematic Mapper (TM) aboard

Landsats 4 to 6 provide higher resolution of 30 m square from 1-982 onwards (Richason, 1-983).

Cross-sectional data measured by BWDB in the low flow period from 1-976 (excluding 1982)

a¡e available at 33 sections along the river. These are available in map forms, and the recent ones i¡

digital forms as the distances and water depths of points across the section. Stene (1993) noted that

these low water cross-section data are a reflection of the dominant chennel forming discharge of the

previous year and can be used for bank movement studies. These data together with the discharge and

water level records form the core of the data base used in this study.

The Bangladesh Water Development Boa¡d (BWDB) is the primary source of the hydrologic

data. Their data collection stations on and around the Brahmaputra river are shown in Fig. 3.9. Mean

daily water discharge and water level information are available at these stations. The longest record is

available at Bahadurøbad ri$tt below the diversion with the Old Brahmaputra. Duly mean discharge Ne

available at that station since 1965. Water levels at other stations including Chilntari upstream of the

junction with the Teesta, Simjganj, and at Nagarbari upstreâm of the Ganga-Brahmaputra confluence

are available since 1-965. Water level and discharge records at other stations a¡e available prior to 1965

but not continuously. Petrobangla (1983), however, reported that the pre-1965 data are incomplete and

less reliable. Such data are not used in this studv. Water level i¡formation on the tributaries and the

distributaries are also available.
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The sediment discharge data that are available from the BWDB are not collected in the same

systematic and continuous manner as those of ttre water level and discharge records. Only very recent

records of suspended sediment loads are available at a few selected stations (e.g., Nagarbari and

Simiganj) during the flood events. These measu¡ements are normally made on a weekly basis during the

flood period and fortnightly during the lower flow period. Size distribution of rhese samples a¡e also

available. Bed load information is not available from any of the stations.

Geologic characteristics of the Bengal Basin and its subdivisions (Morgan & Mclntire, 1959)

a¡e also available. Recently, the Geological Survey of Bangladesh modified the subdivisions and their

cha¡acte¡istics. The data along with the tectonic activities in the basi¡ a¡e available from this

.organiT¿1i6o.

Some data a¡e available from other sources. The Bangladesh Inland Water Transport Authoriry

(B[WTA) carries out soundings on a regular basis on specific reaches in order to monitor the water

depth for the sake of managing the trrn,qport nefwork. Some international development organizations

working closely with the government of Bangladesh carry out measurements of their own. Secondary

data from some research projects are also available.

The data that are available from different organizations are not free from errors. Before using

any of the data in this stud¡ they were checked manually for possible detectable errors. Errors of

personal nature (e.g, printing mistakes) that were found were corrected as much as possible. For

s¡ample, if recorded water level at a point on one day is 13.25 m, the following day 43.20 m, and the

next day 73.17 m, then it was concluded that the second value of 43.20 m probably have been j.3.20 m.

Othe¡ forms of errors are not easilv detectable.
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3.6 Historical Notes on Bankline Movement

As mentioned before, the Brahmaputra river in Bangladesh experienced a major change in course that

occurred in the early nineteenth century. Besides this major change, lateral movement of the banks

throughout its length have been documented in many old books and reports (e.g., Martin, Lg3g; The

Imperial Gazetteer of India, 1881; 1882). About the Brahmaputra, Martin (1g3g) wrote:

Below the mouth of the Chhonnokosh, again, the right bank of the Brohmoputro has been
gaining, and the channels on that side have been diminishing, so that many of the cha¡s and
islands have been united with the main, but I had no opportuniry of being able to trace the
alterations in particular manner. Near Chilmari ............. as I have mentioned before, the river
tireatens to carry away all the vicinity of Dewangunj, and perhaps, to force its way through the
Konayi into the heart of Narore. (p. 304).

He also wrote:

It is only when sudden changes take place that great evils arise, and none such has happened
since the year of Bengal erall94, or for 20 years before this year 1809. The change which then
took place in the Tista, owing to a great storm, was accompanied with a deluge, by which one
half of both people and cattle were swept from the whole of the country nearthe new course,
which the river assumed. (p. 399)

Although these reports do not provide any information about the quantitative changes of the bankünes,

they provide an idea of stability of the river as it was a.lmost two centuries ago. Some quantitative idea

about these changes may be obtained from the plot of Coleman (1969) which shows the changes in

widths of 1963 compared ro rhose of 1830 (Fig. 3.10).
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Chapter Foun

STABILITY OF TTTF' RTVER AND ITS
COMPO}[ENTS

4.tr General

Bank movement is caused by two different aspects of morphological change in a river - changes ia

planform and changes in channsl cross-section. The first aspect relates to the river as a whole, the

second to the channels that form the braided river. Planform and cross-sections show not only

continuing change but also a typical stability in the sense that certain features tend to remain relatively

constant or tend to be re-established in time. Progressive or irreversible changes, however, do also occur.

An inves[igation of the dynamic stability of pertinent morphological features is of great

importance in a study of bank movement. These features include the planform geometry, cross-section

geometry, vertical and horizontal stability of the channels, the stability of the bifurcation poiats, and the

bedforms. In this and the following chapter tlese features will be described qualitatively as well as

quantitatively using descriptive parameters. This is followed by a discussion of observed changes in time

of the parameters.

In this chapter the stabiliry of the planform of the river will first be examined. The network

configuration will be described both verbally and by means of topological parameters used in the analysis

of nefwork stability. Following this the vertical and horizontal stability of the river as a whole will be

considered. Next, the stability of the individual channels will be discussed, in particular with regard to

the depth and width of the channels. This is followed by an analysis of observed cross-sectional changes

in the channels and a discussion of corresponding bankline movements. Following this, the relative

stability of the bifurcation points of channs.l5 will be discussed. Finally, a brief description will be given

of observed changes in bedform.
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4.2 Planform Stabilitv

The planform of an alluvial river is always in a state of flux because of erosion and sedimentation. The

rypical configuration, however, may be relatively stable. Sipificant features, such as width, average

deptb, sinuosity, etc. usually remain relatively constant. For example, the char,r,sl of a meanderilg river

is in a conrinuiag state of change. Yet, the pattern can be regarded as stable and bank movemeut is

limited and, within limits, predictable. Large changes, however, may also occur. A river that causes delta

formation, for example, may become unstable when it reaches a stage where a sudden shift in course

is imminent. This shift may cause changes in some local channel features but may leave other features

unaffected.

Planform stability is therefore a relative concept. It pertains to certain, but not all,

morphological features. It is also relative to time. Some changes may be reversible so that earlier

feafures a¡e re-established, other changes may be progressive. Such progressive changes may be gradual

or catastrophic. It is evident therefore that the degree of stabitity of pertinent features and the time

relationship of any change is of fundamental importance in a study of bank movement.

4.2.L General Network Shape There may be as many as 15 channels in a single cross-secrion of

the Brahmaputra river at mean water level. These channels form a network that changes and

reconfigures itself presumably in response to changes in the flow of water and sediment. The nenvork

configuration is different in different reaches of the river.

Of particular interest is the existence of nodal points along the river. There the river flows in

a single channel that has experienced little or no movement at all in recorded time (Coleman, L969;

Khan, 1988; Khan & Booy, 1989). The nodal points are shown in Fig. 4.1. No satisfactory explanation

of the occurrence of such nodal points has been provided to date. Coleman (1969) thought that thei¡

occurence was related to differences in erodibiliry of the deposits through which the river flows. He

suggested that the river bed is composed of sediments that were deposited by numerous rivers that
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Fig. 4.1: cross-section Monitoring stations on the Brahmaputra River
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previously existed in this region. He speculated that nodal points are located on previous depositions

of less erodible material containing more clay. such differences in bed material, resulting from earlier

depositions, would then also explain why the braiding partern is different in the different reaches

between the nodal points. There is, however, no evidence that the bed and bank materials are indeed

significantly different in terms of erodibility along the river throughout Bangladesh. colem.an,s conjecture

thus lacks confirmation.

Khan (1988) compared the distances befween the nodal points with the theoretical wavelength

of braids or meanders that according to Hayashi &. Ozal.r (1930) result from the bed instabiliry. These

investigators considered meandering and braiding of the river sþennsls to be basically the same process.

They argued that the instability of the planform of the river char,,rsl originates from bed instabiliry.

From these considerations, Hayashi & ozaki calculated the wavelength associated with the instabiliry

process. The relationships pertaining to a braided river are given below:

(4.1)

Kcr =e"s*,s(ffrþ +^ff)"1

o"=#,=\ry1t',r'

L= 6 t (ws\i
v ,[2" m"\d")

I r'¡ 14-t_t-
lgnsçs-t¡)

(4.7)

(4.3)

(4.4)óo = 4ot3n ; tn
f

Ip(s-I)sD]

F. =12 . 36''l li, 
f 
3 sOr¡s_t¡l

where,

l, is the dominant wave length;

(4.5)
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I'l/ is the width of the whole river;

KC¡ is the initial gowth rate;

S is the mean channel slope;

do is the depth of undisturbed flow;

D is the characteristic sediment diameter;

s is the relative density 6f ¡þs 5sdim6nt;

m is an integer describing the n'mber of flow patterns associated with the Lwo-dimsa5isa¿

sinusoidal bed waves:

p is the densiry of fluid;

g is the acceleration due to gravify;

v is the kinematic viscosiûy of fluid;

t* is rhe dimensionless bed shear stress = r/[pg(s-I)d]; a\d

r, is the bed shear stress in undisturbed flow.

Note that the value of ¡r¡ is equivalent to the number of channels present in a cross-section. For

example, m = I for a meanderiug channsl. These relationships are valid for:

(4.6)

Hayashi & Ozaki (1980) argued that the dominant wave length that prevails in nature corresponds to

the condition for which the initial growth rate, KC¡, is positive and maximum. When this condition

prevails Eqn. (a.Ð reduces to:

(#)",,

(4.7)

This allows the solution of Eqn. (a.1) for the wave length L.

The wavelength predicted by Eqn. (4.1) correspondirg to the average flow condition of the

Bra-hmaputra river varies between 25 km to 35 km. It may be observed that the average distance

,=f * I
\a.rzJT)
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between two nodal points along the Brahmaputra is in the order of 25 km except berween one pair of

nodes which a¡e about 45 km apart.

The 45 km long reach shows more changes from year to year than any of the others. One might

thus tentatively conclude that the wavelength in this reach is unstable and that a node could form there

at some time in the future. [n fact, a semi-nodal point did exist within this reach tn Ig73 as evidenced

from the satellite imagery. The spatial distribution of the nodal points along the Brahmapur¡a river rhus

seems to follow roughly the wavelength predicted by Hayashi e. ozzki (19g0).

It should be noted here that Hayashi &. Ozakt (1980) only predict rhe wave tength whichsimply

means that, if a node exists, other nodes are expected at the distances of the wavelength. Why such a

nodal point would occur at a particular location and why it would persist in an envi¡onment of continu.al

change is not addressed by this analytical relationship. No study was found that has produced a

prediction regarding the permanency of these nodal points.

4,2.2 Topological Parameters The characteristics of the nerwork can be described quantitatively

by several topological parameters such as braiding index (Brice, Lg64) and parameters of degree of

connection (Howard et aI., L970). The changes (or lack of change) in the values of these parâmerers

over space and time a¡e indicative of the degree of stabiliry of the network.

The topographical maps prepared by various organizations are not detailed enough to be used

in the study of planform cha¡acteristics. The only suitable data that a¡e available for this purpose are

the satellite imageries which are available for the period of 1973-1985. These data have been used ir

the study.

The braiding index and other topotogical parâmeters computed in this study are discussed in

the following sections.

4.2.3 Braiding Index The braiding index of a river reach is defined as rwice rhe sum of the lengths

of bars and islands in the reach divided by the length of the reach measured midway between the banks
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(Brice, 1964). This index is a measure of the degree of anastomosity of a river and can be used to

quantify change in a network of chennels in a reach with time. A river with a braiding index of l-.5 or

less is considered non-braiding.

To compute the braiding index of ¡þs !¡ehm¿putra river i¡ Sangladesh, the river was divided

into the six reaches that lie between two consecutive nodal points. These reaches are numbered as

follows: Reach Number 1 is between section 1 and 4A (see Fig. 4.1); Reach Number 2 is befween

section 4A and 6A; Reach Number 3 is between section 6A and 9A; Reach Number 4 is between section

9A and 124; Reach Number 5 is between section L2A and 15; and Reach Number 6 is be¡'veen section

15 and 17. Note that the uppermost reach (Reach 6) is not included in this analysis because clea¡

satellite imageries of this part of the river were unavailable for some of the years. For the sake of

comparison, the entire river in Bangladesh up to the Ganga-Brahmaputra confluence is also considered

to be a reach namely reach 0. Channel lengths and ba¡ lengths were measured from the satellite images

for each reach and for each year of record.

The computed braiding indices for different reaches are plotted against time and are shown in

Fi9.4.2. A number of observations can be made from the fig*".

First, curve C0 shows that the braiding index for the entire river ¡each within Bangladesh shows

a small but consistent increase with time during the period of observation. This, however, is not the case

for all reaches. Some reaches show a decreasing braiding index over time (Curves, C3, e., and part of

C1), while others show au increasing index (curves C4, C5, and part of C1). No satisfactory explanation

of this difference in behaviour between the subreaches could be found. However, it may be noted that

curves C4 and C5 (with increasing braiding index) represent upper reaches of the river where the

distance between the nodal points is larger than other reaches.

Secondly, an attempt was made to find a relationship between trend in the braiding indices and

the changes in discharge (average, bankfull, minimum) over the years. No significant relationship could

be found.
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ThirdlX for some reaches, the changes in braiding index (increase or decrease) were very small

(Curves C1, and C2) while for others they were quite large (Curves æ,C4, and C5). Moreover, some

changes were gradual while others were quite abrupt. No physical explanation for these properties could

be found. The braiding indices for the two downstream reaches (C1 and CZ) are lower than those of

the three upstream reaches (C3, C4, and C5) although the upstream reaches did not follow this pattern

within them. This may partly be due to the lesser downstream valley slope (Leopold et al., 1964).

In the absence of an obvious reason for the difference in braiding index between the reaches,

one would have to conclude that the observed difference in braiding pattern reflect random changes in

river behaviour in the sense that they do not lend themselves to predictions.

4.2.4 Other Topological Parameters As pointed out in Chapter Two, the definition of Braiding

Index is dependent on the river stage and is therefore not a very good index to describe the degree of

braiding. Howard et al. (1970) suggested a method in which features that are independent of the river

stage are taken from a topographical map and a¡e used to describe the braiding nefwork. Some studies

(e.g., RPT et al., 1988) have used these topological characteristics for the B¡ahmaputra river. They

concluded that the configuralion is relatively stable. In order to verify this conclusion, the topological

cha¡acteristics of the Brahmaputra river were determined following the definitions of Howard et al.

(L970) and compared with the Braiding Index.

The parameters proposed by Howard et al. (1970) are a combination of graph theory (Berge,

1972) and the theory used in transportation nerwork (Garrison & Ma¡ble, 1962; Kansþ, L963). Howa¡d

et al. (1970) defined a reach of a braided river as the length between two adjacent cut lines, where the

cutlines do not both cut the same branch (called ses¡nent), and do not pass directly through any joining

point (called node) of branches. For such a reach of a braided river, the nrmber of nodes f oining points

of segments), the number of islands, and the number of segments (branches) are counted and used in

n 'merical relationships. These relationships serve as three measures of degree of connectiviry q þ nd

y. These are defined by Howard et al. (L970) as:
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o = t -(n æ) *l (4.g)
2(n +e) -5

þ='
n+e

(4.e)

(4.10)
3(n +e -2)

where,

a is the ratio of the observed number of islands to the greatest possible number of islands for

a given number of nodes,

y is the ratio of the observed nttmber of channel segments to the greatest possible number of

segments for a given number of nodes,

r is the total n'-ber of segments including segments lying entirely within the section (entire

segments) and those bisected by the lines bounding the section (bisected segmeuts),

¿ is the number of bisected segments, and

n is the total number of nodes within the section.

For a long section n> >e, and;t - 4s t.Then, q P and 7 approach 0.25, 1.5, and 0.5 respectively' In all

of the above, it has been assumed that not more than three segments join at a node. This would be a

very rare event in natural rivers.

Other parameters that were defined are:

.E = the average number of segnents bisected by the crossli¡es at the ends and interior of the

section,

N = tle total number of sements entirely within the section and entering the section from the

upstrezm section,

C = the average width of the stream between the outermost segments within the section, and

E¡ = the excess segment index

=E-1.
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Note that for purely meandering stream, E¡ = 0.

The satellite data of the period of.1973-1984 were used to measure these topological parameters

for the six reaches of the Brahmaputra river defined earlier. These parameters for the enti¡e length of

the river within Bangladesh were also computed considering the entire length to be one reach

(designated as Reach 0).

The measured para-eters for the year L917 a¡e shown in Table 4.1. The values for the other

years of measurement are given n Appendix-C. The tabulated values of parâmeters of degree of

connection (q þ and f) show that all the parameters have values below the approach values suggested

by Howard et aI. (1970) i.e., a is lower than 0.25; þ is lower than L.5; and y is lower than 0.5 for all the

reaches. This is true for the whole river as well.

Table 4.1 Topological Parameters for L977

Reach
No

t n E N c
(k-)

p Y

1 48 36 I 3.50 4 6.56 0.06 1.091 0.381

2 35 2L ö 4.?5 31 6.24 0.13 L.207 0.432

J 62 38 L1 5.75 58 r0.42 0.15 L.265 0.m

4 53 35 T4 6.67 46 rt.29 0.05 1.082 0.376

5 ?ß t2 t2 ).ô / 27 10.16 0.L2 1.167 0.424

6 7t 41 9 4.75 69 tt.43 0.23 r.420 0.493

0

(entire
length)

LIJ i83 I 4.88 269 9.33 0.22 L.429 0.481

The parameters were observed to vary with different reaches for the sâme year of record. An

example is provided in Fig. 4.3 where the values of q a¡e plotted for different reaches with time. The

variation in their values did not follow a definite pattern. This is true for all of the par¡meters. Similarly'

all of the parameters were observed to vary with time for the same reach. No definite pattern for such

temporal variation of the parameters could be detected.
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lt may be noted that Howard et al. (1970) related the excess segment index with hydraulic

variables in order to have a priori prediction of the degree ofbraiding of a river. They reported that the

found relationship supported Fahnestock's (1963) view of higher degree of braiding ro be associated with

higher variability of water discharge. Such an attempt to relate excess segment index with warer

discharge (average, bankfull or maximum) in this study resulted in very weak statistical relationships (the

best one is significant at lVo Ievel of significance, and has a value of .R2 of 0.39). This finding of this

study is in agreement with that of Brice (196a) who found little association between degree of braiding

and water discharge. Note that the best relationships between the excess segment index E¡ and other

hydraulic variables as reported by Howard et al. (1970) has a coefficient of correlation of 0.39 (see Table

3 of Howard et al., L970) which amsunts to an R2 of 0.15.

4.2.5 Changes of Topological Parameters Over Space and Time Figures 4.2 and,4.3 show

the variation of the computed topological parameters with time for different river reaches. No definite

pattern of spatial or temporal variation of the parameter values is apparent. There also seems to be no

relationship between the variation of the parameter values and the hydraulic variables.

It may be concluded from this that the configuration of the braiding network is not stable with

time. The braiding index as well as the parameters of connection confirm that the planform of the river

as a whole is subject to random variations, the occurrence and stability of the main nodes being the

exception.

To further support the notion of network instabiliry, plots of the river reach downstream of

Siraigøni, and upstream of. Sirajganj (Bristow, L985, reported in RPT, NEDECO &.8CL,19g6) are

shown in Fig. 4.4 and 4.5 respectively. Both of these figures show substantial changes of the nefwork of

channsf5 of the Brahmaputra river near Sirøjganj. This conclusion, however, can easilv be made

qualitatively from a simple comparison of satellite imageries.
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Fig. 4.4: Reach Dovmstream of Sirajganj Showing Channel Network Changes
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Fig. 4.5: Reach Upstream of Sirajganj Showing Bankline Erosion (Bristow, 19SS)
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4"3 Vertical Stabitity

The vertical stability of a river section relates to changes in the bed level over time. Such changes occur

all the time since all alluvial rivers experience alternative episodes of erosion and deposition in response

to the variabiliry of the runoff. A river may nevertheless be regarded as vertically stable if ir returns

consistently to an eqniliþrium position over time.

In a braided river the situation is complicated by the fact that the number and the cross-

sectional dimensions of the component channels may change locally while the river as a whole may not

show persistent degradation or aggradation. A river that is raising its bed will have a greater tendency

to shift its course than a river that is lowering its bed by erosion.

RPT et al. (198s) studied the vertical stability of the Brahmaputra river by considering the

changes in average bed levels of the total river cross-section over time at selected locations. Some of

the results are reproduced in Fig. 4.6. The location of the cross-sections is shown on Fig. 4.L. on the

basis of this study RPT et al. came to the conclusion that the river is vertically stable.

This conclusion may be correct but is not well supported. Figure 4.6 includes a typical cross-

section (section J-4) where the change in average bedlevel was 3.5 m over the period of observation. The

change in this 8-km wide channel appeared to be consistent over time. one might therefore be tempted

to conclude that it provides evidence of a trend towa¡d deepening. one should realize, however, that

the bed level was averaged over entire cross-section, which includes the islands in befween the channels,

where erosion and deposition presumably have very little effect on the elevation. Figure 4.7 shows the

cross-section in a nrrmber of years. This demonstrates the difticulty in deducing from the average depth

what happens to the river as a whole. It should be pointed out that section J-2-1, which is a short

distance downstream of Section J-4 shows a fairly consistent increase in average depth over the same

period.

Perhaps all that can be said about the vertical stabiliry of the river is that there is no evidence

of a persistent trend in this respect. It seems likely that the changes in average bed elevation reflect the

random changes in cross-section of the conponent branch channels.
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4"4 þlorizontal ShiftÍng of the R.iver

Horizontal stability relates to the chaage of the river in the horizonta-l di¡ection reflecting the movement

of the outer river banks' A river, which is stable in a horizontal sense, will not significautly change its
position over time although local and periodic changes do occur. The stabiliry of the Brahmaputra river

in this respect has also been assessed differently by different authors. coleman Gg6g) found the river
to be continually moving westward, whereas, RPT et al. (19ss) concluded that over time tle river
appears to be stable in horizonta-l di¡ection.

The movement of the in¡er banks of the Brahmaputra river (banks of the anabranches) is also

important because of the existence of dwellings and farm lands on the islands. Rpr et aI. (lggs) studied

the bank stabiliry by plotting the relative conveyance for a sequence of years, and concluded that over

the last fwo decades there is no significant shifting of the river in either direction since there is no

consistent shift in relative conveyance in either direction. This observation needs to be examined fu¡ther.

Figure 4'8 is a reproductiou of their plot of the distribution of the total conveyance over section

J-13-1' A simple visual comparison of the cross-sections reveals that the river shifted about 3 km to the

right and that the shift is fairly gradual. The shift in the line of conveyance distribution is neither gradual

nor consistent' A consistent and gradual shift in the relative convey¿rnce line simply reflects the

rhidi¡sstis¡al gradual change in a single channel river. It can easily be shown that the positions of the
inne¡ 5sgmsnts of the relative conveya-nce lines do not represent the movement of the outer banks of
the river' Rather' it is important whether the beginning and the end of the relative conveyance lines

show a gradual and consistent trend over time. These are the points that reflect the positions of the

outer banks over time' Similarl¡ for the inner banks the shift (ard trend of shift) of the relative

conveyance lines at the location of the inner banks reflect the movement of these banks with time. such

a demonstration is shown in Fig. 4.9 where the bank positions of successive ye¿ìrs are marked by L, z,

3 and 4' with this information, re-examination of the plot in Fig. a.g reveals that the right bank is

shifting to the right which is evident from the shift of the right end-point of the conveyance lines to the

right. obviously, this observation does not supporr the claim made by Rpr et aI. (19gg).
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It is possible that the movements of the outer banks are bounded wirhin a given bert beyond

which the river will not shift. such a belt within which the river is observed to be moving back and forth

has neither been established nor has it been proposed. AIso, if such a belt existed, its extent would be

so large that for all practical purposes the river can be regarded as horizontally unstable for it has been

observed that the Brahmaputra river shifted as much as 5 km in a single year. It is true that there a¡e

small reaches (nodal points) where the river experienced very little or no bank movements in the

recorded history. However, the record is not very long and it has not been established that those points

will not move in foreseeable future.

The inner banks as well as the outer banks of the Brahmaputra river have been observed to

e4perience movement in the horizontal direction resulting in movement in the vertical direction as well.

These movements may not be gradual or unidirectional at all points but they are substantial at most of

the points in time and space. Especially the changes in the horizontal direction has caused so much of

a problem that it has drawn international attention. Recently The National Geographic published an

a¡ticle on the bank movement of the Brahm¿pu¡¡a river (Cobb, L993).

It would appear that attempts at dealing with the problem of horizontal shifting of the

Brahmaputra river as a whole a¡e f¡ustrated by the complexiry of the changes in the branch channels.

This problem will be re-examined after the qualitative analysis of branch channel chanses has been

discussed in a forthcoming chapter.

4.5 Stability of Planform of Individual Network components

The cha¡acteristics of the overall network was found to be subject to erratic fluctuations in time and

space' The network however is composed of single channel sections that also have specific planform

characteristics such as radius of curvature, arc length and width. The stability of these featu¡es should

also be investigated. Data for the investigation were taken from Rpr et al. (19gg).
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It seemed appropriate to compare the geometry of the individual channel segments with the

geometry of single channel rivers. Leopold et al. Qglß) provided the following empirical relations for

meanders in alluvial vallevs.

I = I0'9fr/I'01

I = 4.7Ro'ß

where,

2 is the meander wavelength,

I,/ is the cha¡nel width, and

R is the radius of curvatu¡e.

Çs'þining Eqn. (a.11) and @.r2) the radius of curvature can be w¡itteu as:

(4.11)

(4.12)

R = 2.36W'1.03t (4.1i)

RPT et al. (1986; L988) plotted the width and radius of curvature of the individual channels

measured from the satellite imageries for low water periods. This plot is reproduced in Fig. a.10. (It is

to be noted that the li:re representing Eqn. (4.13) on their figure shows an exponent 0.99 which is

incorrect, the proper value being 1.03. However, the error is small and has little effect on the gaph).

It can be seen that the observations by RPT et al. deviate from Eqn. (a.ß) by an appreciable ame¡¡¡.

This, according to RPT et at. (1988), is caused in part by the use of the low flow width rarher than the

bankfuIl width. They claimed that this discrepancy could be corrected by multiplying the widths by a

factor of 3.0 (since the ratio of bankfull to low flow is about 10, and according to regime theory the

width of stable rivers varies approximately as the square root of the discharge) which of course is not

correct. More importantly, the scatter cannot be reduced by this correction.

It appears that the individual channels of the Brahmaputra river have radü of curvature less

than those of meandering rivers, and that the radius of cu¡vature generaily increases with the width of

the channel.
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A plot of the radius of curvature of the channel agains¡ distance of the measured section is

shown in Fig. 4.11. No significant trend in the values of radius of cuwatu¡e with distance is apparent

from this figure' However, it can be said that the radü of cu¡vature of the channels downstream of

Sirajganj (section J-7) are somewhat larger than those of the upstream for L977 data. AIso, the rad.ius

of curvature of the channel was smaller Á 1977 than in 1984, particutarly for the sections upstreâm of

Sirajganj. No conclusions regarding possible prediction of river behaviour could be drawn from this

study.

4.6 Cross-Sectional Changes of Branch Channels

The changes in cross-sectional dimensions of the branch channels will be examined in this section, in

particular the va¡iation in width and depth of the individual channels. A comparison of the branch

channel dimeusions to those of singts chan¡el rivers as obtained from regime relations will also be

provided. The analysis of this section will form the data base for later use in the studv.

4.6.I Data The Bangladesh Water Development Boa¡d (BWDB) records depth measurements on

¡1 ann¡¿[ basis since the L966-1967 water year at 33 measuring sections shown in Fig. 4.]-. From these

data 33 cross-sections were obtained for each of the years 1973 to 1985. The cross sections were

obtained each year during the low flow period between November and February.Appendix-D shows for

illustration some of the cross sections together with their changes with time. Not ail of the cross secLions

are perpendicula¡ to the flow since the individual channels in the river do not always follow the direction

of the valley slope. Moreover, the horizontal reference for measurement at some stations had to be

relocated because of either channel erosion or other reasons. Fortunately, the cross-section plots

contained this information making it possible to make the necessa¡y corrections prior to the analysis.

The cross sectional plots were digitized using a computer-based digitizer and stored for further

computation. The monument used by BWDB for measurements at a section was taken as the horizontal
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reference' and the Department of Public Works datum was taken as the vertical reference. The

horizontal distancos between the points on the cross sectiou where bottom elevations were measured

were adjusted as to include breakpoints in the channsl bottom conliguration and to obtain more

accurate values for cross sectional area and hydrauüc rad.ius. In this way a series of orthogonal

coordin¿¡e pairs were obtained for each cross-section, X being the horizontal distance across the

cha¡nel from a fixed reference point a¡d Y being the vertical distance between ¡hs d¿¡rm a'd the

channel bottOm.

A computer program was developed to process the information and to obtain for a given water

level (either measured or computed from the program) the width, the average and the maximum depth,

the area, the hydraulic radius, the location oftle cent¡oid ofthe area, the conveyance, the water surface

slope, Manning's roughns5s coetficient, the location of the left and right bank of the branch channsl5

of the section as well as of the total section; the number of channels in the section; and the distribution

of water discharge in each branch channel. An estimation of the sediment discharge in each branch as

well as in the whole sectiou was obtained for all sections and for each year of record. The program

description is given nAppendix-E.

The computation of the above properties was performed for six different discharges. These are:

10,000, 20,000, 30,000, 40,000, 50,000 and 60,000 -37sec. Of these values, 20,000 -37sec is the average;

40,000 -37sec is the bankfull; and 60,000 -37sec is average p¿çi¡.m discharge.

Some remark about data matragement and computations a¡e in order. In the first place, it

should be mentioned that of the 33 cross sections that were measured each year, only seven have water

level information. The water levels in the other sections were computed in the program by routing

procedures.

In the second place, the water levels for the specific discharges mentioned above were obtained

by interpolation between levels at two dates that bracketed the discha¡ge for which tle level was needed

(see Appendix-F for more on this interpolation). In addition, the water level for a given discharge will

normally have different values for the rising and for the falling stage of the hydrograph. At the sections
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with recorded levels, the water levels for the rising stage and for the fafling stage for a given discharge

were averaged' This was, of course, not needed for the sections where the water levels were determined

by routing. The results are shown n Appendix-F.

In the thi¡d place, the geometric properties for a particular discharge were computed from the

measured depth and the measured (or computed) water levels at a section. Note that some organizations

use a formula describing the observed relationship between the water level and a particular properry ro

compute the value of the properfy for a given water level. No such relationship was used in this study

because: (a) the coefficients of such relationships were found to vary significantly for different sections

and for different periods of record (see AppendLr-G); and (b) the number of channsl5 also varv for

different water levels, and for different sections along the river.

In the fourth place, after all of the geometric properties were computed, the total discha¡ge was

divided into the branch ch¡nnels assuming the same slope while taking the differences in frictional

cha¡acteristics into account. This was, again, a trial and error procedure. Thus, a complete set of

hydraulic properties of the branch channels was obtained for a range of discharges of both water and

sediment. This information formed the input for the next phase of the study. A few observations on the

computed deptl, width and other variables a¡e presented in the following sections. Most of the

discussion focuses on the assumed bankfull discharge (Q=40,000 m3/sec) unless otherwise noted.

4'6.2 Depth The average depth of branch channels varied between one metre for shallow channels

to L0 m for the deep ones. The maximum depth varied between 2 m to 30 m.

Variabilitv:

When the whole river cross section at a point is considered, the maximum to average depth ratio is

found to be less than 3.5 with a few exceptions (RPT et al., L986). However, when the individual branch

channels are considered, a substantial number of channels a¡e found to have a ratio higher than 3.5; for

some chanuels it is as high as 5.5. The variabiliry in depth is shown in Fig. 4.!2where the dimensionless

ratio of maximum to average depth (d) is plotted against the average depth of the branch channels.
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Soundings taken from Bangladesh Inland Vy'ater Transport Authority (BIWTA) reveal that the

maximum depth occurs at (a) outer bends of main channels; þ) downstream of the confluence with a

river; (c) downstream of a confluence with another branch cþannsl; and (d) in reaches where bank

protection confines the flow. Fig. 4.13 shows minimum bed levels against latitude (after RpT et al.,

1986). Similar data obtained by BWDB and BIWTA a¡e shown in Fig. 4.14 (RPT et al., 1986). This

shows a wide variation befween observations from different sources which may reflect the mobiliry of

the bedforms. However, the average depth computed from different sources does not vary substantially.

[t seems reasonable to assume that the average depth is a more stable parameter and therefore more

suitable as a cha¡acteristic flow measure for the purpose of anaþis.

Comparison with Single Channel River

The average depth of each branch channel was plotted against the estimated branch channsl discharge.

The results a¡e shown in Fig. 4.15. In the sams figure, Lacet's regims relationship is also plotted. The

fitted regression line is given by:

d = 0.2669 Q0'32s3
(4.14)

where,

d = average depth of branch channel in metres, and

g = discha¡ge through the branch channel in m3/sec.

The regressiou line is almost parallel to Lacey's line but is placed well below it. It is observed that all

the channels except a very few had lower average depth than that predicted by Lacey's relationship.

Evidently, the branch channsls in a braided river tend to be shallower and wider than sinsle channel

rivers for the same domina¡t discharge.

A plot of the maximum depth against the discharge of the branch ch¡nnsl5 (Fig. a.16) reveals

an interesting feature. The regression line through the observed data is given by:
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where,

dr* = maximum depth of branch channels in metres, and

Q = the discharge of the branch channel in m3/sec.

The regression line is almost the same as Lacey's average depth line. It shows that on average the ratio

of the maximum to the average depth is the same for branches of widely different dominant d.ischarge.

It indicates that while the branches differ from each other hydraulically in scale their morphology is

fundamentally the same, although it differs from single chan¡el rivers in that the branch channsl5 ¡st¿

to be wider and shallower.

4.6.3 Width the width of the Brahmaputra river in Bangladesh varies berween 1.6 and 15 km which

is a factor of 10. The width of the branch channels, however, varies berween 60 m to 6 km, which is a

factor of L00. These widths are plotted against the branch channel discharge in Fig. a.fi.This figure also

shows Lacey's regime relation. The regression line is given by:

W = 28.626 Oo'4s21

where,

llz = width of the branch channel in metres, and

O = discharge through the bra¡ch channsl in m3lsec.

All branch channels are wider than Lacey's predicted width, as expected, and plot above Lacey's line

in Fig. 4.L7.

Wetted perimeter aad discharge of branch channels are plotted in Fig. 4.18, also with Lacey

relation and with Simons & Albertson's (L960) regime relation. All the channels have higher wetted

perimeters than those predicted byLacey or Simons & Albertson's regime relation. The fitted reÊression

line is given by:
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(4.L7)

where,

P = wetted perimeter of the branch channel in metres, and

O = discharge thougb the branch channel in m3/sec.

A plot of cross sectional flow area against discharge of the branch channsl5 is given in Fig. a.19.

It shows that the observed cross-sectional area is higber than that predicted by Lacey for single channsl

river. The fitted regression line is given by:

A =7.64 80'nss (4.18)

where,

,4 = cross-sectional area of the branch channel in square metres, and

O = discharge of the branch channel in m3/sec.

The graphs demonstrate clearly that the Brahmaputra river in Bangladesh forms braids of

branch channels that are shailow and wide compared to stable single channels. The wider and shallower

channsl5 have higb potential for change since a shallow channsl silts up more readily than a deep one

and a wide chennel will sooner split into two branches than a narrow channel.

More discussion on width and its relationship with other va¡iables particularly in the context

of bankline movement will be given in the next chapter.

4.7 Stability of Bifurcations

Since at the bifurcation both sediment and water flow a¡e divided over two channels in ways that depend

on the geometry of the bifurcation, one may surmise that the chan"el characteristics at the bifurcations

of the Brahmaputra river a¡e of speciai interest. They may give a clue to the likelihood that either one

of the channels will tend to become smaller and eventually disappear. It may also be surmised that a

study of the behaviour of the branch channels at a bifurcation point may lead to a criterion that may
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indicate whether a channel is susceptible to splitting. Establishment of such a criterion would be usefr¡l

in predicting the process of braiding in a river.

Dry period satellite imageries of the Brahmaputra river for the year Ig73, Lg:/6,Ig77,Ig7g,

1979' 1980 and L98L were used to measure different channel characteristics at bifurcations. Most of the

bifurcations changed either moving in location or changing their size and shape over time. Some of them

ceased to exist because of joining of the branches in the followitg year. This suggests that the

bifr¡rcations a¡e also not stable. The changes appear to be random.

Nineteen bifurcation points were selected on each of the seven imageries that did not

substantially change in shape over time and were easily identifiable on all imageries. This produced j-13

observations on bifurcalion points. Different cha¡acteristics of the incoming channel before bifu¡cation

(cailed the main channel), and of the channels after bifurcation (called the east branch channel and the

west branch channel) were measured. The measured cha¡acteristics were the width, the radius of

curvature, the angle of inclination with respect to a north-south referencs lins, and the yearly change

in width of the main channel as well as of the east and west branch channsþ. From these data, the angle

of asim.metry (the deviation from symmetry of the downstream þ¡¿o"¡ channsl5 from the incoming main

çþannsl), the relative radius of curvature (the ratio of branch channsl curvature to the main channsl

curvature) of the branch channels, and the relative width ratios are computed.

It was assumed that for a given bifurcation, a relationship exists befween these geometrical

variables which defines the stability of the bifurcation. Different statistical relationships (tbrough both

linear and nonlinea¡ regression) were tried to relate these variables. The following equations were found

to be significant:

Wt=0.834w^-0.481Wr;

W, = 0.8461Y^ - 0.5231Vr;

IR2 =0.E6J

[R24.8s]

(4.1e)

(4.20)

where,
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W^ ß the width of the incoming main channel before bifurcation;

I4/, ß the width of the east branch channel; a¡rd

I'V2 is the width of the west branch çþannsl, ail in FPS units.

It is to be noted that Eqn. (a.i9) and @.N) are obtained through two-stage least square estimation

which solves simultaneous system of equations. This is required because of the fact that the widths of

the downstream branch channels depend on the upstream ¡¡ain çþannsl as well as on each other. For

example, the dimensions of the east channel will not only be dependent on the channel before

bifurcation but also on the dimensions of the other channel after the bifurcation thereby forming a

system of equations that are related to each other. Here, the dimensions of the main channel has been

considered to be independent of the dimensions of the downstream channels. Strictly speaking, there

is an inter-dependency (feedback) between the upstream and the downstream ch¡nnels. This has been

ignored because of the alluvial nature of the river in which the feedback is relarively smail.

Consideration of the feedback did not substantially change the system of equations anyway.

Comparison of Eqn. (a.D) and (4.20) reveals that the relationships of W1 and |il, are very

5imil¿¡ as one would expect. Thus only one equaúon may be used for both of the branch channels.

It may be pointed out that the bifurcations with channels of significantly different width did not

remain stable du¡ing the period of record. This is consistent with the Eqn. (a.19) and (a.20) which

indicate that the sum of the two branch sþannsl widths becomes less than the width of the main channel

when one branch channel width is more than nvice the other. The smaller channels at such bifurcations

were observed to grow smaller until it completely clogged.

It would appear that the bifurcation points may remain relatively stable when the branch

channsls are approximately equal in size. Any condition that tends to reduce the one or increase the size

of the other is likely to upset the equilibrium so that the difference in size becomes progressively more

pronounced. Attempts at predicting this process from the geometry of the cha"'el and bifurcation

topography were not successful. For the time being the process is best regarded to be a random

phenomenon.
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4.8 Bed Forms

Information on the bed forms in the Brahmaputra river is very limited. coleman (Lg6g) observed four

different kinds of bedforms. These are: ripples with height between 0.2 m to 0.5 m; mega ripples with

height of 1'0 m and a celerity or L20 m/d,ay; dunes with typical height of 5 m and celeriry or 60 m/day;

and sand waves of height of 10 m and celerity of 200 m/day.

More recently, RPT et al. (1988) conducted a survey during flood conditions in 1-9g6 and 19g7

to measure the bed forms in the Brahm¿putra river. The plot of average dune height versus average

depth is shown in Fig. 4.20. The plot also shows the predicred values by Allen (196g) a¡rd ya-tin (Lg64)

both of which u¡der-predicted the dune heigbts during higb flow conditions. They also observed that

during peak flow large dunes with average height of 3.0 m and average length of 200 m are present with

superimposed small dunes with average height of 1.L m and average length of. 24 m. A-fter the peak

flood, the superimposed small dunes disappeared and the large dunes were reduced in size. Afterwards,

the large dunes disappear with the exception of a few. This survey found the maximum dune heisht to

be 6 m as compared to Coleman (1969) who found it to be 15 m.

It is to be noted here that the enti¡e river bed in a cross-section does not contain one single

bed form at all points. Rather, a combination of different bedforms such as ripples, dunes and

sandwaves may exist on the bed across this wide river. Ca¡e should be taken in using these

measurements since it contradicts the resistance to flow during the peak discharge as observed by RpT

et ai. (1988).

4"9 Summary

This chapter described the network characteristics and its stabiliry for the Brahmaputra river. The

existing nerwork rlims¡5i6n5 is considered to be variable in space and time. Although the spaciug of the

nodal points approximately follows the wavelength predicted by Hayashi & ozaki,s (19g0) analyrical

relations, no satisfactory answer as to why they do not change could be provided. The va¡iables width
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and depth have been studied in detail. The vertical and horizontal stability of the river as observed in

this study and as reported by others have also been discussed. It appears that there is no evidence of

a persistent trend in movement in either horizontal or vertical dhections. The bifurcation points of the

river were found to be changing in time with no definite pattern of change. ,A. study of stable bifurcations

did not provide any criterion based on which any particular bifurcation could be considered stable.



Chapter Five

QUALITATTI/E PREDICTIOI{S BASED ON
WIDTH . DEPTH RET,ATTONSHIP

5.L fntroduction

Single channgl alluvial rivers show a characteristic relationship between the width, the depth and the

formative discharge which represents equilibrium conditions in the erosion-deposition process. One

cânnot expect such a relatiouship for the branch chan¡els in a braided river since some channels are in

the process of widening while others are getting n¿ìrrower. Indeed, the continui'g change both in

planform and channsl characteristics show that the cha.,r'els are as a rule not in equilibrium.

One would expect, however, that the average width-depth relation for the bra¡ch channsls is p¡
far removed from tle equilibrirrm condition since there are probably as many channsl5 in the process

of widening as there are that a¡e na¡rowing. Indeed, it was shown in the previous chapter thaton average

the branch channels show a relationship between width, depth and formative discharge that is quite

similar to the relation observed for single channsl5.

This chapter explores the possibüity of using the deviation of individual channsfu from the

ass'med equilibrir* condition for the purpose of predicting incipient change. Two aspects of change

wül be considered.

The fust part of the investigation is aimsd at predicting changes in width. It will be shown that

it is possible to predict whether a channel will become narrower or wider with over 90Vo acauac!.

The second part of the investigation aim5 at predicting the likelihood that two channsls will join

or that a single chan''el will split into two branches. This investigation also met with a fair degree of

success.

The equilibrium conditions developed in this chapter will form the basis for a bank movement

model which will be discussed in the ne:rt chaorer.
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5.2 Theoretical Considerations

52.1 Width-Depth Relations for the River as a Whole When a given reach in an alluvial

river is in equilibrium then the formative discharge must be able to carry the incoming 5edims¡1 le¿d

without further erosion or deposition. In other words, there must be continuity of both water and

sediment ¡¡ansport. Discharge transport formulas show that for a given slope and roughnes5 the required

discharge capacity can be met with an infinite range of width-depth ratios. The requirement that the

river must also provide a given sediment transport then imposes an additional constraint leading to a

definite width-depth relationship. For a single channel river, the additional relationship is sufficient to

determine the depth as a function of the width. This can be shown as follows.

This derivation is for a discharye-defined reach of a single channel ¡iver. A discharye-deftned

reach is one that has an insipificant local water and sediment inflow compared to what is coming from

upstream. The width-depth relationship for such a reach can be arrived at in two ways: using observed

regime relations and using hydraulic theory. Theoretical hydraulics considers the flow of water and

sediment in a channel as governed by water discharge and a sediment transport function. Different

authors used different sediment transport functions for this purpose. Straub (1935) uses DuBoys

transport relation whereas Komura (L966; L97L) uses Einstein type traasport function to derive such

relationship. Tamburi (L976) and Vanoni (L975) reviewed the available relationship in the form of a

po\¡/er function and the variation of its exponent. Shewfelt (1939) attempted to establish the relationship

as an addition to the regime equations.

The following derivation follows Straub (1935). It uses the Manning's formula for the discharge

and the DuBoys transport formula for the sediment. The latter can be written as:

8" = VDro(To-t")

where,

g, is sediment discharge ia weight per unit width,

úp is a coefficient,

(s.1)
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TO = TrÅ = bed shear stress,

y is the specific weight of water,

r, is the critical bed shear stress at which sediment movement begins,

16 is the bed hydraulic radius, and

S is the slope of the stream.

Equating the sediment transport in Wo cross-sections (1) and (2) leads to:

lL¡¡"r-r")]W, = lhrt,(t,-t")]W, 6'2)

where,

, = ydS for wide sþannsl,

d is the average depth,

'14¡ ß tbe width, and subscripts L and 2 refer to the sec¿ions L and 2 respectively.

Since r/rp depends on the sediment size which is considered to be the sa-e in the |wo cross-sections,

Eqn. (5.2) can be written as:

l¿l ffl lll (ø,s,-""1 (s.3)

l4) 
= 

l' t, ) \*,) \rd¡s, - t 
" 
)

Equating the water transport itr the two cross-sections leads to:

/s,l (w.\' (¿.\*

füJ 
= l;,)lå)'z (5a)

Csmþining Eqn. (5.3) and (5.a) one can write with a little algebraic manipulation:

[[t)']'[ ;) 
.E)HVïJI [äl , (s5,

which is a quadratic equation n ¡a¡at¡z/s. Taking only the positive root of Eqn. (5.5) one can write:
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'F

Two extreme conditions should now be considered. If r" is smøll compared to 11, the ratio

becomes close to zero, and thus Eqn (5.6) can be written as:

(+\ lù+l
\r,) 

- 
i-,1 

I

(s.6)

/ \ t t¿ f , . tlJ

f*l = E)+l(y);|, =(yli, =(y\'*'\d,) \w,) L\w,) I l*,) l*,)
On the other hand, if r"is.very close oreEtal to rl,then the stress ratio becomes unity.

Substitution of this in Eqn. (5.5) yields:

(s.7)

(¿,\ (w,\4 (w,\,o'
lfl =lJl,=l"tl (5.8)

\d') \w') \w')

Note that this cannot be obtained directly from Eqn. (5.6) since the right hand side under the condition

of stress ratio 1-, becomes indeterminate.

For a r. to 17 ratio of zero, the exponent is 9/H; and for a ratio of /, the exponent is 6/7.Thus

the exponent varies between these limits depending on the value of the stress ratio. Therefore, Eqn (5.7)

or (5.8) can be generalizsd to write:

(5.e)

Alternativel¡ one can write:

d = k(!\u
\v)

(l)=(y\', 2,0,!
\d,) lw,)' 14---7

(s.10)



d = kWn; 0.&3 < lnl s 0.857

where k is a constant whose value depends on the river reach, and n is negative.

L?Å

(5.11)

This relationship expresses that for a given reach of river with given sediment characteristics

and a given formative discharge the depth is related to the width as shown.

5.22 Application to the Brahmaputra River A relationship in the form of Eqn. (5.1L), was

fitted to the cross-secLions of the Brahmaputra River taking the total width and the depth, averaged over

the entire cross section. Figure 5.1- shows the results. The least square fit of the function for the bankfull

discha¡ge is:

d = 103 gtass t [R2 = 0.41J (s.12)

in which W and d are n metres. Figure 5.2 shows the residuals. It is to be noted that the value of the

exponent n of -0.35 lies outside the range derived earlier for a single channel. In addi[ion, the scatter

is far too much to make the relationship useful.

The reason why relation (5.1-1) cannot be applied to relate width and average depth in a braided

river as a whole is that the basic ¿5s'rmptions underlying both the \{anning's equation and the sediment

transport formula are violated. Both equations a¡e based on the assumption that, the flow of water and

sediment is governed by the average shear stress over the entire wetted perimeter. This is not true when

the cross-section is composed of channels with widely varying cross-sectional dimensions.

The relationship of Eqn. (5.11) was derived for single channsl rivers. It was investigated whether

this relationship can also be applied to the branch channels of the Brahmaputra river. The average depth

and the width of the branch channels of the Brahmaputra river a¡e plotted in Fig. 5.3 with a fiued

regression line in the form of Eqn. (5.11). The equation of the regression line is:

d = 0.30 g¡t 0.327 ; [Rz = 0.36] (5.13)

where d and'l/r' are in metres. The scatter is evidently very large. The residuals are plotted in Fig. 5.4.











133

The large scatter is caused by two factors. In the first place, the regime type relationship

between width and depth holds for single channsl rivers where the constant formative discharge causes

an equilibri"- between sediment deposition on the ba¡ks and bank erosion. With a braided river the

discharge varies greatly over the branch channels.

In the second place, a braided river can respond to an incidental change in width or depth by

a redistribution of the flow of water and sediment, which in turn will affect cross-sectional dimensions.

In other words, the branch channels can be expected to be much further away from equilibrir,m

conditions than a single channel river. For such branch channels, it is possible to have more than one

value of average depth for the same width (see.4ppendix-Il).

5.3 Width - Depth Relation of the Branch Channels

To derive the equilibrirtm condition for individual branch channels of the braided river the discharge

in the branch channels must be taken into account. It may be assumed that each branch cha¡''el

tr'ânsports a share of the total discharge that is rougåty proportional to its relative size as well as the

portion of the sediment flow. Between the nodes the flow of water is constant. If a channel is not

capable of transp6¡¡i¡g the incoming serliment load then the cha.tttel becomes smaller; if the

transporting capacity is greater then the channsl cross-section increases. A channsl is in equilibrinm for

the given water and sediment flux when neither the width nor the depth change.

It may be argued that the average width-depth relations of. the 727 branch channst5 investigated

are probably not far removed from equilibrium conditions since one may expect that the n'mber of

channels that are widening is roughly the same as the number of channels that are narrowing. In the

previous chapter the following relationships were found:

d = 6.2669qo.szss

W = 2E.626Q0.4s21

(4.14)

(4.16)

where,
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d = the average depth of the branch channel at bankfull discharge in metres,

14/ = the width of the branch channsl at bankfull discharge in metres, and

O = the bankfull discharge of the branch channsl in m3/sec.

Statistically these relationships are not sig¡ifigan¡¡t different from the regime fype equaLions of single

channel rivers:

!
d = cteS (5'14)

W = czel (5'15)

where, c1 and cz are constants. It follows that for a branch channel with a given p one can write:

2
d = cswS (5'16)

We must, however, take into account that the branch channsl5 have widely varþg discharges. The depth

therefore depends not oniy on the width but also on the proportion of the flow the branch channel

car¡ies. The latter quantity can be expressed as a function of the ratio of the branch charlnel cross-

section to the total river cross-section. We are therefore looking for a relationship of the form:

d = KW,Aï (s.17)

where,

A, = (A/A),

/4 is the a¡ea of the branch cha."el,

.47 is the a¡ea of the total section, and

K n andm are constants. Eqn. (5.L7) ca¡ be rearranged to write:
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o = **,(!y)"
lAr )

Assuming thatA, is constant for a given n 'mber of chennels, we can write:

¿(1-m) = C,W@+m)
I

where, C¡ is a constant. Rearranging the exponents, one can write:

_Æ) qs.ra¡
d = CW\t -ml

Comparing the exponents of Eqn. (5.16) and (5.18), one can write:

1** = 1 (s.le)L-m 3

For a single sþannsl, the Chezy formula can be written as:

1I
g = C(dIr/)¿Z s2

For a constant bankfr¡il discharge and constant slope, Chezy formula for a single chan.,el can be

rearranged to w¡ite:

z

d =CW 3

Note that in Section 5.2.1 we derived Eqn. (5.11) as:

(5.20)

d = kW"; 0.643 s lnl s 0.557 (5.11)

Equation (5.20) is consistent with this so that we can write:

2n =-j

Substituting the value of n in Eqn. (5.19), we find:
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,4

m =_

Therefore, Eqn. (5.17) reduces to:

24
=d = KW sArt (s.21)

It may be expected that Eqn. (5.2L) represeuts the average of observed width-depth

relationships of the branch channels of the Brahmaputra river since there are presumably as many

channsl5 that are widening and getting shallower as that are na¡rowi¡g and deepening. Therefore, Eqn.

(5.2L) represents the equilibrium conditions for the given distribution of water and sediment. This does

not necessarily mean that a channel that is out of equilbrilm will attain the equilibrium condition

predicted by this relationship in the next year. The frequently occurring changes in configuration cause

changes in discharge and sediment distribution. Also, what happens to one channsl affects the others

in the cross-section.

Equation (5.21) is evidently only an approximate relationship. The values of the coefficients of

Eqn. (5.17) must be estinated from the data. It is possible, however, to apply a width-depth relationship

to branch channels that are in a state of relative eqniliþ¡ium, that is, chennels which do not change as

long as the supply of water and sediment remains unchanged. The validity of the proposed form of the

width-depth relation will be demonstrated in the following section.

5.3.1 Estimation of Coeffrcients of Width - Depth Relation A linea¡ regression technique

was employed to estimate the coefficients of Eqn. (5.17) for the bankfull discharge of the Bra-hmaputra

river. A total of 727 data points were available for the enti¡e river. The resulting equation is:

where,

d = 17fr gira.656¿,0.7t3; [R2 = 0.90J (s.22)
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trlz is the width of the branch channels in metres,

d is the average depth of the branch channels in metres, and

,4, is the ratio of each branch channel area to the area of the total cross-section.

The residual plot is given in Fig. 5.5. The residuals were found to be independeut, normal and follow

the homoscedasticity assumption. Similar results were found for the average discharge of the

Brahm¿pu¡¡a river.

The relationship described by Eqn. (5.22) represeuts the average conditions of the entire river

corresponding to the bankfi¡il discharge. The coefficients, however, will be different for different reaches

because the slope in the six reaches is not the sâme and the total cross-sectional a¡ea varies. For this

reason the coefficients in the equation were determined for each reach separately. The resulting

regression equations for each reach together with the value of R2 a¡e given below:

Rcach I: d = 3190W-o'neA:'823 [R2 = 0.9O] (s.23)

Rcach 2: d = 2666g¡-o'ttt¡!'8t8 [R2 = 0.fr] (s.24)

Reach 3: d. = 7115W-o'8MA:'w2 [R2 = 0.92] (s.2s)

Rcach 4: d = 7666g¡ -o'æt¡!'ne [R2 = 0.88] (s.26)

Reach5: D =660W-as$Aoffi [Rz = 0.92] (s.27)

Reach 6: d = 9710ry-oa61¡09oe. [R2 = 0.93J (s.28)

the variables of which are described before. Note that these equations are for the bankfull discharge and

the rlimensions are in metric units. Similar results were found for the average discharge.
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The equations for different reaches of the river (Eqn. 5.23 to 5.28) were tested to determine

whether they are significantly different from each other. The General Linea¡ Test (see Nerer,

Wasserman & Kutner, 1985) was employed for this purpose. The differences between the equations

were found to be statistically significant (at 95Vo confidence level). Therefore, it is concluded that

separate equalions should be used for different reach of the river.

Table 5.1 lists the values of the coefficients K, rn and n of Eqn. (5.17) for different reaches as

well as for different year of record. Note that the values of ¿ for the enti¡e reach as well as for d.ifferent

sub-reaches are negative and close to the constraint imposed on the equation for the single cha¡nel river

(Eqn. 5.11). The Table also provides the values of ,R2 and the number of observations used for

developing these relationships.

A comparison of the coefficients for the reaches and the years shows considerable variation.

With regard to the variation over the years, it should be noted that eqriliþ¡ium conditions were

disturbed during the years because of changes in discharge and sediment transport and as a consequence

of channel splitting and joining. It would seem, therefore, that the average relationship over all years

probably presents a better relationship of equilibrilm conditions than the data for the individual years.

The differences between the sections, on the other hand, may reflect different conditions of river

regime. The observed difference in behaviour of the river along different reaches and with rime in terms

of the anastomosity and the number of branch sþannsl5, as discussed before, suggest such variation.

Reach 5 represents a dista¡ce between nodes that is almost twice the distance befween the other nodes.

Reach 6 is the furthest upstrezm where the river enters Bangladesh. It would seem advisable to use for

each reach the depth width relationship derived for it. Note that the data from 1983 were not included

in these relationships since they were not used for any prediction purposes as subsequent data were not

available for this study.

From the above discussion it is evident that single channel equations should not be used for a

braided river, particularly for the Brahmaputra river in Bangladesh. However, the equation for the

braided river (Eqn. 5.17) is valid also for a single chan"el river. The value of the term,4, which is the
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ratio of the branch channel area to the total seclional area, is unity for a single channel river. Thus,

putting,4, = / in Eqn. (5.17) yield a relationship of the form of Eqn. (5.11), which is the equation for

a single cha¡¡el river.

Table 5.1.: Reach and year-wise coefïicients of depth-width

Reach Coeffi-
cients

Ajl Data L976 Data L9Tl Data 1978 Data 1979 Data 1980 Data 1981 Data

Alt K
m
n

N
R2

1790
0.7731

4.6560
727

0.89

703
0.7010

4.5483
103

0.89

2465
0.794',7

4.6943
11ó

0.90

3390

0.8205

4.7265
120

0.90

1450

0.7565

4.63ó3
133
0.88

7290
0.74L9

{.ó145
119

0.88

36?5

0.841.0

4.739'7
IJI

0.91

I K
m
n
N
R2

3190

0.8232
4.7293
1^1

0.90

5350

0.8748

4.7871
16

0.9L

7820

0.8907

{.8343
1A

0.96

10820

0.9229

-0.8674
aÀ

0.95

1ó95

0.7653
{r.o /lJ
27

0.85

1390

0.7451

4.6299
24
0.86

7115

0.8867
4.8172
))
0.95

K
m
n

N
R2

2640
0.8180

4.7110
87
0.90

890

0.76L3
{.6059
10

0.97

3985

0.7885

-{.t t¿u

15

0.n

24215

0.9724
-0.9722

8

0.99

L527

03nt
4.&74
1)

0.95

9034.

0.9065

{.8488
)1

0.98

5375
0.8967

4.7807
1,6

0.93

J K

n

N
R2

7175

0.8815

4.8056
155

0.92

1710
0.7543

4.&73
.Aâ
0.92

4470

0.u97
4.7513
26

0.94

13725

0.9333

4.8715
25

0.96

8507

0.9143
{.8388
JJ

0.93

60395

7.0270

-r.0325
1ó

0.97

18810

0.9534
4.9165
26

0.93

K
m
n
N
R2

1600

0.7278

4.6341
100

0.88

1885
0.7542

{.6598
tö
0.92

4490

0.8L24
4.7476
11

0.91

8360

0.8158

4.8152
16

0.8ó

2143
0.7449

4.6682
14

0.88

1605

0.7065

4.6191
18

0.95

4475
0.8493

4.7605
20

0.96

5 K
m
n

N
R2

660
0.6880

4.5427
720
0.92

540
0.6795
{5062
T7

0.91

3700

0.u24
{.7503
18

0.95

1950

0.7518

4.67?5
IO

0.91

436

0.6525

{.4869
!+
0.91

4?5

0.6819
{.4880

18

0.9ó

470

0.6558

45100
7)
0.93

6 K
m
n

N
R2

9710
0.9091

4.8ó13
118

0.93

8415

0.8852

4.8416
15

0.98

14900

0.9373

4.9086
L7

0.94

10990

0.900

4.8776
26

0.96

23250

09676
4.9563
18

0.98

68ó5

0.8694

4.8294
t7
0.92

r4560
0.9686

4.9278
20

0.97

Note: N is the number of observation in the subgroup;.R' is the coefficient of determination.
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5.4 Width-Depth Relation as a Qualitative Predictor of Cross-sectional
Change

The equilibrium width-depth relationships derived in the preceding section can be used to predict

changes in branch channel width, at least qualitatively. It may be assumed that, while the branch

channels are subject to frequent change they tend to return to dimensions for which they are in a state

of equilibrinm under the imposed water and sediment i¡flux. One cannot e)çect them to always reach

such equilibrium conditions because the equilibrium is continually upset by changes in planform

geometry caused by splitting and joining of the cþannsl5, which changes the water aud sediment

distribution. One would expect, however, that the developed relations can be used to predict whether

a branch channel tends to get narrower or wider in the followingyear.

In order to verify this the deviations of the equilibrium width from ttre observed width were

plotted against the actual changes that occurred in the followingyea:.. The results are shown on Fig. 5.6.

Similarly, the predicted changes in depths of the branch channels were plotted against the observed

changes in depths in Fig. 5.7. Note that positive values indicate bank deposition or narrowing of the

channel while negative values indicate bank erosion or widening of the channel.

It should be pointed out that the data tlat are plotted in Figs. 5.6 and 5.7 were obtained from

?ß6branch channels that neither split into two or more nor united with other branches in the following

year. The phenomenon of splitting and joining, which evidently requires new equilibrium conditions, will

be discussed in a following section.

Figures 5.6 and 5.7 show that more than 90Vo of the points are in the fust and third quadrants.

This shows that a comparison with the equilibrium dimensions enables one to predict the direction of

changes in widths and depths of the bra¡ch channels with over 90Vo acurac!.

Figures 5.6 and 5.7 also show large deviations from the line of perfect agreemetrt. This implies

that the proposed comparison is not very effective in predicting the magnitude of the changes. This is

not surprising since the changes in one branch chan.'el affects the changes in the others. A method for

quantitative prediction of change will be derived in the next chapter.
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5.5 Effect of width-Depth changes on pranform Geometry

Changes in planform geometry occu¡ when the width-depth changes cause (a) a wide branch channsl

to split in nvo or more narrower cþannsl5; (b) nvo or more channels rnite to form a single branch

chan"el; (c) an altogether new channel is created; and (d) an existing chan'el is closed resultiag into

a changed nrtmber of channels in a cross-section.

It may be assumed that the formation of a new sþannsl and the d.isappearance of an old

channsl are special cases of splitting and joining of channsl5. Splitting and joining are both related to

changes in channel width.

Theoretically, two channels could join by a lateral displacement of one or both without a change

in width' As a rule, however, bank erosion is a result of mismatch befween the channel dimensions and

the flow of water and sediment imposed on the channsl. one can therefore expect that joining is mostly

associated with a widening process. This will occur when the width is smaller than the equilibri'm width.

Channsl5 are not likely to split when they are narrow and deep. This couid suggest that splitting

is also associated with a trend towa¡ds widening. Such a conclusion, however, would be premature since

channels must already have attained a relatively large width in order to split.

In the following section methods for the prediction of channel joining and channel splitting will

be developed.

5.5.1 Bank Movement Associated with Channel Widening The preced.ing secrion discussed

cross-sectional change and it was argued that the joining of two channels is in practically all cases the

result of channel widening. The di¡ect cause of channel joining is bank movement. It is therefore

necessary to relate bank erosion to channel widsning. If the centre of graviry of the channel cross-section

is in the middle, the flow may be taken to be symmetric about the centre. In this case, for ¿ widsning

ch4t'"el, bank erosion can be expected to occur evenly along both banks. If the centre ofgraviry is closer

to one bank (thalweg closer to the bank), the bulk of flow witl be concenrrated to that bank and the flow

would be asymmetric. The erosion of that bank can be e4pected to be higher tha¡ the other by an
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âmount proportional to the deviation of the centroid from the mid-point. For a narrowing channel,

deposition would occur in the reverse way i.e., deposition to the bank closer to the thalweg will be lesser

than to the other bank.

It is therefors ¿55¡rmed that the distribution of the amount of erosion on both banks wouid be

inversely proportional to the distance of the centroid from the banks. On the other hand, the amount

of deposiLion on the banks would be directly proportional to the distance of the centroid from the banks.

This assumption implies that the composition of bed and bank material is such that it is homogeneous

across the channel. This is true for the Brahmaputra rive¡ in Bangladesh since the size distribution of

the fine sand found on bed and bank of the river is practically the s¡me for the entire river. The

¿55r'mption also requires that the curvature of the channel is negligible so that any effect of local

currents can be ignored. This implied assumption of velociry distribution is a simplified situation, and

would introduce some errors.

Based on the assumption discussed above, the amount of bank movement can be computed in

terms of the equilibrium width of the channel. The derivation of the expressions for movement are given

nAppendix-I.In order to keep a common reference, all the distances are measured from the mid-point

of the existing chan"el. For a widening channel where the equilibrium width is greater than the existing

width, the amount by which a bank moves is given by:

(s.ze)

(5.30)

where,

[W^]n
(W,-W)(W-2x)

2W

I4/r, is the ¿rmount by which the bank moves (in this case erodes),

W, is the equilibrium width,

ll/ is the width,
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x is the distance of centre of gravity of the channel section from the centre (mid-width) of the

section, positive to the left,

l, is a subscript for the left bank, and

R is a subscript for the right bank.

For a na¡rowing channel where ttre equilibrium width is less than the existing width, these movements

(depositions) are given by:

[w^)"
(w,-w)(w-b)

(s.31)

(s.32)

in which the va¡iables are as described before. Note that Eqn. (5.29) and (5.30) are valid for widening

channels where the bank movements are erosion, while Eqn. (5.31) and (5.32) are for narrowing

channels where the bank movements are deposition.

The derivation of Equ. (5.29) to (5.32) is based on a very simple ¡es¡angular cross-section,

banks of which a¡e either eroding or experiencing deposition at the same time. The total change in width

is assrrmed to be linea¡ly distributed over the total width with an inverse relationship to the distance of

the bank from the centroid of the section. In other words, the bank closer to the cent¡oid undergoes

more erosion than the bank further away from the centroid for a widening chennel. On the other hand"

the ba¡k closer to the centroid experiences lesser deposiLion than the ba¡k further away from the

centroid for a na¡rowing channel (see Appendix-Í).

This principle can be used to predict the joini"g of two channels as described in the following

section.

5.5.2 Channel Joining When the equilibrium width of the channel is larger than the observed

width, the channel widens. In the process of widening a channel joins another channel if one exists (or

moves in) within a distance of movement defined by Eqn. (5.29) or (5.30) from the bank.

2W
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All the channels that joined one another in the subsequent years were identified for the

Brahmaputra river. It was verified that for all of these branches, the equilibrium width is larger and the

depth shallower tha¡ the existing dimensions. Also, the combined erosion predicted by Eqn. (5.29) or

(5.30) for the two adjacent channsfu either equals or exceeds the distance between the banks of the two

channels. Therefore, it may be concluded that the criterion described above is a good predictor of

channel unification. É{owever, it is to be noted that not all the channels which followed the above

condition did join together. This means that in some cases, the amount by which the channels eroded

their banks were less than the amount expected according to the prediction. This discrepancy is, of

course' e4pected because of the statistical nature of the equilibrium relation and also because of local

conditions that have not been considered. On the whole, however, the abüity of this method to predict

char"'el joining is useful.

A more exact method requires a quantitative prediction of the amou¡rt of bank erosion. This

will be discussed in the next chapter.

5.5.3 Channel Splitting Channsl splitting is also imporranr in the study of bank movement since

it may cause severe erosion of the outer banklines. AJso, a radical change in one of the channels may

upset the eqrriliþ¡ir¡t of the outer channsl5.

One hundred and seven channel splitting events were studied for the Brahmaputra river in an

attempt to determine parameters that can be used to predict whether or not splitting will occur.

Consideration of geometric properties in an attempt to estimate the potential of a channel to divide into

two did not produce satisfactory results. As described in the previous chapter, the study of the stable

bifurcation in an attempt to select a criterion for a th¡eshold value beyond which the char,r,el would

bifurcate, was not able to identify any such criterion.

To investigate whether the deviation from the eqniliþ¡ium width causes char,r,els to split, these

107 channels that did split in the following year were studied fu¡ther. For these channels. a deviation

ratio was defined as:
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(s.33)

where,

AW, Ls the deviation ratio,

I4/, is the equilibrium width of the channel predicted by Eqn. (5.17), and

W is the existing width of the channel.

This deviation ratio can be viewed to be analogous to the stress ratio (lateral to axial) which influences

the crackline propagation and splitting in brittle materials as observed in solid m€chaniç5 (see Hori &

Nemat-Nasser, 1986). It was not possible to fllnd any threshold value of the relative deviation ratio

beyond which the channels would divide. Sevenry one of these ihannels (66Vo) that bifurcated followed

the condition of shallowing-widening and the values were scattered all over. The bar graph in Fig. 5.8

shows the result of this analysis. Note that the groups in the figure are shown with the mid-point of the

interval lt should be noted that a substa¡1i¿l ¡rrmþs¡ of channels (34Vo) that bifurcated were not in the

process of shallowing and widening. Perhaps, the local conditions that have not been taken into account

had a stronger influence on these channsl5. Fifry nvo percent of the channsls that did split in the

following year had the deviation ratio greater than 0.2. It is to be noted that not all the channsl5 ¡þ¿¡

had the deviation ratio greater than 0.2 did divide in the following year. The analysis was repeated by

redefining the deviation ratio as the ratio of the deviation from the equilibrium width to the existing

width (instead of equüibrium width as ia Eqn. 5.33). Similar results were found with no definite

threshold value of the ratio.

The width to depth ratio of these 107 chan¡els were analyzed to find a threshold vaiue of the

ratio beyond which a channel would bifurcate. The result is shown in Fig. 5.9 as a bar graph. AIso

plotted on this graph are the results of 266 channels that did not bifurcate in the following year. Since

the total number of channels in these two categories are different, the frequencies a¡e expressed as

percentages. This would allow a comparison of distribution befween these fwo.

= 
(w,-v)

w"
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About SlVo of. the channels that bifurcated in the following year had a width to depth ratio

between 100 to 800, the majority being in the range of 300 to 600 (about52Vo). None of the channels

that bifurcated was found to have a width-depth ratio less than 100. However, it cannot be said that if

a channsl has a width to depth ratio greater than 100, it witl split in the following year. This is because

there are a large number of channels in this range that did not divide in the following year.

Figure 5.9 also shows that the width to depth ratios of the majority of the branch channsl5 ¡¡¿¡

did not bifurcate in the followingyear are lower than those of the bifurcated channels. The distributions

of these fwo groups of measured cha"''els are given in Fig. 5.10 in which the probability of having a

width-depth ratio of certain magnitude or less of the bifurcated and the non-bifurcated channels are

plotted separately. These probabilities.of observing a channel with a width-depth ratio of less tla¡ or

equal to certain magnitude were computed by using Hazenplotting position formula for each of the two

groups (bifurcated and non-bifr¡¡cated). This figure also shows that the channels that were observed to

bifurcate in the followingyear generally had higher width to depth ratio.

The observed bra¡ch chan"els of the two groups were combined together to determine the

probability of bifurcation of a chan"el. The probability of biftucation is defined as:

p(B)=W (s.34)

where,

P(B) = probability of bifu¡cation of a branch channel with a width-depth ratio grearer thanX,

n(x>X) = the number of bifurcated branch channsl5 that were observed to have width-depth

ratio greater than X,

x = width-depth ratio,

X = the width-depth ratio of the branch channsl for which the probabiliry of bifurcation is to

be determined, and

N(X) = the total number of observed sþannst with width-depth ratio greater than X.
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Note that N(X) contains both the bifurcated and the non-bifurcated chan¡els. For this analysis, N(X)

was 373.

The computed probabüity of bifurcation is plotted in Fig. 5.11. The leasr square fitted line is

also shown in this figure. The figure shows that branch channels with higher width-depth ratio have

higher probabüity of dividing i¡to two (or more). ¡16¡ s¡ample, a channel with a width to depth ratio

of 350 or more has about 40Vo chance of dividing, whereas a channel with a width-depth ratio of 950

or more has about 70Vo chance of dividing in the followin g year. A higher value of width to depth ratio

implies a wider and shallower ch¡nnel. It seems plausible that such a wider and na¡rower cha""el will

have a higher probability of bifurcating as indicated by the plot. The increase in probabüity of

bifurcation with the increase in width to depth ratio is demonstrated by the positive slope of the line in

Fig. 5.11.

It should be pointed out that the data plotted in Fig. 5.LL contains the branches that were either

undivided or were divided into only two channels in the followingyear. Channels that were divided into

more than two were not included in the figure. Identifuing the parent sþannel in such a situation became

too cumbersome, and was not done in this analysis. Note that all of the channels were manually checked

to determine whether they remain undivided or not.

The width to depth ratios of the branch sþannsfu were plotted against the width of the branch

channels in Fig. 5.12. Channsls that were observed to bifurcate in the following year are shown by'+'

and the undivided cha¡¡els are shown by vertical lines. A closer look at the plot reveals that the majority

of the bifurcated channels a¡e located in the upper left half, while the majority of the undivided channels

a¡e in the lower half. There exists a zole in the middle of the plot where channels of both groups are

located. This suggests a possible threshold band above which channels are bifurcated.

An arbitrary line is drawn on the plot in Fig.5.I2 above which the points correspond to the

channsl5 that were bifurcated in the followingyear. This line can be described as:
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(5.3Ð

where,

W = the width of the cha¡nel in metres, and

d = the depth of the channel in metres.

For a given channel, if the width to depth ratio plots above the line, it is likely that the channel will

divide in the following year. In other words, if the computed width-depth ratio from Eqn. (5.35) is less

than the observed width-depth ratio, the channel will split into nvo. The reverse, however, is not true-

If the computed ratio is higher tha¡ the observed (i.e., the observed point plots below the line), the

channel may or may not split. It is therefore required to draw a simila¡ line of demarkation between the

transition zone and the zone in which all the channels continue to remain undivided.

A second arbitrary demarkation line is d¡awn on Fig 5.I2. Channels below this line were

observed to remain undivided in the following yeal. This line is expressed as:

(i)= 1#t .(I).'*

(g =(L\' *(!\ * zæ
ld ) \2so) \30)

(5.36)

in which the variables a¡e as described before. As before, channels that plot above this line nay or may

sef ¡s6ain undivided. Although fwo lines of demarkation could be drawn on Fig. 5.12, a definite

threshold value could not be found.

One source of error is that, in this study, the formation of a new by-pass channel, as has been

reported to occur in the Brahmaputra river (e.g., BWDB, 1978b; Galay, 1980), has been considered to

be the product of splitting of the nearby channel. The formation of a new channel may have been due

to an entirely different process other than the shallowing-widening process. This could also happen due

to some existing local condition' whatever changes occur in a branch channs[ of a braided river may

not only depend on the conditions prevailing at the branch but also on the other branches of the section.

In that regard, splitting may not be completely explained by the conditions of the branch channel alone.
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From the above analyses, it was not possible to establish a criterion which is able to completely

preserve the splitting cha¡acteristics of the branch channels of a section of the Brahmaputra river'

However, a fair degree of success was achieved i¡ oþ¡¡ining a width-depth th¡eshold criterion to partly

describe splitting. A more detailed study considering other local characteristics of sections is needed to

identiS a splitting criterion.

5.5.3 Bank Movement and Width - Depth Relationship Bec¿use the total section must

transport total water discharge and total sediment load, there will be an interrelationship between the

changes in the branch chennels. In this study, an attempt was made ¡s ulilizs the quantitative prediction

capability of Eqn. (5.1-7) to find a simple relationship between the movement of the outer banklines of

the Brahmaputra river and other va¡iables as discussed in Appendíx-L Results showed that the

behaviours of different reaches were different'

5.6 Summary

The width and depth relatiouship of the Brahmaputra river is discussed in this chapter' It was found that

the relationship for a single channel river cannot adequately describe the conditions of a braided river'

A new formulation of width and depth relationship of the branch sþannsl5 of a braided river is

proposed. More variables are needed for such relationships of a braided river. Use of this relationship

for explaining bank movement was partially successful. A threshold band for width-depth ratio was found

corresponding to which ¿ çþannel would split. However, the transition zone that was found to exist is

too wide and the channels within the zone could not be identified to possess (or not to possess) splitting

characteristics.



Chapter Six

DEVEL0PMENT OF'A QUW
PROBABIT-ISTIC BAI{K MO\IEMENT MODET-.

6.1 Introduction

Qualitative models have beeu developed in Chapter Five to predict (a) the direction of change in

channel width, and (b) the likelihood of splitting and joining. Bank movement v/as shown to be erratic

and affected by changes in planform geometry. The process does not lend itself to deterministic analysis.

The purpose of the resea¡ch, described in this chapter, is the development of a probabilistic

ba¡k movement model that is aimed at quantifiing the risk of a given local bank movement for a given

year, based on the i¡formation available at the beginning of that year. Given the configuration in a

particuiar year, the most likely bank movement for the following year will be determined.

In general, the width-depth relarionships of the branch channels differ from the equilibrium

conditions. It is assumed that the changes of the individual channels will tend to restore equilibrium. It

is further assumed that splitting and joining of channels, as well as other changes in water and sediment

distribution impose a noise on this process, that will change the equilibrium and force new adjustments.

It is realized that one would like to have a much longer lead time than one year in order to

cope effectively with the risk of major movements. This may be possible in the future when more and

more reliable information is available and when a better understanding of the morphology of braiding

is obtained. It is hoped, however, that the research presented here will make a contribution to this goal.

6.2 Model Design

The basic approach to the development of a probabilistic model is as follows. It is assumed that the

existing branch cha¡nels will tend to change their cross-sectional dimensions towards equilibrilm

conditions that are compatible with the distribution of water flow and sediment discharge over these

channels. It is further assumed that the equilibrium conditions for each channel are defined by the
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relationships that were developed in the previous chapter. It is finally assumed that the distribution of

water and sediment over the channel5 is subject to continual change due to changes in discharge and

because of the splitting and joining of branch channsl5. In other words, while there is a continui-ng

movement towa¡ds equilibrium conditions there are also random events that will disturb the process.

The enti¡e chan"el forming process is thus seen as a trend towards equilibrium on which a large random

noise is superimposed. A more sophisticated model could be constructed if one could also identi$ and

quatrtify trends in the re-distribution of water and sediment flow, that cause channels to move away from

equilibrium conditions. This did not appear possible at this time.

The aim is then to produce a computer based model that takes as input the channel geometry

at the beginning of a given year for all 33 available sections and produces as output the bank movement

at the outer banks of each section during that year.

It was shown in the previous chapter that a comparison befween actual branch channel

dimensions and equilibrium di-ensions could be used to predict the di¡ection of the changes but not

their magnitude. The reason is that any changes in the cross-sectional dimensions must satisff the

continuiry constraints of water and sediment flow. This means that the changes in branch channel

dimensions are interdependent. There are, however, many ways in which these constraints can be met.

This leads to two areas in which the micro relations of fluid mechanics must be augmented with

macro relationships that determi¡e the probable outcome of the change. The first area of uncertainty

is the determination of the branch channel dimensions that correspond to a changed but fixed flow

distribution. While the friction slope can be assumed constant in the short term, a branch channel can

adjust both width and depth in a multitude of ways to satisfy the discharge equation for the given or

implied channel roughness. One needs therefore an additional equation to solve for both width and

average depth. This problem, which also a¡ises in the design of stable canals in erodible material, has

been addressed by several researchers, who have proposed different variational principles, such as

minimum stream power, maxinum friction, minim 'm energy dissipation, or maximum sediment

transport as additional relationship.
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The second area of uncertainty is that there are numerous ways in which the flow distribution

itself in a set of branch channsls can change in response to out-of-equilibrium conditions for some or

ail of the channels. fþs ma;Kimrm entropy principle was employed to determine the most probable

revised flow distribution. This principle was selected because it provides ¡þs 6¿çi¡¡'m variabiliry that

is consistent with the known const¡'aints. With these rwo basic assumptions the model desip may be

outlined as follows.

62.1 Model Outline For a given cha".'el configuration, the distribution of water and sediment over

the branch channels is flrst calculated.

Next, the equilibrium width and depth are determined using Eqn. (5.17) given as:,

¿, = KW!¿!' (s.1Ð

This can be re-written as:

W,= KF:'A:'
( \n,( \tît'

= K,l A l'l A 
I'lw,) lAr)

*:t *t' = KrAØt*ntlo-mt

where, K11 n7 and m1 are constants. Thus, for a given Av the equilibrinm width and depth can be

determined when the assumptiou is made that the cross-sectional a¡ea.4 do not change in the first

instance.

Changing the existing width and depth to the equilibrium width and depth, however, causes a

change in branch channel discharge. The sum of these changes must be equal to zero. This imposes a

constraint on the amount of change in the di¡ection of equilibrium that can actually occur. As a result,

the actual change in discharge in each cha""el is only a proportion, )¡ of the change required to reach

squiliþ¡irm conditions.
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Evidently, the constraint imposed by the constant discharge can be met in an infinite number

of ways, each involving a different set of L¡. Given the available i¡formation about the process, the most

probable set of values can be determined using the maximum entropy principle with the given constraint

of constant discharge.

Once the probable changes in branch channel discharge a¡e known the new dimensions of each

channel a¡e re-calculated using an appropriate extremum principle. fþs ¡¡¿çi¡¡rrm sediment transport

criterion was chosen for this purpose.

Following the calculation of changes in channel width, the bank movement is estimated. The

total change in width is divided over the two banks ir proportion to the relative distance between the

bank and the centroid of the cross-section. This procedure is followed for all sections and all years for

which i¡formation is available. The calculated and observed bank line movements are then compared

for the river as a whole as well as for the six different reaches.

In order to construct tle model, a number of preliminary calculations must be made as

described in the following sections. Seclion 6.3 describes the determination of the formative discharge

and the corresponding water levels. In SecLion 6.4 the sediment discharge is related to the flow of water

and appropriate sedime¡1 ¡¡ensport formulas a¡e discussed. The uext section describes the fluid

resistance formulas used. Then follows a section on the selection of the va¡iational principle used to

relate width and depth in alluvial channsls with known discharge. The next section describes the use of

the principle of maximu- entropy to determine probable changes in chennel discharge as a result of

deviations from equilibrium condi[ions. The final section gives a brief description of the effect of the

expected changes on branch channel width and the expected outer bank movement. The actual

construction of the model and its apolication a¡e discussed in Chapter Seven.

6.3 Formative Discharge

The development of the proposed model assumes a known and constant formative discharge. For this

purpose the bankfull discharge was adopted. Chapter Two discusses the reasons for this choice.
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There is only one station where the discharge is measured regularly. This is the station of

Bahadurabad (section J-13A see Fig. 4.1 for location). At rhis location the bankfull discharge was

determined and found to be 40,000 m3/sec.

To determine the corresponding water levels at other cross-sections a distinction had to be

made between the sections where water levels are measured daily and cross-sections where this is not

the case. For the sections where daily water levels are available the levels for 40,000 -37sec was taken

to be the level at the time the 40,000 -3/s"" discharge occu¡red at Bahadurabad' The water levels at

the other sections were determined by means of a routing procedure' It was considered unnecessary to

take the travel time of the flood wave into account since for bankfull stage the travel time between

Bahadurabad and any other cross-section used in the analysis is less than one day'

6.4 Sediment Transport Formula

A large number of sediment transport formulas exist and the transport rates obtained from them varies

widely. It has been said that their estimates are between hatf and double the correct value' Recent

formulas, however, give better results than the older ones because they have used a large number of

observations to evaluate the parameters. Considering this and taking also into account the complexity

of some of the newer formulas, the Ackers & white (Lg73) sediment transport formula was chosen'

This formula calculates the sediment concentration in the flow. The sediment trânsport is

described by three dimensionless parameters; the particle mobilityFo the dimensionless parameter size

Dn andthe sediment transport Go. Fine sediments are assumed to be suspended by turbulence and

¡¡ansported by the main body of water. As the intensity of tu¡bulence is dependent on the total energy

degradation, for f,rne sediments the particle mobüity is expressed as a function of the total shear stress'

The coarse sediment transport is considered to be travelling mainly as bed load and quantities were

found to be a function of the grain shear stresses and would depend on whether or not the bed of the

channel was plain. The particle mobility, in case of coarse sediment, is expressed in terms of net grain
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resistance. The fine and coarse material a¡e defined in terms of dimensionless particle srze Dn Elven

by:

(6.1)

where,

g = acceleration due to gravity,

D = representative grain size = D35 for large rivers,

s = specific weight of sediment, and

v = kinematic viscosity of fluid at given temperature.

Based on extensive analysis of flume data, sediments with Dg > 60 are classilied as coarse, and those

withDgr < l.0as fine.For 1.0=Dn=60,the particularsizecanbehaveasbothhneandcoarse.

The partide mobilityþ sediment transport GO and, sediment concentrationX a¡e given by:

(6.2)

(6.3)

,_=rl#l:

o,. = ,l+ -,f"

v - GrsD

lv\N,l;) (6.4)

where,

v, = sbear velocity = ¡gDS)o's,

d = mean depth of flow,

S = slope,

V = mean velocity of flow,
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c = coefficient in rough turb¡lent equation - .10,

N = transition exponent defined as:

N = 1.00 -0.s6 tog(D)
= 0.IO for Dr,>60 (6.s)

(6.7)

c = a coefficient defined as:

M = an exponent defined as:

bs(c) = 2.86 Ing(D) -(tosD;z -s.s3

A=o'23 +0.14

t4
= 0.17 for Ds, > û

M = 9'66 *1.34
Dn

c = 0.025 for Dr,>60
(6.6)

= initial motion pzìrams¡s. i.e., the value of Ç at the th¡eshold of movement, and is defined

as:

(6.8)
= 1.50 for Dn > 6O

,Y = conceutration of sediment in water by mass.

For coarse sediments, the value of the transition exponent N is zero, while for fine sediments, N = 1.

The value of N for transitional sizes of sediment may vary between 0 and i. depending on the value of

Ds.

This transport equation has been tested for a wide variety of laboratory and field data. These

include the data available in the literature, field data from small sand rivers, field data from very large

sand rivers, and field data from major estuaries. The relations were found to perform well in all cases.

They also noted that this transport equation when applied to a large river i¡ paraguay works better for

total traasport of bed sediment if Dr5 instead of. D 5ois taken to be the representative sediment size. This

observation is supported by previous researchers' observations (see Ackers & White, 1973).
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The performance of the Ackers & White (1973) sediment transporr equarions was tested in this

study for the Brahmaputra river by comparing the results with the available sediment discharge

measurements. The agreement was found to be satisfactory and better than for other transport functions.

Einstein's transport formula, for example, was found to be way off compared to the measu¡ement data.

RPT et al' (1988) reached a simila¡ conclusion when comparing the performance of the Ackers & White

equations with other transport formulas for the Brahmaputra river. The validiry of the relations in other

situations has been tested and confi¡med by many i-nvestigators (e.g., Bettess, L984; Paris, 1984; White,

Paris & Bettess, 1980; White, Bettess & Shiqiang, L987).

6.5 Frictional Characteristics

The resistance to flow in an alluvial channel depends on the bedform and the particular regime the river

is in. White, Paris & Bettess (1980) developed relations that describe the resistance in alluvial rivers.

This method uses the sâme basic parameters as Ackers & White (1973). The particle mobiliry is defined

in such a way that only the relevant shea¡ forces a¡e used. That is, total shear is used for fine sediments,

grain shear is used for the coarse sediment, and an intermediate value depending on the dimensionless

grain size is used for the transitional serlimss¡ sizes. White er at. (1980) found that there is a linea¡

relationship between the mobilities related to the total shear stress, F¡r, and the mobility related to the

effective shear stress, Frr. This relationship is given as:

Fn-A 
=r.o -o.zalrc- I.o 

IF¡r-A l, "*(øtDnl'l
(6.e)

where,

FÍ, = ,/ñ-tl
V

and other variables are as described in the preceding section on sediment transport.

(6.10)
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This method has been compared with the traditional methods such as Einstein & Ba¡barossa

(1952), Engelund (L966) and Raudkivi (1967). The agreement was found to be sarisfactory for sedimenr

sizes in the range of 0.04 mm to 68 mm (White et al., 19g0).

The frictional relationship of White et at. (1980) given by Eqn. (6.9) is applicable ro dara for

which the Froude ¡rrmþs¡ is less than 0.8. This corresponds to the lower flow regime for which the

bedforms are predominantly dunes, ripples or flat beds with qo sediment movement.

White, Bettess & Shiqiang (1987) noted that for the available data two distincr relationship

exists, one for ripple and dune beds (lower reg:rms) and another for transition, anti-dunes and chute and

pool beds (upper regime). The relationship expressed by Eqn. (6.9) is for the ripple and dune beds,

while for the upper flow regime the relationship can be written as:

(Fn-A) +0.02@n-¿)¿

F¡r-A = 1'07 -o'lSlogtoDn (6.11)

in which the variables are as described before.

The use of n¡i¡o separate relationships for the two regimes of flow poses two problems, namely

(a) determining the proper regime to use iu a given situation, and (b) ds¡srmining the tra¡sition from

one regime to another. It is reasonable to assrrme that the distinction between the two regimes ca¡ be

based on a criterion which is related to those used to speci$ the occurrence of different bed forms.

White et d. (1987) fouud the criterion for distinguishing upper and lower regimes to be dependent on

¡þsi¡ ¡s¡-dimensionaiized nni¡ 5¡¡s¡¡ power, U¿ def,rned as:

Ue=
(gu)ßDn

(6.r2)

in which the va¡iables are as described before. This criterion was a¡rived at by following Simons &

Richardson's (1963) distinction of different bed forms from the values of streâm power and median fall

dirmeter.

VS
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By plotting U¿ against D o for a range of readily available data from rhe literature, White et al.

(1987) found that for values of (/¿ less than 0.00035 plane bed occurs; between 0.00035 and 0.0j.j. ripples

occur if Dr" is less than L5, otlerwise dunes occur; between 0.011 to 0.02 transition region exists; greater

than 0'02 flat bed and anti-dunes occur. It was concluded that the lower regime curves are appropriate

1L U¿is less than 0.0Ll', and the upper regime curves are appropriate tf. U¿is greater than 0.01j..

White et al. (1987) also suggested the existence of a hysteresis effect. This means that if the flow

is in lower regime, it will continue to be in the lower regime until the value of U6 rises to 0.0LL when

the flow will chaage into the upper regime. on the other hand, a flow in the upper regime will remai'

in the upper regime until the value of UE falls to 0.011when it will change into the lower regime. The

i¡formation about the nature of the flow or its past history should be used to determine the reeime

conditions if they are available. If not, the criteriou for the lower regime is:

[UrJt *turJu <0.022

and the criterion for the upper regime is:

[u"]L *[u"Ju>0.022

where,

(6.13)

(6.14)

tUEl- is the value of U¿ obtained by using the relationship for the lower flow regime (i.e., Equ.

6.9), and

IUEJ'is the vaiue of U, obtained by using the relationship for the upper flow regime (i.e., Eqn.

6.11).

6.6 Variational Frinciple

As explained in the introduction to this chapter an extra equation is needed to solve for the width and

the average depth when the flow is given. A va¡iational principle in some form is usually employed to

obtain the exüa relationship. This is justified with the argument that in a dynamic situarion changes in

cross'sectional shape are related to changes in specified fuuctions such as stream power, e\ergy
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dissipation, friction or sediment fansport. If such a relationship shows an extremum for the given

constraints then continuing changes in, say, width/depth ratio would câuse a reversal in the function.

If the chânge in cross-section is indeed related to the chaages in, say, sediment tra¡sport then one would

look for equiliþ¡irrm conditions that cause the sediment trânsport to reach an extremum.

A summary of the different variational principles is given a¡d discussed in Chapter Two. The

va¡iational principle used in this research is the principle of maximnm sediment transport.

6.7 Principle of Maximum Entropy

To demonstrate the use of principle of maximum entropy let us consider a given cross-section of the

river with n branch cha¡nels. The flow is ass 'med to be the ba¡kfutl flow, which was computed to be

40,000 -3/sec. It is also assumed that the slope of tle energy line is practicaily the sa-e for all branch

channels in the cross-section.

The first task is then to determine the prevailing discharge in each of the branch channsl5 f6¡

bankfull conditions. Since the properlies of the sedi¡nent and the cross-seclional dimensions of the

channel5 are known, the flow in each branch channsl can be determined by iteration, using the Ackers

& White (L973) transport function and the frictional relarionship proposed by White er al. (19g7).

One can then write:

'ËQ, 
= Qo

i=I

ia

fQs, = qs

where,

Q¡ is the water discharge in Ëth branch at bankfull stage,

O5¡ is the sediment discharge in i-th branch at bankfull stage,

O¿ is the total discharge at the cross-secúon at ba¡-kfuil stage, and

(6.15)

(6.16)
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n is the n['nber of branches at the cross-section at bankfull stage.

The observed channel cross-sections will not all be in equilibrium as fa¡ as the width/depth

relationships are concerned. Some will be too wide and will have a tendency to narrow, while others may

follow the opposite trend.

The relationships developed in Chapter Five can be used to determine for each of the branch

channels the equilibrium width and depth for bankft¡tl conditions. These can then be used to repeat the

calculation of the discharge in each channsl. The result is a new set of equilibrium chan.,el discharges

Q"t

If this set of "equilibrium discharges" would add up to the bankfull discharge then one could

simply assume that each channel would take on the calculated equilibrium dimensions. This, however,

is normally not the case. Consequeutly, the set of "equilibrirrm discharges', will not be attained either.

The basic assumption is now made that the changes in branch channel discharge from the

calculated values O¿ that may occur are proportional to the difference between Q¡ ^d O"¡. These

changes must evidently add up to zero so that the total discharge wül remain equal to the bankfull

discharge of 40,000 
^3¡te".It 

is to be expected that the coeffrcients of proportionaliry tend to be as

close to unity as the other conditions will allow. In other words, any change that will move a coefficient

closer to urilty will occur and no coefficient will be in excess of unity.

It can easily be verified that for two branch chan¡els the constraints uniquely determine the new

flow distribution. For three or more branch channsþ, however, the problem is indeterminate and one

may expect that the flow distribution that will be obtained is affected by factors about which we have

no knowledge.

This is a typical problem in which the maximum entropy principle provides the most probable

solution that is compatible with the given constraints and that does not require or imply any other

¿55¡rmption. It was therefore decided to use this principle. It should be emphasized, however, that the

maximum entropy principle only provides a probability assessment for a specified random mechanism

with given const¡aints. It can be shown (Jaynes, 1979) rhat the expectation of the frequency with which
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a particular solution will be observed coincides with the solution indicated by the maximum entropy

principle. Some deviation between the expected and the subsequently observed bank movements due

to chance must thus be anticipated. of cou¡se, if the deviations are large then they will cast doubt on

the correctness of the þ¿5is ss¡5ûnin¡ ¿55r'mptions.

6.7.1 Derivation of the Entropy Measure For each branch channel i of a cross-section wirh

n branches, the discharge under existing condition (Q) úd the discharge uuder predicted equilibrium

condition (Qr) have been calculated. The problem is to find out the changes in discharge i¡ each branch

channel so that the movement of the banks can be estimated.

The deviation ofeach branch channsl discharge from the equilibrium discharge can be written

AS:

AQ¡ = tQe,-QJ, 6.r7)

where,

AQ¡ is the deviation of discharge i¡ branch channel ¡,

O"¡ is the discharge in the branch channel i corresponriing to the equilibrium dimeusions as

computed from the width-depth relation, ard

p; is the existing discharge in the branch channst ¡.

The quantity AQ¡ canbe positive or negative depending on whether the discharge under the equilibrium

condition is greater or less than the existing discharge. In fact, in almost all cases some are oositive and

some ate negative in a cross-section.

The summation of the deviations in the individual branch channsl5 is given by:

Q"r = Ð¿Qt¡-,

This total deviation cannot occur because the total discharge over the section must remåin the same.

In other words, each of the values dQ must be adjusted so that the s'mmation of the adjusted

deviations becomes zero.
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The problem here is wo-fold. First, the change in discharge in branch channel i should depend

on the value of. AQ,because it is assumed that the channel will tend to reach the equüibrirrm dimensions.

There will be no need for any adjustment if the deviations are zero i.e., the existing and the eqrriliþri¡rm

di-ensions are the same. Secondly, the summation of all the equilibrium discharges over the cross-

section is usually not equai to the total discharge, i.e., the total deviations over a cross-section is usually

not equal to zero.

Let the correction of each branch channel discharge be written as:

x¡ AQ¡ (6.18)

where, x¡ are the positive coefficients of proportionaüry which can take any value between 0 and 1.

The first constraint then becomes:

l4

|x,aQ, = o
i =.t

(6.le)

For the coefficients of proportionality one may expect that they will not be less than zero, which

would mean a movement further away from eqniliþ¡ium a¡d that they will tend to be close to unity. One

can therefore write:

¡ãr

fx,sn
i=1

(6.20) can be re-w¡itten as:

n

f l,aPt = o
i=I

(6.20)

Substituting x. = n)i> Eqn. (6.19) and

and
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b+=t

The problem reduces to the redistribution of the excess discharge ofwhich each branch carries

a proportion. What would be the values of these proportions are not known. The system has the

freedom of choosing any value of discharge for any branch. In this situation, the most likely solution is

obtained by maximizing an entropy function subject to the constrâints imposed by the system (see

Section 2.9 in Chapter Two).

The choice of an entropy function should follow the necessary and desirable axioms of a system

in general and a goal-oriented system in particular. These are provided n Appendix'K. Fron a frst

glance at the constrai'''ts, it may be argued that a Rényi (1960) rype function of possibly incomplete

distribution would be suitable as an entropy function' The following argrrmsn¡' however' shows that

Shannon's ma¡rimum entropy function can be used.

The process of redistribution of the excess âmount of discharge is controlled by the adjustment

allowed by the system over all the branch cha¡nels. As far as the system is concerned, the process of

redistribution is complete for the moment, since the equilibrium discharges in branch sþannsls are

predicted âmounts and are not the zmount dictated by the system. If we consider a hypothetical branch

which will transport the difference befween the total adjustment and AQrr, then we are left with a

proportionality coefficient, l¡, for the hypothetical channel which would be equal to (1-Ð1¿). Thus,

consideration of a hypothetical branch would allow tle summation of the coefficients of proportionalify

to add up to unify. However, the portion of adjustments in the hypothetical channel depends completely

on the adjustments in discharge of the branch channels. In other words, this hypothetical channel is an

addition with no freedom to the system. Addition of an option with no freedom does not change the

entropy of the system. This can equivalently be viewed as a goal-oriented system of Belis & Gisau (1968)

where the utilities of the branch channels are equal and. non-zero, and the utility of the hypothetical

sþ¡nnel iszero. This is so because the system goal is to distribute the discharge among the branch
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channels having no interest at all to what happens to the difference befween the predicted total

equilibrinm discharge (predicted by the researcher) and the total discharge (followed by the system).

Thus, the coefficient for the hypothetical cha''"el should not be included in the maximization process,

since the system is not free to choose this coefficient (see Appendk-IQ. The fact that the sum of the

proportions is less than or equal to unity merely suggest the upper bound of the sunmation, and nof

the incompleteness of the process. Indeed, in a study of customer's brand (of commodities) switchi"g

problem, Kumar (1983) suggested that the balance of the probability, if they do not add up to unity, be

assig¡ed to a hypothetical brand for which data are not available.

The dimensions that the branches are most likely to assume would then be considered to follow

the maximum entropy function as proposed by Shanns¡ (1948) provided that the maximization process

only include the coefficients of the branch cha¡mels. The problem, thus, is reduced to a maximization

problem as given in the following set of equations:

a4
Max f -t, tn¡t¡

ia
s.r. fl, s t

i=I

¡4

f4aq,=o
i=l

l,>0

(6.27)

(6.22)

(6.23)

(6.24)

By observing the analory of the classical optimization problem, we can form the Lagrangian as:

<þ(1, tt)
iq ia fi+ I

= f -t,In(l) - r, f t,¡de,l - prl Ð t, - tl
i=r i=r L i=J I

The necessary conditions for a relative maximum are:

(6.2s)



l,>0

êø ro
dL,

^,1#l1 
= o

lo^')

t¡ro

dø <o
dtt¡

u,l9l = o'ldq¡)
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(6.26)

6.n)

(6.28)

(6.2e)

(6.30)

(6.31)

In the above equations,

i = branch channel number = 7, 2,.'..., n, and

j = sgnsf¡aint nUmber = 1, 2.

For a cross section with more than two chan"els, anal¡ical solution becomes too cumbersome

(see Appendix-L for a solution of a ttr¡ee cha¡''el section), and a numerical optimization approach is

adopted. This will be discussed in the next chapter'

6.8 Effect of Changes in Planform Geometry

The methodology established thus far aims at establishing equilibrium conditions for a channel system

with a given planform geometry. It does not address the question of changes in the planform geometry

itself. Such changes occur because channels may disappear, split or merge with others.

It is evident that these changes represents discontinuities in the process of cross-sectional

change. In the development of the ba¡k movement model the changes are therefore treated as a random

noise.
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This limitaúon is less serious than it would seem because the interest is not in the behaviour

of each individual branch channel but in the annual erosion and sedimentation along the outer banks

which is governed by the bank movement of the outer brarch channels in a single year.

This leaves the problem then of how to relate the outer bank movement to the changes in the

width of the outer channels. To solve this problem the assumption was made that the displacement of

each bank of a branch channel is inversely proportional to the distance of that bank to the centre of

gravity of the cross-section.



Chapten Seven

APPLtrCATION OF TTTF' PROPOSED MODET,

7.1 Introduction

The probabilistic model described in the previous chapter aim5 ¿¡ predicting the bank movements of tle

S¡ahm¿p¡¡a river a year in advance. This chapter gives a detailed description of the data used and a

step by step explanation of the procedure that was followed. Each major part of the process is explained

with the aid of a flow diagram that highlights the computational procedure. This is followed by a

detailed description of the procedure. The results are discussed in Chapter Eight.

7.2 Data Base

7.2.1 Source The input data base for the application of the model to the Brahmaputra river consists

of:

1. Complete cross-sections of the river at 33 stations, approximately equally spaced along the river in

Bangladesh. These records are available f.or 1976,1977,1978, L979, 1980,1-981, L983, 1985 and 1986.

2. The location of the cross-sections on a topographical map (see Fig. 4.1).

3. Daily water level and discharge measurements at one station (Bahadurabad). These records are

available from 1965.

a. Daily water levels at Chilmari, BahødurabaQ lognaichar, Jagannathganj, Sirajganj, Porabari, Mathura

and Teota.

5. Results of sediment 5a-ple analysis reported by Petrobangla (1983) at various locations along the

river.

6. Sediment transport measurements at Bahødurabad and Nagarbari. These records are not continuous

and are available only for a few occasions.

7. Satellite imageries of the river for the year 1973, 1976, L977, 1978,1979,1980, 1981, 1983 and L985.
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7.2,2 processed Input Data The available information described above were processed to form

the input dara for rhe model. These include (a) the total bankfull discharge of the river, (b) the

geomeûical properties of the branch channels at the measurement stations for the water level

corresponding to the bankfull discharge, and (c) the sediment properties' These are discussed in the

following.

(a) The Bankfull Discharee

The previously mentioned bankfull discharge of 40,000 .3/set was determined from an analysis of the

cross-sectional properties atthe Bahødurabad station, the only station for which daily flow records a¡e

available. of the avaüable procedures discussed in chapter Two, two procedures were selected' They

are (1) the determi¡ation of the water elevation for which the width-depth ratio reaches a minimum,

and (2) the determination of the water elevalion for which the area-top width relation shows a

significant change. The obtained ba¡kñ¡il discharge and corresponding bankfull level from both of these

procedures were found to be in substantial agreement'

The bankfull water discharge at Bahadurøbadhas been taken to be constant throughout the

study reach. The water levels at other cross-sections corresponding to this discharge are either

interpolated from the recorded values or computed tbrough routing depending on whether or not the

water levels are recorded at the section. The bankfi¡il discharge computed in this study was compared

with the bankfull discharge of the Brahmaputra river determined by RPT et al. (1-986), and was found

to be very close.

(b) The Geometric Properties of the Branch Channels

The geometrical properties of the branch channels required in the analysis are the number of channels

in the cross-section, the position of the left and right bank, the location of the centroid, the average

depth, the maximum depth, the location of maximum depth, the width of each channel; and the width-

depth relationship of the section developed in Chapter Five'
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The geometric properties of the cross-sections were calculated from the observed records of

Bangladesh Water Development Boa¡d. These records, which a¡e available as maps, were digitized and

the information was stored as coordinates from a horizontal reference on the ground and a vertical

datum. The monument established at each station of measurement constructed by the Bangladesh Water

Development Boa¡d was taken as the horizontal reference. The datum Zero established by the Public

Works Department (referred to as 0 PWD) was taken as the vertical reference. Note that the water

levels a¡e also provided with respect to this vertical reference. A computer program was developed to

compute all cross-sectional properties corresponding to the bankfull water elevation using these

coordinate values. A discussion of this computing procedure is provided in Chapter Four (Section 4'3)'

It should be mentioned that in the routing procedure, for each trial water elevation, all the

sectional properties were computed from the coordinate values for each branch sþannel separately

instead of using any relationship between the water level and the properties such as area' hydraulic

radius etc. derived for the section as a whole (as was done in some previous documents). This was

necessary because of the changes in cross-sec[ion that occur in each year of record as a resu]t of changes

in planform geometry.

(c) Sediment Grain Size

The sediment properties were taken from the sediment sample analysis reported by Petrobangla (1983)'

The grain size distributions at va¡ious locations along the river were also given in that report. The grain

size distribution along the river is almost the same and an average value was taken. As suggested by

Ackers & White (Lg73) transporr formula, the value of D35 is the representative grain size for a large

river. The averâge value of D35 was taken to be 0.15 mm. The specific weight of sediment and the

average water temperatufe was also taken from the Petroba¡gla report.
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7.3 Computational Procedure

A computer program was developed to describe the probabilistic model of Chapter Six. It solves the

system of equations to estimate the yearly bank movement of the Brahmaputra river in Bangladesh.

With the data described in the previous sec[ion of one year as input, the program produces the predicted

bank movemest of the following year as output.

The computations can be grouped i¡¡s ¿ ¡umber of primary steps. These are: (I) computations

of parameters used in the program that are constant throughout the progra-, (II) distribution of water

discharge into branch channels, (tII) computation of equilibrium dimensions of the branch cþannsl5,

(IV) distribution of deviation of discharge into the branch channels, (V) estimation of new rlimensions

of the branch channels for the adjusted discharge, and (VI) estimation of movement of each channel

banks. These steps are shown in Fig. 7.I as a flow diagram.

All of the primary steps are described by component steps. Except step I and step VI, all other

steps are iterative. A sequential description of each of these steps are given in the following sections.

While the flow diagram of each step provides an overview of the component steps, detail of the

procedure of each step is described in the sections.

7.3.1 Input Parameters (Step I) In this step, the initial input values a¡e read and required

parameters are computed. The flow diagram of this step is given in Fi9.7.2. The procedures that are

followed in this phase of computation can be summarized as:

1. The coordinates of the banks and the centre of graviry of each branch channel for the bankfuil

discharge, which are already computed and stored, a¡e read from a file. Besides these sectional

information, other data that do not change for the rest of the program are also read. These include:

the total bankfull water discha¡ge, Dss of sediment, specific gravity of sediment, dynamic viscosity of

water, and energy coefficient. The energy coefficient, is taken as 1..?5 as suggested by Richardson,

Simons, Karaki, Mahmood & Stevens (1974).
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2. The dimensionless pa¡ticle size, Do was computed using Eqn. (6.1) written as:

(6.i)

The value of Do was found to be 4.18 which is in the fine particle range. The value of the

dimensionless particle size is important since other paramsters of the sediment and frictional relations

depend on it. Appropriate relations are chosen according to its value. Note that if D' is less tlan 1.0,

the sediment is classified as fine. If the value is greater than 60 then the particle size is classified as

coarse' If the value of D' is be[ween 1.0 and 60, the sediment may behave as both fine and co¿ìrse.

3. The transition exponent, N, was computed from Eqn. (6.5) given as:

N = 1.00 -0.56 Ing(Ds,)

= 0.10 for Dr,>60
(6.s)

using the value of Do. This exponent is needed to compute tle rlims¡5ienless particle mobility Ç.
4. The exponent M of Eqn. (6.3) for the dimensionlss5 5sdimsnt transport Go was computed from Eqn.

(6.8) using the value of. Do. Equarion (6.8) is given as:

o,, = ol;-]i

M = 9'66 *1.J4
Dn

= 1.50 for Dn > 60

5. The coefficient.á of the same equarion for Gnwas compured from Eqn. (6.7):

A=o'23 +0.14

t4
= 0.17 for Ds > 60

6. The coefficient c w¿ts computed from Eqn. (6.6):

(6.8)

(6.7)

c = 0.025 for Dr,>60
(6.6)

7. The coefficients and exponents of the width-depth relations, which were computed previously using

a separate progrÍrm' were taken as input. Note that separate relations were developed for different

Ios(c) = 2.86 log(D) -(losD¿2 -3.s3
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reaches of the river. Accordingly, coefficients appropriate for the reach in which the section (for which

the computations were in progress at a specific point) belongs were chosen.

The values of these coefficients, exponents and parameters were constant throughout the

progrâm, and were used in the next steps of the procedure described below.

7.3.2 Distribution of Water discharge (Step II) The bankfull discharge rhar was computed

previously from the measured water level, discharge and cross-sections, is the total discharge for the

enti¡e cross-section. The amount of water flowing through the individuat bra¡ch channels are not known,

and should be computed next.

The distribution of the known total discharge into the branch channsls under the existing

condition is an iterative process. This is so because the slope is unknown and the frictional

cha¡acteristics of flow through tle branches are not determined. Depending on whether the flow is in

the lower or the upper regime, separate frictional relationships are used. Therefore, the procedure

should check the existing flow regime corresponding to each step of iteration.

The flow diagram of this step is given in Fig. 7.3. Details of the procedure of each component

step are:

1. The shear velociry Z. is computed from

Y, = rf{s

. where,

g is the acceleration due to graviry,

d is the mean depth of flow, and

S is the slope.

The mean depth of flow d of the branch channels a¡e known. An initiai friction slope .i is assumed.

2. The total shea¡ stress mobilirl F¿ corresponding to this shear velocity is compured from Eqn. (6.10):





3. The mean velocity of flow is computed next. For this purpose, algebraic manipulation of the equations

described ea¡lier is needed. Substituting Eqn. (6.1-0) f.or Frrinto Eqn. (6.2) f.or Fo one can write:

(7.1)

where,

Z is the mean velocity of flow,

D is the representative grain diameter,

a is the coefficient in rough tu¡bulent equation, and

the exponents and the other variables a¡e as described before.

Eqn. (7.1) can be rearranged to solve for the mean velociry of flow, Z as:

v =fv.,F,"s(flllfçl^

,,, = 
?.0 

-o.zal.o-
])*-A)*A

F,, = F*v,N"l--41'*
ln bsl;)J

(7.2)

in which the variables are as described above. Solution of this equation is obtained ¿sss¡rting to the

steps that follow.

4. For any trial value of 5, first it is assumed that the flow is in the lower regime. The corresponding

value of the effective shear mobility, Fn can be computed from Eqn. (6.9). For this purpose, this

equation can be rewritten as:

1.0

exp(LogDr)1'7

With the known value of .Fo and, as suggested by Ackers & White (1973), wirh c = 10, Eqn. (7.2) is

then used to determine the mean velocity of flow Z.

185

(6.10)

(7.3)
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5. The non-dimensionaüzed unit streâm power, U¿, corresponding to the lower flow regime is computed

from Eqn. (6.L2):

U¿=
(gr)ßDn

(6.12)

6. The flow is then ass,med to be in the upper regime. The computation of F'o ir this case is not

straightforward. The value of Ç is given by Eqn. (6.L1) which is non-linear in ¡'gr with an exponent

of 4, and is given as:

(F, -A) *0.07(F -A)'
= 1.07 -0.18hgroDn (6.11)

FÍr-A

Solution of this equation is an iterative process by itself for which the method of bisection is used.

This method uses the mid-point of the pre-selected upper and lower bound of the root as the neK

trial value. The convergence is very fast.

7. With the value of Ç as obtained from Eqn. (6.LL), the mean velociry V for the assuned upper flow

reeime is computed from Eqn. (7.2), and. the dimensionless stream power U¿ is computed from Eqn.

(6.12) as before.

8. If the summation of the dimensionless ¡rni¡ 5¡¡sam power U¿ for the lower and the upper regime

¿55nmption is less than or equal to 0.022 (Eqn. 6.13), then the flow is considered to be in the lower

regime. If the summation is greater than 0.022 (Eqn. 6.14), then the flow is assumed to be in the

upper regime. The values of {o and Z corresponding to the determined existing regime of flow

es imated from the above are used for the rest of the computation.

9. The water discharge in the branch channel is computed by multiplþg the mean velocity of flow by

the cross-sectional area of the branch already taken as input to the program in the beginning.

10. The dimensionless sediment traasport is calculated by using Eqn. (6.3):

VS



or, = "f+ -,]"
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(6.3)

(6.4)

11. The sediment concentration, x, per unit of water is computed from Eqn. (6.4) given as:

v - Gt¿D

(v\N
dl_:l
\v)

The sediment discharge is then calculated by nuttiplþg the warer discharge by the computed X.

1.2. Computation for all of the above steps were repeated for all of the branch channels of the cross-

section.

13. The total computed water discharge is found by adding all of the computed water discha¡ges of the

individual branches.

14. If the computed total water discharge differs from the total observed wate¡ discharge by more than

O.lVo (i.e.,40 m3 f secfor the bankfull discharge), the whole process is repeated with a different value

of .S. The new trial value of S is obtained by increasing the previous trial value of S by a percenrage

obtained from the algebraic ratio of the difference between the computed and observed total water

discharge to the observed total water discharge. In other words:

(7.4)

where.

Q¿ is the difference between the computed and the observed total water discharge, and

O7 is the observed total water discharge.

Assuming the new trial value of S changed this way, the convergence was faster.

L5. When the condition is met, there may still remain a small difference between the observed and the

computed values which is within the tolerance limit. This error is adjusted by redistributing it in all

of the branch channels by using the ratio of the branch channel top width to the total top width of

s* = t,r(ro-¿)
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the cross-section. The sediment discharge is also adjusted according to the adjusted water discharge

for each branch channel. The branch channsl sediment discharges are added to obtain the total

sediment discharge of the secrion.

All the branch channels of the cross-section are assumed to have the same friction slope in the

above computation. The roughness coefficients are assumed to be different for different cþennsþ. Jþs

assumption of the same friction slope and different roughness coefficients is a reasonable one. This is

because the data used a¡e not those of nea¡ the peak flood. Also, the water levels are not observed to

vary substantially for different ch¡nnels. Values of Manning's roughness coefficient and friction slope

for each channel is stored to be used as futu¡e trial value.

7.3.3 Computation of Equilibrium Dimensions (Step III) Once the water discharge of the

individual branch channels a¡e known from the above procedure, the equilibrium dimensions of the

channels are obtained. The flow diagram is shown in Fig. 7.4.The details of this step are given below.

L. The observed width-depth relation for the corresponrling reach in which the section is located is

chosen from Eqns. (5.16) to (5.2L). This is used to compute the equilibrium depth and width of the

çþannel5 of the cross-section. Note that Eqn. (5.17) can be rearranged to write:

"=[ä(*J1*
(7.s)

rrvnefe,

,47 is the summation of areas of all branch cha".'els,

,4 is the area of the branch channel,

K is a constant, and

m and n are the exponents.

The values of. K, nt and n a¡e taken from the appropriate relation for the reach from Eqns. (5.16) to

(s.21).
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2. The deviations in width, ÅW, is computed as ttre difference between the equilibrium width a¡d the

observed width as:

AW = (W,_V)

Similarly, the deviation in depth, /d is computed as the difference between the equilibrium and the

observed depth as:

¿¿ = ¡d"_d)

These values of deviation would indicate the general direction in which the equilibrium section lies

and the channel would want to change.

3. The total equilibrinm width, Wr7, is computed as the algebraic summation of the equilibrium widths

of the cha¡nels.

4. If the computed equilibrium widths are very close or equal to the existing width then the section is

considered to remain v/ith its existing dimensions in the followingyear and the movement of banklines

would be zero or negügible. If the equilibrium widths a¡e different from the existing ones, solution

is obtained through an iterative procedure described in the steps to follow. The changed dimensions

of the channels of the cross-section a¡e assumed to preserve the total observed water discharge. Note

that, in the case wheu an iterative solution is sought, the existing channel dimensions will preserve the

water and sediment discharge but are not considered as the solution.

7.3.4 Distribution of Deviation of Discharge (Step IÐ The dimensions computed above

defines the equilibrium branch channels which will usually have a discharge potential different from the

exiting discharge througb the cha¡nels. While each branch channel will try to achieve the discharge

according to its equiliþ¡iun .limsnsions, the total discharge through the whole section should be

preserved. Therefore, the actual discharge, which a branch will ultimately achieve, depends on the

discharges through the other branch channels. For each branch, the change in discharge (from the

existing) is computed using the ¡¡¿;çi¡¡1nm entropy principle.
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The flow diagram of this step is given in Fig. 7.5. The details of the procedure are as follows:

1. The equilibrinm dimensions as computed from Eqn. (7.5) are used to determine the corresponrting

water discharge, Qe¡ for all branch channels using the existing slope.

2.The deviation (Á@¡) benveen this computed discharge and the observed discharge is computed usiag

Eqn. (6.17):

AQ¡ = tQe¿-QJ, i=1,2,.. . .. .., n (6.17)

3. The coefficients 2¡ which deternines the most likely ameunt of deviation of discharge in each branch

channel is obtained througb maximizing the objective function of Eqn. (6.2L) subjected to the

constraints given by 6,qo*. (6.22) to (6.24) :

¡+
rlNtax ¿ -t, m1,+¡)

ia
.s.Í. fl,st

t=l

f4aq,=o
i=1

),>0

(6.2r)

6.n)

$.n)

(6.24)

Note that the uumber of terms in these equations a¡e different for different sections. The uumber of

terms in those equations depend on the number of channels which va¡ies from section to section.

Therefore, in the computer code used in this stud¡ the expressions of the objective functions and of

the constraints are formed first.
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4. A numerical solution of the maximization problen is adopted bec¿use the analytical solution is too

cumbersome. The procedure followed is based on the gradient projection algorithm first developed

by Rosen (1960). This is briefly described below. Note that since the number of terms in the problem

are not constant for all sections, a generalized discussion is presented.

(a) For a non-linear objective function,F involving n va¡iables (,1) and subjected to ¡n number of

linear constraints (G), the maximization process starts with the selection of a feasible starting point

and an initial step size (dS). The derivatives of the objective function with respect to the

independent variables a¡e evaluated at this base point. The normalized di¡ection vector

components, M¡ are computed as:

M¡= (7.6)

dF
-;olt

@
\Fí as',

(b) If the derivatives are less than or equal to the specified limit then the procedure is stopped. The

corresponding values of 2¡ describes the required point.

(c) If the derivatives are g¡eater tha¡ the specified limit, a new point is obtai¡ed as:

[tri]** = [l¡]ou+ASM¡ i = 1,2,....,n

The value of the objective function is computed with the new points. If an improvement of the

objective function occurs without violating the constraints the step size is doubled and the direction

vector components are evaluated at the improved new point. If the new point does not improve

the objective function, then the step size is halved for the next trial from the last point.

(d) If the objective function is improved but one or more constraints are violated, a return to the last

feasible point is made and the step size is determined which places the neK point on the violated

constraint. New direction vectors are comDuted as follows:
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Mi=

/ is the number of violated constraints, and

F¡, for k = I to / a¡e determined from the following / equations:

#,.b-rr#

lp(x.h(,ä\1"

(7.7)

where,

(7.8)

(e) Convergence of the procedure is assumed if

#,.h(rr\*)"'*o

Otherwise, the procedure is continued with new search di¡ections.

The constraint of Eqn. (6.23) requires that some of the AQ values should be opposite in sign

since the 2¡ are a17 positive. However, it was observed that for a few sections all of the branches were

expected to either widen or n¿ìrrow i-ply,"g that all of the AQ values are either positive or uegative. In

this situation, a solution to the maximization problem is not possible without violating tåe constraint.

In this study, it was assumed that under this condition, equal weights are assigned to the deviations and

the total discharge is conserved by a change in slope. This particular aspect of the problem should be

studied in detail in future.

The values of 2; obt¡ined from the above procedure are used to compute the discharge in each

branch channel under the equilibrinm condition. These values ofthe sha¡e ofdischarge for each bra¡ch

channel is used to determine the expected dimensions of the channels as described in the following.

__ _ î-lro- ,"1
iíla4 a41
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7.3.5 Estimation of New Dimensions (Step Ð The channels will assume new rtimensions

corresponding to the estimated new discharge. The flow diagram of this step is given in Fig. 7.6 and the

procedure is described below.

1. Once the ÅQ values are known, they are added to the existing discharge to obtain the discharge under

equilibrium condition. With the new discharge so obtained, the width and depth of the branch

channels are determined following an extremum principle for which the principle of maximum

sediment transport was chosen.

2. Obtaining the dimensions corresponding to the new discharge is an iterative process. ps¡ s¡ample,

for the principle of maximum sediment discharge, the selected values of width and depth is such that

the amount of sediment transport is maximized. The trial values are checked to see whether the

objective function (in this case the sediment transport) is maximized. The procedu¡e is similar for the

minim 'm energy, maximum sediment transport or the maximrrm friction criteria. Note that for all trial

values, the sediment transport and fricrional equations given in Section 6.4 and 6.5 a¡e solved

following the procedure described in Section 7.3.Z.That is, for each trial, the frictional properties are

computed by checking whether the flow is in the upper or i¡ the lower regime.

Nof¿: More than one form of enremum principle was actually considered in this study in order
to select the one producing the best result for the bank movement problem of the Brahmaputra
river. During computation, another criteria called the Root Mean Square Deviation (RMSD)
was used in this studv. This is defined as:

l(o \2 ' '\2
RMSD = 11 

-"-9'(tr)l +[w¿-v(t)l-\l a" J I w )

where, (rr) stands for the trial vaiue. The RMSD so defined is minimized and the corresponding
dimensions are recorded. The solutions corresponding to the above extremum principle criteria
are compa.red to find the best set of results. It was found that the maximum sediment tra¡sport
criterion produces the best result. It was also observed that the RMSD criterion produced
results similar to the maximum sediment transport criterion. The other principles mentioned
above were also satisfactory with the exception of the minimum energy principle. The reasons
of different principle performing differently is not addressed in this study.









r99

2. The amount of movement thus computed is used to determine the localion of each bank. For the left

bank, the location is determined by adding or subtracti¡g this amount with the existing location of the

bank depenrling on whether the movement is deposition or erosion. For the right bank, the amount

of movement is added to the location of the bank if the movement is erosion, and subtracted if it is

deposition.

3. The new location of banks thus computed for the channels within the river are checked to see if there

is any union of channels.

4. The left bank location of the outer left channel and the right bank location of the outer right channel

a¡e the expected outer banklines of the river in the following year. The movements associated with

these new locations a¡e the expected movement of the river.

5. These predicted movements of the banklines are compared to the observed movements of the

following year to examine the performance of the model.

The computing time required by the model was satisfactory. If the cross sectional data of the

monitoring stations are pre-processed, then the solution for one year required about one hour of

computing fims 6p an 386 Personal Computer. However, if the cross sectional data have to be processed

as well, then the solution for one year would require about three hou¡s.

The results obtained from the procedures described above a¡e discussed in the next chapter.



Chapter Eight

RESULTS OF QUW BA¡IK MO\¡EMEhilT
PREI}ICTION

S.L trntroduction

The probabilistic model described in the previous chapter was used to predict anns¿l ba¡k movements

of the Brahmaputra at 33 locations along the river for five successive years. They were compared with

observed movements. The results a¡e shown in this chapter.

In order to assess the results, a suitable measure of model performance is first defined. This

measure is then used to evaluate the predictions of the outer bank movements for the river as a whole.

This is followed by a discussion of the separate movements of the left ba:rk, the right bank, and the

banks within different reaches and for different years.

The prediction of the in¡er bank movemetrt was done only to the point that similarity in

performance with the outer ba¡k movement could be established. euantitative pred.iction of inner bank

movement was required only for the purpose of predicting channer joining.

The accuracy of a qualitative prediction of the change in branch channsr dimensions is also

discussed in this chapter. Finalty, the results obtained from this study are compared with those from an

earlier study.

8.2 Measure of Model performance

A measure is needed to assess the magnitude of the error in the prediction of the bank movements. For

this purpose the sum of squared errors in the bank movements was compared with the srrm of squared

observed movements in a man,,er similar to the well knor¡m -R2 value used in regression analysis.
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(8.1)R2=
SS(M,),,, - SS(e),..,

ss(MJ,_,

where,

s.s stands for the sum of squares of the quantity in the parenthesis,

(M),*l is the observed bank movement of year (t+ 1) compared to year r, and

e is the error in prediction.

It is evident that a value of R2 = I corresponds to no error and that the larger the errors, the lower the

value of R2. One cannot, however, simply assert that the value of ^R2 corresponds to the percentage of

the total va¡iance that can be explained by the model. The mean of the observed movements and fhe

mean of the errors are not necessarily zero nor are they necessarily the same. It wü be shown,

however, that neither is far from zero. and that the deviation probably corresponds to a systematic trend.

of the river to move in a certain di¡ection. More study is needed, however, to incorporate such a trend

in the prediction model. Although some caution is needed in the interpretation of R2, it would appear

that the measure is a usefui i¡dicator of the relative performance of the model.

The observed bank movement is denoted as Mo and is defined as:

(M"),u = @),,,-(x), (8.2)

where,

(x), is the observed distance of the bank of year r from a reference line on the left.

Note that the value oÍ Mo lor the left bank will be negative if the bank experiences erosion, and positive

if it experiences deposirion. For the right bank the sign is reversed.

The predicted bank movement is denoted by M, and is defined as:

whe¡q

W,*t = 6),a-6) (8.3)
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Jp is the predicted distance of the bank in the year f from the same horizontal ¡sfe¡s¡çs line

on the left.

It is to be noted that the displacement for year (t+ 1) ß obtained from the model by using the

input values of year r. No observation of year (t+1,) is used in the prediction.

The error in prediction is denoted by e and is defined as:

(e),.¡ -- ¡M)tt-(M),.t (8.4)

The errors were further ex¡mi¡ed in order to detect any obvious t¡end for different levels of

observed movement. For this purpose the studentized error 2,, was defined as follows:

fl,"=l+l
L 'e l¡*l

where,

e- is the observed mean of the errors, and

S. is the observed standa¡d deviation of the errors.

(8.5)

8.3 Outer Bank Movement

The movements of the outer banks of the Brahm¿putra river a¡e the most important because of their

effect on the population and on any structures along the river. These movements were therefore studied

in detail' The performance of the model in predicting the outer bank movements at specified locations

is discussed under four separate þs¿dings: (a) all of the left and the right bank movements together, (b)

the movements of the left bank onl¡ (c) the movements of the right bank only, and (d) the bank

movements in difierent reaches and different years. In this way any possible difference in model

performance between the left bank a¡d the rigbt ba¡-k, and befween the six different reaches could be

determined as well as atry persisteut trend over the period of observation.
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8.3.1 All Movement Data Together In this group, the observed and the predicted movements

of both the left and the right banks are lumped together. Over the recorded five year period, 33 sections

were used giving a possible 330 observations for this group. However, thirteen sections had missing

values (?Á data points) leaving a total of 304 data points available for analysis.

Two downstream sections and rwo upstream sections had unusually high values of error

(difference between predicted and observed movements). The downstream sections are near the

confluence of the Ganges and the Brahmaputra rivers, which may explain their deviant behaviour. The

two upstream sections are upstream of the diversion point of the Brahmaputra and the Old

Brahmaputra. They showed splitting of bra¡ches. No other explanation for the very different behaviour

of these sections has been identified in this study.

In order to judge whether a pafticuiar observed error can be regarded as an outlier one may

determine the t-value that has a 5Vo probabiliry of being exceeded in 304 trials. This value is 3.58. All

of those 8 observations had t-values beyond this limit. They were considered to be outliers and were

excluded from the results reported in the following. Since the largest f-vø lue of. the remaining data points

is about 3 one may accept that all remaining prediction errors can be attributed to chance.

The observed bank movement closely follows a normal distribution with a mean of -66 m and

a standa¡d deviation of 382 m. It is to be noted that the mean bank erosion of -66 m is statisticallv

significant at the 0.9987 level. This does imply that, at least over the period of five years, there was a

small but sigpificant trend of the river to move westwa¡d. This is in agreement with Coleman's (1969)

observation of the river's westward shifting.

The observed and the predicted bank movements are plotted in Fig.8.1which shows the scatter

of points around the line of perfect agreement. The value of R2, as defined before in Eqn. (8.1), is 0.924.

It confirms the visual conclusion of a reasonably good fit.

The studentized errors are plotted against the observed bank movement in Fig.8.2. There does

not seem to be an appa¡ent trend in the errors, nor is there an evident difference in error variance.
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The normal probabiliry plot, the stem-leaf plot and the W-statistic for normaliry all show that

the error can be taken as normally distributed with a mean of 15 m and a standard deviation of j.06 m.

The t-statistic for the mean error is 2.46. This gives a probability of exceedance of less than, rvoso that

this deviation from zero is also statistically significant. This deviation, however, is an ann¡¿ deviation

since the bank movements were related to the ba¡k position of the previous year. The mean of L5 m

is therefore not inconsistent with the observed westward movement of the entire river of -66 m in five

years' If one would correct the observations for this trend one would frnd a calculated mean error very

close to zero.

Figure 8'1' and 8.2 shows that the va¡iance of the prediction error is fairly constant over the

range of observed movements. This implies that the error in the movement is relatively independent of

the movement' As a result the model is not very good at predicting the di¡ection of small movements

qualitatively' on the whole, the predicted values a¡e in agreement with the observed directioq of

movement 77vo of the time. That is, the values of the observed and the predicted movements had the

s'-e siF (erosion or deposition) 77Vo of the time. The bulk of the disagreements occur when the

movements are small in magnitude. Note that the outliers are not included in these figures.

From the above discussion, it ca¡ be concluded that the overall performance of the model in

predicting the movements of the banks in the following year from an input set of data of the previous

year is quite satisfactory.

8'3'2 Iæft Bank Movement The performance of the model was also examined for the data points

on the left bank of the enti¡e river in Bangladesh so as to compare it with the bank movement of the

river as a whole.

The observed movements of the left bank are normally distributed with a mean of -7 m a¡d a

standard deviation of 328 m. Both of these values are a little lower in absolute masnitude than those

of the enti¡e river' Evideutly, more deposition and less erosion occurred on this bank compared to the

right bank.
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The plot of the predicted and the observed bank movements is shown in Fig. 8.3. The plot

shows that the agreement befween the model and the observation is satisfactory. The value of R2 is 0.90

which is somewhat lower than that for the entire data set.

The errors in prediction are plotted in Fig. 8.4 as studentized values. From this figure, it appears

that the error variance is constant and that there is no obvious trend of the errors.

A normal probabiliry plot, a stem-leaf plot and the W-statistic showed that the errors for the

left ba¡k are normally distributed. The mean of the errors is 31 m and the standard deviation is L04 m.

The mean is significantly different from zero but not inconsistent with the noted overall westward trend

in the movement of the entire river.

8.3.3 Right Bank Movement The movement of the right bank was also studied separately to

evaluate the performance of the model for this bank.

The observed movements of the right bank have a mean of -125 m and a standard deviation

of.4?3 m. This is also a significant deviation from a mean of zero but consistent with the observed mean

movement of the left bank and the river as a whole.

The predicted and the observed movements are plotted in Fig. 8.5. The plot shows that the

scatter a¡ound the perfect agreement line is less than that for the left bank. This shows up in the value

of R2 of 0.94 which is higher than that for the left bank. The mean of the errors is zero and the standard

deviation is 105 m. The values of errors in prediction are plotted in Fig. 8.6 as the studentized errors.

The plots show a constant variance and an absence of any substantial trends.

Although the performance of the model for the right bank is a little better than that for the left

bank, the overall behaviour is similar. The predicted and the observed values of bank movement follows

the same relationship (although better), and the behaviour of the errors are similar as well. Therefore,

it can be concluded that the model performs the sâme way for both the left and the right banks of the

Brahmaputra river.
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8.7 Summary

The bank movements estimated from the developed model a¡e discussed in this chapter. It is found that

the developed model work well in quantifying the expected movement of the following year for the

Brahmaputra river in Bangladesh. The performance of the model is measured using a coefñcient similar

to the coefficient of determination of the linear regression models. The value of R2 is found to be 0.93

which is satisfactory. The performance of the model for different data sets are studied separately. It is

found that except for the data of reach 5, the model performed very well. For the data of reach 5 the

R2 is 0.?9 which is also acceptable. When data were divided for different years of record, the model

performed well for all the years except the year L981 for which the.R2 was only 0.75. The behaviou¡ of

the model in terms of the performance for different reaches as well as for different years was found to

be similar. Finally, the model was found to be superior to other avaüable models of bank movement of

the Brahmaput¡a river.



Chapter Nine

CONCI,USIONS AND RECOMMEhIDATTONS

The conclusions that can be drawn from this study, and the recommendations that are made for futu¡e

studies are given in this chapter. The conclusions can be grouped in two categories: (a) conclusions from

the behaviour of the river, and (b) conclusions from the development and the application of the

methodology. The recommendatious are listed in two groups: (a) recommendations for systematic data

collection scheme needed for a more comprehensive study, and (b) recommendations for further studies.

9.1 Conclusions

1. In becween apparently stable nodal points, the Brahmaputra river in Bangladesh is a highly unstable

river in terms of its planform. The sections between the nodai points experience frequent channel

splitting and joining. Individual brarch channsls also show relaúvely large changes in cross-sectional

dimensions in successive years.

2. The study supports the basic assumption that the changes in river topogaphy are dominated by rwo

factors. The fi¡st is the sporadic changes (away from equilibrium conditions) in branch channel

dimensions caused by splitting and joining or other related factors causing changes i¡ water and

sediment distribution over the branch channels. The second is the trend of the individual branch

channels to return to equilibrium conditions.

3. Over the period of record exrmined, the river showed in some reaches a persistent westward

movement.

4. The regime type width - depth relationship developed for a single channel river is not applicable to

a braided river as a whole. Separate relationships for the branch çþannel5, fiswever, can be ðevelope€l.
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5. Little progress has been made in predicting the sporadic changes in water and sediment distribution

(splitting, joining or substanlial changes in the distribution of the flow of the sediment over the branch

chan"els).

6. A fair degree of success was achieved in predicting the joining events of adjacent channels. The

channels that joined together were all expected to widen and to become shallower.

7. The cha¡nels that split had a very high width to depth ratio. It was not possible to establish any

definite threshold of width-depth ratio which separates the divided channels from the undivided ones.

A large number of channels appear to lie in a transition region where they may or may not divide.

8. The divided channels that remained divided over the period of record were found to follow a regime

type relationship befween their widths developed in this study.

9. The model that was developed is capable of predicting outer bank movements for the following year

with a standa¡d error of approximately 100 m. The performance can be expressed by a coefficient R2

similar to the coefficient of determination in linear regressiou. The value of overall R2 was found to

be 0.93.

L0. There is no siguifica¡t difference in the outer bank movement behaviour of different reaches along

the river except that for reach 5. The prediction was not as good as for the other reaches.

LL. There is no significant difference between the behaviour of movement of the left bank and the right

bank.

L2. The performance of the model is better than any other available model dsaling with the problem

of bank movement of the Brahmaputra river.

9.3 Recommendations for Data Collection

1. The cross sectional data should be collected more frequently as it is done for the water level and

discharge. This will not increase the cost of data collection dramatically since the technique of echo-

sounding (as in use) can automatically record the cross-section while measuring water discharge.
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2. Sediment transport data should be collected more frequently and at more stations. The survey vessels

available to the Bangladesh Water Development Board are sufficient to record more information

about the sediment discharge.

3. The availability of such data would facilitate studies of bank movements using sediment budgeting

and microlevel investieations.

9.4 Recommendations for Future Studies

L. Upon availability of sufficient spatiai and temporai data of water and sediment discharge and of the

cross sections, the total hydrograph ofwater discharge (instead o¡ ¿ 5ingle value) should be included

in the model. This will improve the performance of the model in terms of prediction.

2. Local variation of the variables may be included for better performance.

3. Nodal points should be studied in detail and should be included in the model.

4. Splitting and joining events should be included in the model so that the number of channels in a

section in the following year can be predicted as well. This will facilitate any study to predict

movements over a longer period of time.
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M TRANSPORT CAPACITY

4"1 Maximum Transport Capacity (MTc) Without Bank Resistance

Appendix A

The total bed load capacity for a channel of width W can be written as:

Q"=WQ"=KW(d-d)^i'

where,

j = s/(G,- 1)D,

da = threshold depth for entrainment of bed material,

D = particle size,

d = depth of flow,

O = the total discharge,

e = the unit discharge, and

subscript s stands for sediment.

Small chaages in width AW and depth Ad produces a changed transport capacity which is given by:

Q"*AQ" = (W+AW)(q"*Ae) = K(W+AW)(d*dd-:d)^j' (A.2)

The fractional change in capaciry is obtained by dividing Eqn. (A.2) by Eqn. (A.1) as:

The magnitude of the two qua:rtities of Eqn. (4.3) determi¡es whether the capacity increases or

decreases in response to a change in width. Combining Eqn. (4.1) and (4.2) one can write:

(A.1)

Q"*AQ" ,l, . aw\(, ds"\

o" =f " 
"J|.'- %)

(A.3)



The changes in v/idth and flow depth of a rectangular qþannçl can be generally written as:

Wd"=Z=oQ
s0.5

with c is usually greater than m. From Eqn. (,A'5) one can w¡ite that:

(t.4\ =(r*4\-I r/ |. d)

From Eqn. (4.3) it can be'seen that Q decreases with decrease in

outweigh fractional increase in 4r. This can only occur if:

(t *!\-' , (,.!-lrl\ ø/ |. c")

Following Eqn. (A.a) and (4.5), one can write Eqn. (A.f as:

(r-oa'l =lt*a]^I c",/ L (d-d)l
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(A.4)

Since c and m a¡e similar and c > m, Eqn. (4.8) can be satisfied ú. d> > do i.e., rt Ht is smail. Thus, it

is only at small width, 0s decreases as 14/ decreases. On the other hand, a decrease in ltz yields an

increase in B, if left hand side of Eqn. (4.8) is less than the right hand side. This is only possible if

d..do i.e., at largeW.

There must exist an intermediate width for which Q is a maximum. If there is no threshold

depth there is no maximum Q, the direction of monotonic change being controlled by whether or not

c > tn. The existence of this stationary value for any value of nt (nt < c) is easily verified from Eqn.

(A.1):

(A.6)

14¡ if the fractional decrease in lT/

(A.s)

(t *4\"
\ d)

,l7* ad l^
| (d -d")J

(^.7)

(A.8)



dQ" = ki ^@ -¿¡^-t ¡¡a -a¡ aw +wmdd.l

in which dd stands for the derivative of d. using Eqn. (4.5) and substitutng dd by

yields

9 = L¡ ^ @ -d)^-t [þ -m) d, -cd"IdWc't

d[ ¡¡inimrm O' Eqn. (4.1f-) is equai to zero which yields

a = lla)aw
\2" )

which is positive for all c > m.

4.2 Maximum Transport Capacity (MTC) with Bank Resistance

Using Manning's equation to a rectangular channel one can write:
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(A.e)

d=

where the hydraulic mean radius R is numerically equal to the hydraulic radius of bed R6 when

boundary roughness is uniform as is assumed here. The width and depth are not uniquely determined

by R although rR is a unique value for g¡ven W and d.If the value of R that maximizes Q, can be

determined, R in Eqn. (4.13) can be eliminated to give the width-depth ratio of the MTC condition in

terms of known quantities.

fi55rrmi¡g that the fufanni¡g-$¡ickler equation holds (i.e., the boundary roughness is constant

with flow depth and is determined by the grain size of the boundary), and Meyer-Peter-Mueller equation

of bedload transport can be applied, the Lagrangian equation becomes

cdo

(c -m)

(A.10)

Qn =l(t).rYso.r L\d ) I

(A.11)

Rz67

(w\
l.7]

(A.12)

(A.13)



where,

E¡ = the critical Shield's stress for ¿a¡¡ainms¡t, and

L = the undetermined multiplier.

The condition for which Q is a maximum is then given by

e" =0, e, 
=oNd

Eliminating Z, between these two conditions yields:

e, = Kw(jR-Erl'*tfwanor, 
ffi)l

Eqn. (4.15) can be simplified to write

uoA _ j4Er(r _I)p_ 
(A.16)R=-w:æ

where, A = W'/d. Substituting Eqn. (A.16) into Eqn. (A.13) one can wrire:

n. _ ensztz (A.r7)
[Er(s -1)D]267

, ^-,tv 1â#l= +v#-'^*l
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(A.14)

where,

and right hand side of Eqn. (4.17) is known. The depth of MTC channel can be determined from

and the optimum width is given by W = A.d

, . _ (A *q2 ( rcA *12\267
^ A \A+30 )

(A.15)

.1 - R(A +2)

A

(A.18)



EQUTVALENCE BETWEEN MÆilMT]M SEDIMENT
TRANSPORT AIVD MIIYIMUM STREATVI POWER.

The six variables that are considered here are: the sediment concentrationX, discharge e, slope

S, velocityxt, depthx2, and width.rr. These variables are related through a sediment transport equation,

a resistauce equation, and a continuity equation. fþs 5sdimsnt transport equation is of the form:

X = G(5, x, xo x) (8.1)

The resistance equation is of the form:

AppendÍx B

S = F(xnxrx) (8.2)

The continuify equation is of the form:

Let us consider first the case when Q andX a¡e fixed and S is minimized subject to satisfting Eqns.

(B.l-) and (8.3). Using Lagrange multiplier, this is equivaient to minimizingthe expression:

F(xt,xz x) +)g + ¡t[-X +G(5, xt, x" \)] (8.4)

The values of x7,x2,x3,S, l, and ¡.r that provide the extremnm are solutions of the equations:

4 -^1*F4 = o, j = 1,2,3 (B.s)&j ùj' &i

for

ö(Q, xt,xo x) = 0

and

(8.3)

Q =0 (8.6)



in which

S = F(xrxrxr) (8.8)

Now, consider the problem in which Q and S are fixed andXis maximized subject to Eqns.

(8.2) and (8.3). This is equivalent to maximizing the expression

G (5, xn xo xr) + Å./ô * p/¡-S * F(xp x2, \)J (B.9)

The values of.x2 x2 xg S, 7', and F'that provide the extremum are solutions of the equations

+ *),+ *p,+ = o (8.10)aj &j' &i

and

G(5, xn x, xr) = X

and

F(xrxr¡t -- S

with the corresponding extremum value of X is given by

x = G(s, xn x, x) (8.13)

Note thar Eqns. (B.5) to (B.8) are identical to Eqns. (B.10) to (8.13) provided

tttt/=I and pÅ,/=l (B'14)

and provided that the value of X used in Eqns. (8.5) to (8.8) is the same as determined from Eqns.

, (8.10) to (8.13).

Thus, if I andX are given and the width, the velocity and the depth are calculated to give an

extremum value of the slope, then for that slope and the given Q the same values of width, velocity and

depth give an extremum value of serliment concentration. It should be noted that it has not been shown

26I

(8.7)

Q=0 (8.11)

(8.12)
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here that an extremum value exists. Also. if an extremum value exists it has not been shown whether

tle extren'm is a maxima or a minima.



The topological parameters q, P, y, E and C that were computed for different reaches and for

different years of record are given in Table C.1. It is evident from the values listed in the table that

there is a substantial variation of parameter values across time and between different reaches.

The values of the parameters a and, p are plotted in Figs. C.1 and C.2 respectively. Parameters

E and C are plotted in Figs. C.3 a¡d C.4. These figures show the va¡iation of these parameters with time

as well as with river reach. Also, these pÍuams¡s¡. differ substantiatly from their approach values as

suggested by Howard et al. (1970). Note that the approach values are reached for a well developed braid

and as such mav be considered stable.

TOPOLOGICALPMS

Appendix C

Table C.l.: Topological Parameters for Different Reaches of Different Years

R.EACH YEAR

1 1973

1976

d

7977

0.078

L978

0.104

TOPOLOGICAL PARAMETERS

p

L979

0.060

1980

1..107

0.256

L98L

T.L77

Y

0.045

L983

1.091

0.000

L984

0.397

L.4t7

0.096

0.410

1.056

E

0.LL3

0.381

0.97L

0.030

3.000

0.515

L.154

4.750

0.373

7.L72

C

3.500

0.343

1.0æ

6.850

3.750

0.405

9.L90

3.000

0.4?ß

6.560

4.250

0.363

7.780

3.750

6.7r0

4.000

7.510

4.000

7.300

6.950

7.890



2 7973

7976

r977

0.1.52

1978

0.176

r979

0.132

1980

1.2L1.

0.233

1981

I.?Å6

0.073

1983

t.207

0.024

J

1984

0.451

L.375

0.L45

1973

0.462

r..087

0.118

r976

0.432

1.000

0.118

3.670

L977

0.500

L.L53

0.196

5.000

1978

0.397

L.179

0.356

4.250

L979

0.365

T.T79

0.151_

6.460

3.750

1980

0.44

1.32r

0.224

7.970

3.670

1981

0.423

r.625

0.025

6.240

4.250

1983

0.423

r.265

264

0.194

5.980

0.474

3.750

1984

1.400

0341

7.r70

0.578

3.500

r973

L.032

0.L08

3.670

6.750

1976

0.m

L.352

0.067

3.750

6.300

0.,188

r977

1..622

0.133

6.590

5.250

L978

0.356

1.184

0.072

6.000

5.750

t979

0.468

r.100

0.054

L980

8.980

6.250

0.566

L.200

0.137

70.L20

L983

5.000

0.411

1.108

0.0\2

r0.420

5

6.750

0.386

t984

L.082

0.172

10.900

6.750

t973

0.435

1.2t4

0.L26

1L.150

4.750

0.390

L976

1.000

0.089

L0.670

5.250

t977

0.376

1.308

n 1?{

11.000

4.000

L978

0.436

1.2L7

0.040

9.580

5.000

0.350

1..I43

0.116

10.830

0.453

6.670

1..294

0.298

10.190

6.330

0.424

1.050

L0.820

5.330

0.400

1_.167

11.290

7.500

0.458

1.516

LL.710

6.330

0.368

1L.190

6.000

0.424

L2.380

4.250

0.540

LZ.3M

5.250

LZ.n0

3.670

8.800

5.750

9.630

10.160

9.470



L979

i980

1983

0.062

6

1984

0.035

1973

0.025

r976

1.086

0.073

L977

L.05L

0.t43

r978

r.023

0.098

0.384

L979

1.100

ENTIR
E

RIVER

0.232

0.363

1983

1..24

0.307

0.358

L984

r.152

0.066

0.393

4.670

L973

LAÙ

0.068

7.000

0.436

L976

1.550

0.060

5.330

0.409

r977

L.104

0.2L8

8.820

4.670

0.493

1978

1.1L1

0.221

L1,.220

4.750

0.54

r979

1.083

0.220

9.680

6.330

0.384

1980

1..421

265

0.4?3

11.110

4.750

0.385

1981

L.429

0.095

9.600

4.750

0.382

1983

1,.429

0.166

11.480

5.000

0.481

1984

L.824

0.25L

t7.430

4.750

0.482

1.183

0.150

4.000

9.790

0.,18L

1.322

0.L36

4.060

9.990

0.617

1.480

1L.360

5.380

0.398

L.291

L2.480

4.880

0.M6

1.262

8.830

5.050

0.503

10.160

4.500

0.434

9.330

6.000

0.426

9.470

4.900

9.6L0

4.7L0

9.870

4.670

8.750

9.630

10.r.60











CHAhIGES IN CROSS SECTIONS IryTTH TIME

Some of the cross sections of the Brahmaputra river in Bangladesh as recorded by Bangiadesh

Water Development Board are given in the following. These plots show the changes in location of the

river with time. The cha-uges of channsl5 that occu¡ within the river in a short period of time is also

evident from these plots.

Note that the vertical and the horizontal scales are different in these plots. The approximate

vertical scale is 1:800 and the approximate horizontal scale is 1:90000. Each frame in these hgures are

of equal height with the level of 0 m PWD being in the middle of the frames. The top frame shows the

vertical and horizontal reference lines.

Each frame of these figures describes the cross section of a particular year of record. The cross

sections that are shown on each figure are of the years as follows: from the top to the bottom of the

figure, the frames show the cross sections of 1976, 1977,L978,L979,1980,1981 and 1983.

Note that these cross-sections are measured in the low-water period of the year. Although these

cross-sections changes with the influx of flood, these cross-sections can be regarded as a reflection of

the formative discharge of the previous year (Stene, L994). The justification of this assumption can be

attributed to the arguments put forward by previous researchers (e.g., Leopold & Wol¡nar, 1963) that

the major changes are caused by a discharge which is lower than the peak discharge. This discharge is

considered to be responsible for ca¡¡l¿ng the major sediment load causing major changes in the cross-

section.

Appendix D



Fig" D.1: section J-¡.-1 of the Brahnaputra River (1926-1993)



Fig. D.23 section J-3 of the Brah¡naputra River (19?6-1983)



Fig" D"3: section ir-3-1 of tbe Brahnaputra River (1926-1993)



Fig" D"4: Section J-6 of the Brahnaputra River (1976-1983)



Fig. D"5: sect,ion J-9-1 of tbe Brahnaputra River (Lg?6-19g3)



fig" D.6: Seetion ü-L2 of the Brahnaputra River (1926-1993'
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Fig" D.7z Section iI-13-1 of tbe Brahmaputra River (1926-1991)



l.ig" D"8: Section J-15-1 of tl¡e Brahnaputra River (1976-1983)



COMPUTATION OF SECTIONAL PROPERTIES

E.L Description

The developed progra- computes the sectional properúes of the bra¡ch channels as well as of the total

section of a braided river. The input values are: X and Y coordinates of the section, the water discharge,

water levels of the sections if it is known, the distance between the sections, section numbers for which

the X, Y coordinates are missing. All of these values for different years of record can be supplied

togetåer. These are read from information stored in files.

The water levels at the sections where they a¡e recorded regularly were processed before usiag

in this program. This pre-processing was required for two reasons. First, the water levels ¿t ¡sse¡ding

sections are reported as daily values instead of hourly values. Therefore, water level corresponding to

a particular discharge had to be obtained by interpolating beMeen values recorded at two consecutive

days. Second, the before peak and after peak values ofwater levels for the same discharge are different

due to the hysteresis effect present in the observed rating curve of the river (see Appendix-F). The

average of these fwo values (before peak and after peak) are taken in this progrâm.

The program is written in WATFOR-77 f.or Personal Computers and uses remote Blocks and

Sub¡outines. The file information is supplied from the screen. The output contain5 aI the values of the

properties for the branch channels as well as for the total sections as described in Chapter Four.

The computational procedure is as follows. Starting from the downstream section the program

fi¡st checks the i¡formation to determine which sections do not have water level records. For these

sectious water levels have to be computed. Also, the program checks the information to determine for

which sections the coordinate information is missing. These sections with missing coordinates a¡e

excluded from computation of sectional properties.

Appendix E
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To determine the unknown water level at a section the following procedure is adopted. First,

two consecutive sections where the water levels are known are determined. These sections with known

water levels are taken as the reference sections. The unknown water levels for the sections in between

these two are computed by routing the discharge. The process is a trial-and-error one. When the

difference befween the computed and the recorded water level is within the tolerance limit. the

procedure stops. Standard step method of computation is followed.

When convergetrce is obtained, the friction coefficient is recorded. The sections with missing

coordinates are not considered in the computations, and the distances between the sections are adjusted

accordingly.

The number of channels in a section is determined by the water level and the coordinates of

the section alone. This number corresponding to a certain water level is computed for ail the sections.

Note that the number of cha''.'els is different for different sections. A channel is defined as the part of

the seclion for which the bed elevations are lower than the water level. Also, a channel should lie

between two consecutive portion of the section (or banks) for which the elevation is higher than the

water level. The vertical a¡d horizontal coordinates of the point of intersectiou of the water surface (for

a given level) and the ba::k, in most cases, has to be interpolated since the coordinates are measured

at discrete points. The program checks in both directions to determine whether the point is on an

increasing or on a decreasiag slope. The bed-line befween two consecutive measurements points of the

section is considered to be linear.

For every increment in the trial water level, all of the sectiona-l properties are recalculated. The

sectional properties of each branch channel as well as the total section corresponding to the condition

for which convergence is obtained a¡e recorded ìn a file.



\MATER LEVEL AT DIFT'ERENT DISCHARGES

F.l Introduction

AppendÍx F

Computation of the cross sectionai properties is largely dependent on the value of water level

corresponding to the water discha¡ge of interest. The water levels do not hold a one to one relationship

with the water discharge, rather a hysteresis effect is present. The before-peak and the after-peak values

of water level for the same discharge are different. AIso, the discharge of interest usually has to be

interpolated between fwo dates of records, and the water level has to be interpolated accordingly.

The cross sectional measurements are not taken as regularly as the water level and discharge.

The cross section data that a¡e available are of the low water period (usually between October and

May). The water year and the calendar year are not the sa-e. The water yea¡ starts on the f¡rst day of

April which is stül during the low flow period. The cross sectional measurements a¡e referenced to the

calenda¡ year. Therefore, to avoid confusion, a definition of the year of record is provided in the

following section.

F.2 Definition of Year of Record

It is convenient to designate the year of record of cross sectional measurements to be the corresponding

water year as explained below. The water ye¿ìr representing the low-water period in which the cross-

sectional measurements a¡e taken will be considered as the year of record for the cross-section if the

measnrements a¡e taken before April 1. The previous water year will be taken as the year of record of

the cross-section if the measurements are taken after April 1- but before the peak flood. The maximum

discharge of L984, ¡e¡ s¡ample, refers to the maximum value of discharge recorded between April 1,

L984 and March 3L, 1985. The cross sectional measurements, on the other hand, made wirhin the falling
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limb of the hydrograph of the water year 198¿f-1985 and the rising limb of the hydrograph of the water

year 1985-L986 is referred to as the measurement of 1984. For s¡ample, cross section measured in the

Iast week of April 1985 would still be referred to as the cross section of 1984 even thougù the period

is within the 1985-1986 water year, assuming that the peak flood of 1985-1986 water year (which usually

occurs during July-August period) has not passed by this time.

The cross sections are usually measured during the low water period (betweeu two peak floods

of two consecutive water year). This cross section is taken to be valid for the discharge of interest even

though the measu¡ement may not have been made for that particular value of discharge. This definition

is showed in Fig. F.L with the s¡ample water years of 1984-1985 and 1985-1986. Also on this figure, an

arbitrary discharge line (30,000 m3/sec) is shown. There a¡e two different dates of interest for which

this discharge occurred, one is the after-peak value and the other is the before-peak value. Si¡ce water

levels corresponding to these dates a¡e different (for the same discha¡ge) because of the hysteresis

effect, the average value is taken to be the water level for this discharse.

F.3 Interpolation of Water Level

The water level and the discharge data as reported by the Bangladesh Water Development Boa¡d are

the daily mean values. Therefore, the discharge of interest would usually lie between the values of rwo

consecutive days. Occurrence of observing the exact discharge (of interest) is a rare event. Water level

corresponding to this discharge is, therefore, needed to be interpolated.

Let Q be the discharge of interest which lies between the observation of day L and day Z.

Discharge recorded on day 1 and day 2 are Q, und Qz respectively. The corresponding water levels are

H1 and Ht. Ît is assumed that these values vary linearly within the 24 hour time period. Then, for a

discharge change of (Qt - Q), the water level changes by (Ht - H).If the frst day discharge deviates

from Qby AQti.e.,tl AQ1 = (Qt'Q),theothe deviation in water level corresponding to this deviation

in discharge can be written as
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The water level corresponding to p is then given by:

Note that the quantity (Ht - n)/(Qt - Qù is always positive. The quantity AQr, however, may be

positive or negative depending on whether the discharge increased or decreased between day L and day

2. Equation (F.2) is therefore vaüd for both cases.

To find the water level for a discharge of 30,000 m37sec for L984, one has to. look at the

discharge and water level records ofwater year 19841985 and L985-1986 (see Fig. F.1). The after-peak

value of 30,000 m3/sec occu¡red befween day 185 and 186. The correspo¡rling discharge and water level

valuesare: Q1 =32,500m37segHr = 18.068mforday185;Q2 =29,700m3¡seg Hz= L7.870mfor

day 186 respectively. Using Eqn. (F.2), the water level corresponding to Q = 30,000 -37sec is found to

be 17.891 m.

The before-peak value of Q occurred between day 429 and 430. The corresponding values are:

Qr = 26,800 -37sec, Ht = 17.892 m; Q2 = 33,900 .3/seg and H2 = 18.478 m. Using Eqn. (F.2) the

water level corresponding to Q = 30,000 .37r"" is found to be 18.L56 m. Note that the before- and the

after-peak values are different. The average is L8.024 m. This value is taken to be the water level for

a discharge of 30,000 -37s"..

The graphical solution of Eqn. (F,2) is given in Fig. F.2. This figure has two ordinates; the left

one is for discharge and the right one is for the water level. The line for Q = 30,000 -37sec intersects

with the discharge line at a point. Follow this point vertically to intersect the water level line. The water

Ievel correspondi.g to this point of inte¡section is the required value. The seme procedure is followed

to find both the after- a¡d the before-peak values. An average of these two values are takeu.

H =H'(#,)*'

?ß4

(F.1)

(F.2)
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F.4 lVater Levels at Different Discharges

Following the procedure described above, the water levels at all the sections of the Brahmaputra river

for different discharges of different years are computed. For the sections with recorded data, Eqn. (F.2)

was followed. For others, the water level was computed by routing the flow using the known records of

the measurement sections. Some of the resulting values are given in the following tables.

Table F.1: Water lævels at Different Sections for Q - 10,000 m37sec

Section

J-1

J-1-1

J-2

1976

J-2.L

4.563

I-3

4.695

J-3-1

tw

4.878

J-4

4.432

4.943

4.571,

J-+1,

5.15

r978

J-5

4.827

5.572

4.225

J-5-1

4.846

?46

5.753

4.501

J-6

5.063

r979

4.877

6.38

J-6-1

5.338

3.603

6.492

5.048

I-7

5.52

4.32

6.559

5.343

1980

J-7-L

6.838

4.592

6.974

5.782

4.249

6.965

J-8

4.6L8

7.709

6.229

4.569

J-8-1

7.L6L

4.735

8A69

1981

7.037

5.1r4

J-9

7.452

4.435

4.93

8.666

7.298

J-9-1

5.26

7.772

4.834

5.17

9.452

7.367

5.399

J-10

8.099

5.722

5.325

9.993

7.506

1983

5.756

J-10-1

8.431

10.568

5.9L4

5.757

4.252

6.223

7.72

J-L1

9.3L4

6.4L5

11.094

6.365

8.L2L

4.34

6925

7.1

9.75

7.009

1_1.31

4.624

7.575

10.1.33

8.49

7.146

LL.611

7.404

4.872

9.884

7.7?ß

11.356

7.6LI

L2.9r7

7.8L6

10.179

5.325

:1.873

11.969

8.126

10.398

6.L81

8.21

8.r34

L2.457

8.764

9, \))

7r.209

6.527

8.669

13.536

9.31.5

8.628

11.938

6.757

8.923

9.907

8.798

L2.566

6.9r5

9.864

10.92

9.067

ti.931

7.327

r0.211.

1L.856

9.254

7.658

10.643

12.465

10.338

11.619

7.97

13.459

L0.724

8.332

L2.35

11..145

8.679

12.775

11.356

9.294

13.71

11..597

a <))

Ll.979

L0.144

13.033

L0.n7

r0.963

LL.159

L2.002



J-L1-1

J-12

J-12-1,

J-13

73.662

J-L3-1

14.521.

J-14

L4.824

L4.LL1,

LL+I

1,5.029

J-15

14.69

75.r57

L4.819

J-1.5-1

15.518

L4.321,

t4.9L2

T-16

T4,7L7

L6.62

15.023

J-16-1

L7.603

L4.85

15.926

13.893

J-L7

14.991,

18.07

L6.664

14.295

18.835

15.101

t7.046

Tabte F2: Water Levels at Different Sections for Q = 30,000 .37sec

L4.456

19.554

15.508

14.309

17.562

L4.6L9

20.978

16.102

r4.789

14.716

18.51

16.69r

L4.994

Section

19.235

1.5.527

13.347

L7.457

1.5.257

J-1

19.668

L6.207

L3.743

r8.593

15.883

J-1-1

L7.04

74.I8',7

16.162

I-2

19.33

1976

17.833

287

12.605

14.73

7.6353

J-2.7

16.953

L9.8

18.762

L5.176

13.243

7.7954

I-3

17.578

19.568

15.806

14.005

r977

18.219

7.9005

J-3-1

20.498

6.96L7

16.547

7.9542

J-4

L8.766

1.4.4

7.1803

L7.381

14.955

8.3L78

19.163

I-4-1

r978

7.43L1

18.067

16.047

8.8838

19.745

J-5

7.1781,

7.7664

L8.494

16.961,

9:2,642

J-5-1

7.4¡,06

8.2538

18.948

L7.82

9.8162

J-6

7.6262

Ln9

8.4ó62

19.974

6.3795

18.39

9.9366

7.7707

J-6-1

18.883

6.9349

8.85

r0.216

J-7

8.0864

9.6623

1980

7.2482

19.797

LO,6ZL

J-7-1

8.5132

6.9526

9.7933

7.3514

L9.877

11.136

9.0216

7.2117

9.9445

7.6801,

1L.878

9.8125

r.981

7.7237

r0.377

8.1608

12.067

6.855

10.062

7.7987

10.962

8.8704

7.5?,83

10.3L9

7.999

L1,.284

9.4523

8.4004

1983

L0.688

8.333

6.9952

11,.7?ß

9.7232

8.422

LL.OT7

8.6653

10.106

7.1.44

8.6512

LI.495

9.0734

7.5015

10.564

8.8436

9.4703

11.86

7.7509

11.083

9.0758

10.L99

8.3833

rL.525

9.2118

10.534

9.2779

9.3331

L1,.72

11.089

9.8775

L0.629

11,.967

10.375

r0.874

12.354

10.598

LL.174

1L.005

11,.642

L1,.256

1L.851

L1,.604

72.102

12.616



J-8

J-8-L

J-9

72.652

J-9-1

13.r28

J-10

13.704

J-10-1

12.46

L4.736

J-1L

12.863

L4.4L7

J-1_1-1

73.34r

14.668

J-L2

r2.765

14.308

J-Lz-L

13.r34

15.84

14.889

16.803

J-13

13.439

L5.252

12.082

J-13-1

L7.471,

L4.qt

16.288

L2.436

17.699

J-74

L5.062

16.91"

J-14-l

15.552

L7.96

L7.456

13

IJ.J+

13.967

18.054

J-15

16.839

13.655

17.58L

L4jt7

18.591

J-15-1

17257

14.L83

15.247

77.79

13.031

19.882

J-16

L7.633

74.784

17.871

76.486

73.652

20.929

J-16-1.

15.475

L7.68

18.855

t6.953

14.042

2L.483

J-]-7

17.839

15.841

12.887

19.541

17.365

14.228

22.205

17.858

288

16.619

13.089

20.106

L7.524

14.5r7

18.595

22.89

L7.789

13.478

L7.825

L4.738

23.848

20.9

19363

Table F3: Water Levels at different Sections for Q = 40,000 m3¡sec

17.673

13.766

27.717

17.965

15.34

20.33r

L7.88L

14.01i

22.788

18.705

15.702

21..079

18.184

14.215

22.663

L9.43

16.119

Section

2L.845

18.593

L4.839

20,547

L6.577

J-L

22.512

18.935

15.,101

21..2L7

L7.194

J-L-L

?3.147

L9.639

L5.976

21..982

L7.822

J-2

r976

20.42

22.6L4

J-2-7

18.403

16.8

8.TT7

21,.115

17.283

23.593

L9.072

J-3

8.343

21.857

L7.755

LW

20.019

J-3-1

8.513

22.171

18.401

7.638

20.708

8.569

22.8n

19.L99

7.8L6

2L314

9.01

L978

20.082

8.04

21.808

9.457

7.931

20.735

8.319

22.695

8.r42

2r.258

8.792

Lyt9

8.364

27.691.

9.006

7.321

8.453

22.32r

7.806

8.77

1980

8.025

9.263

8.085

8.084

8.23

8.36

1981

8.839

8.635

7.385

8.992

8.122

9.327

9.004

1983

9.57r

7.797

9.03

7.922

9.3ß

8.203

9.571

8364

8.992

9.887



J-4

J-+l

J-5

J-5-i

9.753

J-6

10.307

10.516

J-6-1

9.A5

J-7

r0.77

L0.256

L1.119

J.7-L

L0.479

LL.592

J-8

9.785

L0.6?ß

12.379

J-8-L

L0.513

LL.107

J-9

L2.692

\0.766

L1,.755

9.389

J-9-1

L3.284

11.006

12.083

J-10

L3.73r

9.879

L1,.471

L2.433

10.315

J-r.0-1

L4.311,

11,.979

9.754

13.206

L0.679

L4.708

J-L1

12.494

9.937

13.663

11.151

15.031

J-L1-t

10.063

r2.75

L4.195

L5.30L

J-12

tI.69

9.855

11.339

13.54

14.939

12.157

10.043

16.532

I-L2-1.

13.958

11,.704

15.49L

10.229

J-13

12.39

L7.489

L4,3LT

1.59L2

L2.04

L2.804

L1..352

L8.145

J-13-1

r0.47

?ß9

L4.8M

L2.558

r7.028

t3.L54

r0.946

L1,.703

L8.405

J.T4

15.606

13.296

L7.545

13.749

LL.2t5

18.672

J-14-L

12.0?

16.033

13.686

18.133

L4.867

1L.649

12.456

18.781

J-15

r7.3t3

14.387

18.306

15.604

11.853

12.646

19.1'72

J-15-1

17.801

14.873

18.596

12.161_

16.039

LJ.JLJ

J-16

19.507

L8.224

L5.2L

18.652

77.302

13.745

20.777

J-16-1

L2.61,

18.288

L5.393

19.I4Z

r7.804

13.323

14.183

J-t7

21.946

L8.502

16.002

19.507

18.136

13.625

L4.418

22.91.5

18.551

L7.069

20.696

18.217

13.843

23.165

14.85

19.203

17.679

21.885

L8.42L

15.119

Í4.31

23.47

19.965

18.531

22.591

L8.425

t4.541.

15.892

2L.t84

18.593

23.165

L9.267

L4.794

16.3L9

21..946

t8.71.5

14.995

23.47

20.02

16.81

18.835

'r) <<

21..255

15.608

17.332

23.165

L9.172

2L.955

16.156

L7992

19.507

23.47

22.559

16.726

18.54

20.7n

?3.184

fi.6n

19.155

2r.946

24.191

18.081

19.8r.1

22.872

20.842

18.55

23.165

19.229

21.499

23.47

20.093

)) )1)

22.657

21..07

2L.785

23.554

22.306

22.772

23.345



Table F.4: Water lævels at Different Sections for Q - 50,000 m3¡sec

Section

J-1

J-1-1

I-2

r976

J-2-7

8.818

J-3

9.103

r977

J-3-1

9.333

8.492

J-4

9A43

8.690

J-+7

9.7L5

L978

8.845

L0.077

J-5

8.13.2

9.1_08

J-5-1

r0.362

8.3?å

9.69t

10.929

J-6

ry79

8.ó11

L9.L33

J-ó-1

L1,.125

8.39L

8.665

10.505

11.309

8.8n

J-7

9.079

1,1.263

1980

9.127

t1_.6?Á

J-7-1

9.543

8.534

LL,272

11.97r

9.205

J-8

10.1?3

8.900

11..454

9.4L8

t2.730

J-8-1

r0.982

1981

9.330

11.708

I-9

9.601

13.183

7.937

1L.1.59

290

9.510

L2.231

r.0.059

J-9-1

L3.662

8.482

LL.384

9.693

12.500

r0.982

L4.076

J-L0

9.L75

11.800

1983

10.059

13.104

r.1.198

L4.647

J-10-1

8.385

9.429

L2.?ß5

t0.zLt

13.802

11..339

L4.996

J-11

8.54

9.516

L2.749

10.516

L4.237

L1..64

J-11-1

L5.789

8.767

9.7L0

13.070

L0.707

L4.83L

12.040

J-12

10.069

16.368

8.897

73.906

17.430

14.996

12.558

L0.256

J-tz-I

17.221,

9,533

14.359

11.857

1,5.789

13.289

10.413

10.500

18.2n

J-13

14.753

12.192

16.368

13.899

L1,.057

LL.743

18.572

J-13-L

L4.996

13.076

17.221,

14.356

r1..6L3

r2.777

J.L4

18.837

1,5.789

73.748

18.227

L4.635

1L.853

L9.050

12.476

L1+1

16.368

L4.173

18.387

L4.996

12.244

n.944

L9,Å5

17.227

14.813

t8.532

15.789

12.472

20.056

1i.036

18.22'7

15.295

18.745

16.368

L2.856

t3302

n.7n

18.667

15.606

19.036

17.221

L3.468

L3.570

18.837

16.002

L9.660

18.227

L3.802

13.856

19.050

76.672

20.36L

18.780

14.135

1.4.L03

19.187

17.435

18.867

L4.32r

L4.717

19.660

18.044

19.142

14.839

15.015

20.36L

L9.167

19.2q

15.131

16.062,

t9.233

19.660

ß.q4

16.510

19.355

?ß.367

L5.633

17.027

19.389

L6.496

17.603

19.660

17.021

t8.29r

n361

17.496

i8.968

L8.zLt

19.676

L8.73L

20.380

19.075

19.675

20.517



J-1_5

J-15-1

J-16

21,.946

J-L6-1

22.555

J-T7

?3.331,

21.580

23.622

22.25I

23.9n

?3.04ó

21.580

?3.622

22.?51

)? a)'7

23.228

21.580

?3.622

22.403

B.9n

n.698

21.580

23.775

22.403

24.0I9

?3.659

2r.579

23.927

22.149

24.232

22.847

2I.492

23.394

291

22.165

24.305

22.678

23.168

23.738



G.L Computation

Appendix G

SECTIONAL PROPERTIES

This section explores the relatiouship between stage and other sectional properties. For this pu{pose,

the cross-sectional a¡ea (,4), hydraulic radius (R), and width (Tl) are calculated for di-fferent stage (Il)

for ail sections and for all years of available record. The stage corresponding ¡s ¡þs ninimum discharge

was taken as the lower timit an¿ the stage correspond.ing to the bankfull discharge was taken as the

upper limit of computation. Within this range, the above va¡iables were computed at an interval of one

foot. These values were used to find any statistical relationship of the following form:

where,

,4 is the cross-sectional area in ft¿.

R is the hydraulic radius in ft,

Ilz is the total width in ft, and

Il is the stage in ft.

A = CtHb

R = CzHd

w = cril'

The coefficients of Eqn. (G.1) to (G.3) for different year of record of different cross-sections are given

in the following tables (Tables G.L to G.6). Also, the coefficients obtained considering all data together

is given in Table G.7.

(G.1)

(G.2)

(G.3)



Table G.1: Coeflicients of Sectional Properties for Year 1976

Section
Number

J-1

A=CrHb

J-1-1

J-2

c,

6532

J-2-1,

5606

J-3

3889

b

J-3-r.

L.28

1568

J-4

292

R=CzHd

J-4-1

1.47

669

CJ

J-5

5.r.6

1.61

r24

J-5-1

2.08

3.30

445

J-6

1_.80

1.54

J-6-1

2.213

d

4.13

52

0.44

J-7

2.03

0.47

5.9

0.56

J.7.L

W=C¡Hu

0.896

)01

0.75

J-8

c1

2.50

0.34

9.34

0.44

rn0

J-8-1

3.01

293

2.35

2.90

1..02

J-9

1689

3.L2

3.64

0.87

2575

J-9-L

2.85

2;75

e

1.0L

1.09

380

J-L0

0.843

'1, ))

L.62

0.466

0.55

620

J-10-i

0.774

3.10

1.09

0.675

tJ+

J-1L

0.7L2

J.Jð

0.917

0.995

0.47

365

J-11-1

1.L7

3.59

0.113

0.220

0.57

190

J-L2

r_.06

3.51

0.067

0.12t

0.68

0.938

j-12-L

3.43

0.075

0.r43

0.74

19

J-13

1,.119

3.71

0.183

3.678-6

I.29

3.63

I-L3-7

L.477

3.73

0.039

t.43

2.7L

J-L4

J. t+

0.311

7.338-3

1.38

r0.14

2.029

6.25

0.048

0.011

1.13

25.82

2.447

0.339

3.92

4.34E-3

54.6

2.44

0.181

4.37

0.993

13.42

2.11

4.29

2.238-3

2.56

L.46

1_.93

4.44

094

0.339

r.67

0.022

1.103

3.198

2.00

0.019

2.09r

4.56

2.46

0.357

2.99

0.790

1.599

2.437

r.64

2.25

7.648-3

0.01L

2.79

0.336

2.64

0.588

4.16

2.328-4

3.59

,, 1.1

2.65

4.54



J-L+1

J-15

J-15-1

8.69E-3

J-16

3.348-4

J-16-1

2.9T8-4

J.L7

4.72

4.52E-7

Note: '-' denotes insignificant relationship

4.97

9.25F-5

4.94

3.328-10

6.38

Table G2: CoefÏicients of Sectional Properties for Year 1977

5.11

9.128-4

7.91

Section
Number

1.918-3

J-1

2.3r5

A=CrHb

4.938-5

J-1-L

2.05

J-Z

3.qE-4

c1

7003

J-Z-1

0.368

4986

J-3

2.86

4.658-5

767r

b

J-3-1

2.36E-4

4.26

L.?3

L544

J-4

1.L6E-6

2.66

294

R=CrHd

1.364

7059

J-+1,

6.548-6

4.76

L.654

c2

3395

J-5

4.33

2.55

L.617

426

J-5-1

5.50

3.55

L.293

2n

J-6

5.06

2.62

L.365

L236

J-6-1

d

5.39

1.906

0.65

30

I-7

2.53

2.181

0.54

LL.7

J-7-1

W=C¡He

9.26

1,.74

74

0.57

J-8

0.80

ca

2.642

0.37

o.oJ

n48

J-8-1

2.808

0.64

2.34

L399

J-9

2.330

0.26

3.4

638

J-9-1

1.16

2 Q?',)

e

0.89

5.58

?45

0.626

3.274

0.6ó

2785

0.8n

3.95

3.115

0.31

367

1.086

7.45

2.945

0.70

530

L.252

0.20

3.489

?Å.1

0.648

0.107

3.70

0.39

I27

L.TO7

0.182

0.61

25.8

L.020

0.452

1.r4

0.498

LS91

r.31

18.53

1,.549

1..17

4.53

1.943

0.89

1r.87

2.960

32.L7

1.942

2326

30.6L

2.132

r.45

0.11

1.808

1.7'17

2.598

3:2ß5



J-10

J-10-1

J-11

0.24

J-11_-1

0.50

J-12

1.18

J-rz-7

3.77

0.06

J-13

3.47

0.01

J-L3-1

3.25

0.20

J-14

0.14

3.95

0.04

J-L4.7

0.470

4.40

6.258-4

J-15

0.076

3.53

1.6E-8

J-15-1

0.05

3.94

0.021

L.17

J-16

0.098

5.43

3.318-5

0.88

J-16-1

7.41

3.268-5

7.37

T-L7

0.36

3.93

5.238-9

I.4t

Note: '-' denotes insignificant relationship

L.64

0.03

5.46

I.OTE-S

t.?1

1.06

3.468-4

5.40

6.028-7

15.59

7.4A

0.913

Table G3: CoellÌcients of Sectional Properties for year 197g

1.09

2.60

4.798-3

5.62

LA63

0.10

2.60

295

6.25

2.50

Section
Number

0.059

1.882

2.L2E-3

0.115

2.562

0.11

1.89

J-1

2.138-3

3.183

2.?ÁE-5

A=CrHb

J-1-1

4.598-5

3.L7

2.00

J-2

c1

0.02

3.03

6024

1..121

I-2-7

6.98-3

3.97

3997

3.09

J-3

3.89E-6

4.91

?ßrc

J-3-L

2.4,ó.F-6

b

3.284

L757

1.335

J-4

9.84E-5

3.571

1ß7

1..436

I-+1

R=CzHd

0.027

5.31

979

7.543

J-5

c2

5.q

306

1.606

1.302

4.49

4

L.690

1.541

3.164

1485

L.678

1.6L5

d

1..984

3.29r

0.844

2.597

0.602

0.773

W=CrHe

1.7L9

4.881

0.729

C"

0.7L2

0.510

46L5

3.192

1.004

2584

7.2r2

0.396

L737

e

0.909

572

0.492

0.4L0

2466

0.664

0.2u

?ß0

0.8L4

430

7.070

li.48

0.687

208

L.?ÅL

1.075

?.L92

L.4}L



J-5-1

J-6

J-6-1

774

J-7

L1.4

I-7-1,

33.42

J-8

3L.82

2.170

J-8-1

2.06

2.254

J-9

9.37

2.546

J-9-L

76.67

2.586

67.85

J-L0

5.64

3.308

J-10-1

0.186

2.830

J-11

0.3r7

2.326

0.381

0.53

J-LL-1

0.039

2.924

0.r14

J-L2

L.534

3.758

1.563

I-12-1-

0.065

3.656

0.914

r.194

2.52

J-L3

8.38E-3

4.080

3.50

r.285

3.85

J-13-1

0.124

3.194

0.608

1.815

5.18

J.L4

L.328-3

3.949

0.731,

0.045

60.00

T-I+7

2.556

L.96F-4

4.454

0.193

0.382

18.L2

J-] 5

2.42L

296

3.12E-4

3.634

0.051

0.505

5.96

J-L5-1

2.297

7.?38-3

4.764

0.020

63.98

r.482

J-L6

L.672

7.688-4

5.2L8

0.029

7.072

1..4

) î)7

J-L6-1

1.09E-5

5.069

1.472

0.102

a aaAL.LL+

J-17

z.0LE-7

4.182

0.021

L.649

7.tL4

Note: '-' denotes insignificant relationship

1.595

). /L,-)

4.729

5.15E-3

L5n

0.205

2.569

4.938-6

5.682

0.108

30.ó6

3.253

6.529

0.489

1.588

3.17

2.L77

. 0.131

5.249

1.910

0.291

3.007

5.7?ß

0.189

0.013

1.150

7.715

0.L54

0.813

0.063

2.305

0.485

0.038

1,.122

2.929

0.036

0.982

2.918-3

3.530

1.009

0.0r2

3.176

0.790

4.548-3

3.308

4.16E-5

r.378

3.9L8

L.328-6

3.,108

1.LTE.4

3.623

A a1Á

L.348-4

5.517

4.459

4.352



Table G.4: Coeflicients of Sectional koperties for year 1979

Section
Number

J-1

A=CrHb

J-1-1

J-2

cl

1282

J-2-1,

29L6

J-3

?357

J-3-1

b

1829

1,.71,5

J-4

645

1..529

I-4-r

R=CzHd

431

1.607

J-5

c2

1,52

1.603

0.489

J-5-1

30

1.888

0.630

J-6

249

1..849

0.866

J-6-1

d

52

2.164

2.t22

J-7

1.068

38

2.700

0.633

J.7-L

L.024

W=C.rHu

75

2.L50

0.899

J-8

c1

19

2.501

0.465

0.64

2620

J-8-1

2.59

2.525

3.014

0.959

J-9

4631

297

2.93

2.326

4.848

J-9-1

2380

0.470

2.726

e

r.072

J-10

8603

L,OLz

0.647

1.355

3.257

0.416

J-10-1

t020

0.505

0.159

3.L57

0.345

J-L1

22.70

0.737

0.011

3.546

0.224

0.728

J-L1.L

328

0.958

0.133

3.265

0.091

J-72

9.87

0.929

0.1L9

3.788

0.r25

5L.62

J-72-1

1,.864

0.168

4.472

O.LTz

J-13

46.4

1.1.41

1.151

1.78-3

3.785

t.1r7

7.352

J-13-1

1.318

2.285

6.28-3

3.794

2.073

2.779

I-1.4

r.267

1.802

7.88-6

3.708

0.0L1

87.10

L.260

1..784

1.03E-3

4.819

0.546

0.657

28.50

2.708

r.zIE-4

4.368

0.030

0.4ó8

23.46

2.448

6.000

0.238

1.815

4.77

1.585

4.783

2.80E-3

0.819

r.207

1.905

5.358

0.908

L.572

0.076

L.890

2.028-4

1.031

1.041

) 19.9

0.268

0.243

2.r05

2.609

7.ffiE-3

0.656

3.971,

3.321

2.709

0.699

2.659

0.938

0.602

2.966

1.8L4

2.222

6.85E-3

0.039

2.677

3.948-3

aalAL.ILA

0.016

3.7L0

3.291

3.838

3543



J-14-L

J-15

J-15-1

6.nE-3

J-L6

2.44E-4

J-L6-1

9.268-6

I-17

2.028-6

4.196

Note: '-' denotes insignilicant relationship

7.028-7

4.995

5.ZE-j

5.732

Table G.5: Coeflicients of Sectional Properties for Year L980

6.0r.0

0.925

6.243

0.014

Section
Number

6.216

0.223

0.655

J-1

5.348-3

A=CrHb

1.648

J-1-1

0.948

J-2

cr

lJJJJ

6.80E-3

J.2.L

6778

1.808

0.017

J-3

Jt I I

4.168-5

J-3-1

b

3790

6.168-7

1.127

3.54L

J-4

3n9

L.3LE-4

3.346

1,.3L4

298

R=CzHd

J.+L

6?Á

8.30E-7

1.470

4.783

J-5

c2

664

5.698

1.¿100

5.15

J-5-1

835

1_.â46

1..31

4.434

I-6

124

5.509

1.800

3.34

J-6-1

d

608

1.806

9.99

0.478

I-7

L76

3.049

0.841

I-7-r

W=CrHu

19024

2.3L2

3.28

0529

J-8

ca

L8.76

0.714

1.853

2592

0.222

J-8-1

6.00

2.152

5ru

t.236

J-9

17L

2.677

0.487

L139

J-9-1

e

2.7t8

0.934

JI I

0.6,18

2.85

3.020

0.642

L77

0.474

0.955

2.143

0.768

t92

0.937

1.504

934

1.180

3.149

0.574

6.74

L.406

3.332

2.L54

0.805

17.I3

1.310

0.6?Å

21_.73

0.870

0.195

0.865

15.03

2.407

0.583

3.160

25.0L

2.095

12.35

1.965

1.135

L0.76

2.06L

0.395

79.38

L.872

2.093

14.82

2.147

0.302

1.559

2.010

2.937



J-10

J-10-1

J-1r.

0.919

J-11-1

0.264

J-t2

1.3L3

J-12-7

0.064

3.396

J-13

0.053

3.68L

J-IJ-I

0.040

3.2L8

J-14

6.428-3

3.975

0.133

LI+L

3.985

0.023

J-15

9.56E-10

3.931

0.L53

J-15-1

4.02E-4

4.357

0.023

1..219

I-16

2.LZE-5

0.032

t.652

J-L6-1

1.69E-6

8.116

0.553

1.187

J.T7

2.638-5

4.832

0.116

Note: '-' denotes insignificant relationship

r.6L7

6.92

7.738-6

5.569

1.530

11..36

4.79F-6

6.073

9.93E-5

0.802

8.56

Table G.6: Coeflicients of Sectional Properties for year L981

5.460

0.055

t.769

2.78

2.r77

5.696

1..928-3

r.675

2.0n

Section
Number

299

5.744

0.072

2.809

0.073

2.03r

0.190

1.3L5

0.056

? ?5R

J-1

0.0r.6

A=CrHb

2.r07

2.454

J-1-1

0.035

1.1,9t

9.64E-6

3.7?ß

J-2

c1

5569

0997

'7.4fE-3

3.184

J-2-L

6960

1.569

0.0LL

J-3

L666

1.386

2.348-5

5.307

J-3-1

b

883

L.354

L.378-4

3.515

J-4

LLTO

4.928-4

1.31L

3.42

J-+1

R=CzHd

1026

T.zIE-4

1.668

4.883

J-5

c2

L596

1.764

4.64

1,.145

L10

L.713

1,.478

4.In

24.20

1.653

2.433

4.359

d

1.582

0.876

3.438

2.395

1.939

0.809

W=CrHe

2.742

0.591

ca

2.5L4

0.475

487L

0.648

4708

687

r.822

e

0.609

24r

0.477

603

0502

0.561

80

r.075

622

1.305

9.L6

1.065

133r.6

1.539

0.978

L.JJL

2.16L



J-5-1

J-6

J-6-1

708

J-7

637

J.7.L

46.34

J-8

410

L.820

J-8-L

7.575

1.887

J-9

16.71,

2.458

J-9-1

67.76

2.016

J-L0

?.729

2.963

J-L0-1

L.Z7t

2.686

1.578

J-11

0.682

0.579

2.347

J-LL-1

3.r.0E-3

3.148

0.289

J-12

L.257

3.263

4.560

0.6?ß

J-12-L

0.L20

3.463

1,.573

0.962

21,.200

J-13

0.017

0.238

4.747

1.051

78.234

J-13-1

0.005

3.L24

3.219

29.370

0.336

J-14

2.368-3

3.779

0.742

0.652

707

L.976

J-L+7

L.668-4

4.213

9.538-3

r.079

2.032

?Á.23

J-15

300

7.978-6

4.448

0.208

0.402

3.650

1.830

J-r.5-1

6.80E-4

4.580

0.462

43.82

t.L92

1.055

J-16

5.225

L.gTE.5

0.336

11.40

L.832

T9L2

J-16-1

2.10E-5

0.082

5.959

0.446

L.LO7

2.350

T-L7

1.07E-4

0.316

4.710

0.859

4.787

Note:'-' denotes insigni.ficant relationship

1.688

L.OTE-6

0.125

5.581

0.916

0.328

2.070

7.30E-7

5.498

5.70E-3

1..263

6.05

2.86L

5.128

0.370

0.908

0.256

2.n2

6.1_10

0.015

1.108

0.050

2.914

6.166

0.968

0.062

1.854

2.1I2

0.6r.0

0.860

0.007

2.922

0.588

t.62r

1.33E-3

3.297

4.048-4

0.594

1.38E-3

3.182

0.731,

1.848-3

J.OIL

0.713

2.22E-3

4.1L7

2.4r0

2.188-5

4.106

L.758-4

3.849

1.808-6

3960

4.902

1.80E-3

4.398

5.400

3.756



Table G.7: Time Averaged Coeflicients of Sectional Properties

Section
Number

J-1

A=CrHb

J-1-1

J-2

c1

6624

J-Z-7

5207

J-3

2695

J-3-1

b

1895

L.349

J-4

2322

L.381

R=CzHd

J-4-L

LL82

1..569

J-5

c2

545

1.600

2.633

J-5-r.

?ß2

1.685

1.968

J-6

624

1.691

2.069

J-6-1

d

NL

1.943

3.674

0.726

J-7

164

2.492

r.235

0.758

J-7-1

lV=ClH"

41,.82

2.730

4.579

0.678

J-8

c3

82.59

2.248

0.924

0.488

3L19

J-8-1

3.91

2.439

0.854

2.4Æ

3359

J-9
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34.50

2.576

4.6n

0.503

7516

J-9-1

30.30

e

2.638

1..66L

0907

1743

J-10

0.622

z.?3

3.174

1..620

0.505

1279

0.624

J-10-r_

0.593

2.838

r.847

266

0.397

0.894

J-11

0.527

0.867

2.910

0.633

535

1.156

J-1L-1_

0.193

3.260

0.230

0.566

42.89

0.966

J.L2

0.921

3.559

r.429

0.625

23.4r

1.340

J-L2-1.

0.103

3.698

0.6n

0.832

22.78

J-IJ

1.036

0.015

3.912

0.948

7.09

r.164

J-13-1

2.I14

0.069

3.400

2.543

0.921,

L3.93

J-14

1.808

9.5T8-3

3.850

0.131

46.90

1.039

2.042

2.498-3

4.687

0.215

0.879

20.21,

2.438

7.978-4

3.971

0.L43

0.43

33.20

2.138

9.668

0.162

1..3L2

31..20

1.807

4.990

0.083

5.48

r.?36

2.008

6.05e

0.51.1

ì))?

L.275

1,.917

0.139

4.L2

L.n8

1.870

0.089

2.96

1.563

2.386

0.024

0.907

10.86

3.r.05

1.481

2.386

t.6

L.4L2

0.453

2.627

2.205

0.037

2.r25

0.103

2.5',77

0.127

3.123

0.0034

3.385

3.r87

3.577

4.387



I-r+1,

J-15

J-15-1

'7.388-3

J-16

2.3T8-4

J-16-1

6.218-5

T-L7

2.268-5

4.3?Å

Note: '-' denotes insienificant relationshio

2.838-5

5.2t7

1.83E-6

5.554

6.151

0.576

5.67t

0.028

6.336

0.363

0.L92

0.856

0.24L

t.784

0.929

0.0L4

1.357

0.0081

1.206

0.0684

a'rai

2.988-5

9.218-5

3.643

1.408-4

3.437
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0.00,l8

4.902

4.968

4.735

4.367



DERTVATION OF A\¿ERAGE DEPTH

The average depth and width of the branch channels of a braided river are used to obtain a relationship

similar to the width-depth relationship of a single chan¡el river. one of the difficulties that arises with

this attempt is inherent in the definition of the average depth. It is possible to have more ttran one value

of average depth for the same width of the branch cha¡nels of a braided river because of their

constantly changing cha¡acteristics. This can be demonstrated even for a very simplified situation as

shown in the following.

Let us take a triangular section divided into fwo parts by a vertical line located at a distance

of mW from the left as shown in Fig. H.L where, W is the width of the total section, and ¡72 is a

proportion between 0 and 1. The shaded area of the triangle is one example division of the section, and

is referred to as the branch. The average depth of the branch will vary depending on the position of the

dividing line. It will also vary depending on the location of the deepest point of the original section. This

is true even for the same area of the original cross section. Let the deepest point with height ã be

located at a distance of kW from left where, k is a proportion between 0 and 1. Depending on the

positiou of the dividing line, there a¡e two possible ways to divide the section. These a¡e: (a) when n
lies benveen 0 and k, and (b) when n¡ lies berween k and 1. These are discussed separately below.

Note that quantities that are compared are kept dimensionless in order to make the discussion

more genera-l- The depths are converted to depth ratios, the widths to width ratios, and the cross-

sectional areas to area ratios. These ratios are obtained by dividing the branch channel dimensions by

the original channel dimensions (the average depth and the top width of the total section ¿ue consranrs

for a given section)

Appendix H

REI,ATIONSHIP



CaseL:0<m<k

The definition sketch for m < k is given in Fig. H.1. The altitude, ft

by comparing similar triangles. This can be written as:

H
h

--Ll mw ¡+ (t-rn)w

KW

mll
mHLe., r=T

of the shaded area can be found

Fig. H.1: Definition sketch for 0 s rn S k
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l* tw -l+- (r_*)w 

-*1

The areaA of the shaded branch can then be written as:

(H.1)

e=lt^w)h=fiørwnl (H.2)



The average depth, d, of the shaded branch is:

d=+=fir^n, foro<msk

The average depth of the total section is given by:

The ratio of the average depth of the branch to the average depth of the total section is obtained by

dividing Eqn. (H.3) by Eqn. (H.4) as:

' d =n, for o<mse (H.5)dok

o"=U#=I (H.4)

Case2:k<m<1

The definition sketch for this case is shown in Fig. H.2 n which the shaded area is the branch to be

considered. The altitude l¡ can be found from:
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h = 
(l-m)Y i.e., n =(1-*\aH (I-k)v \1-k)

The trapezoidal areaA then becomes:

(H.3)

e = lrwn * lnfuv-kw) * lt (*w-t w) (H.7)

(H.6)



F_mw

Fig. H2: Definition sketch for k < m < L

Substitution of the value of .Ff in Eqn. (H.7) flelds:

(l-m)w 

-->l

which can be reduced to:

^ 
= ffifzm-mz -rcl (H.e)

The average depth d is obtained by dividing rhe area in Eqn. (H.9) by the width mw as:

d = -4 ^lzm -n2 -tcl (H.10)
2n(1-k) I J
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e = |wnl*+@-k).(*-k)#l

The ratio (d/dot is obtained by dividing Eqn. (H.10) by do (= H/2) as foltows:

which c¿n be rearranged to write:

(H.8)

4, = 2m -m2 -k 
F.11)do m(L-k)



Eqn. (H.12) is quadratic in rl, fwo values of which are given by:

Eqn. (H'13) shows that there are fwo possible widths of the branch for the same average depth for a

given value ofk in the range k < m s l.

From Eqn. (H.3) and (H.10) it is evident that the value of the average depth d depends on the

values of k for given values of. m and ã inplying multiple values of d. Eqn. (H.5) implies a one-to-one

correspondence befween d/do and lzl for the same value of k in the specified interval with the upper

limit of ¡n = k. On the other hand, Eqn. (H.11) is quadratic in nz which suggests that for the same value

of d there are rwo values of. m f.or the same k. These are given by Eqn. (H.13).

The solution of Eqn. (H.5) and (H.11) are shown as plots of the ratio of the average depth of

a branch to the average depth of the total section (d/do, versus the top width ratio of the branch to the

total section þn) in Fig. H.3. Points on a single lire represent these ratios for different positions of the

vertical dividing line for the same deepest point of the whole section. Different lines on the plot

correspond to different positions of deepest point. This fìgure shows that for the same average depth

ratio, multiple values of width ratios a¡e possible to occur for different locations of the deepest point.

Even, it is possible to have two widths for the sâme average depth in all cases (and within the limit of

k < m < 1) except when the deepest point is at the end of the section (i.e., on the line for which fr=1

and k > rr) in which case the values vary linearly. Also note that for a different posirion of the deepest

point, in this example, the height of the triangula¡ section is kept the same in order to have the same

area.

*'-lr-(I -k)+l,,+k = o
| 4')

* =l'-o -k)&l.[' -,' -râ)' -4
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(H.12)

(H.13)
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The channel side slopes changes frequently in a changing environment of a braided river. The

vertical separating line is not an exact representation of the branch channels in a braided river. However,

it is similar. Since the branch channels do change frequentl¡ some of them may not have sufficient time

to establish a shape smoother than an alms5¡ triangular one. In real situations, the curves of Fig. H.3

wül be flatter, but there will be channsls for which observing multiple widths for the sa-e deprh would

still be possible. In other words, the width-depth relations of the form of Eqn. (5.11) will have too much

scatter around it, and may not be statistically significant at all. The width of the branch channel for the

sâme average depth, in the preceding example, is dependent on the relative area of the branch. For the

same value of k and same average depth, one width (smaller) occurs for a deep and narrow branch

(smaller relative area) and another width (larger) occurs for a shallow and wider branch (larger relative

area).



DERTVATTON OF' MOVEMENT RET,ATIONSHIP

[.1 Widening Channel

Let us consider a section with width I4 and an average depth d. Let the equilibrium width of the section

be l4t, and the equilibrilm depth be d, (see Fig. I.1). The figure shows a situation in which the

eqriliþ¡ium channsl is wider and shallower thau the original ch¡nnel.

Appendix I

--*>-l

T
or o

v

'm 4- \ît/2

Fig. I.1: Defïnition Sketch of Existing and Equilibrium Dimensions

+we
I

Let x be the distance of the Centre of Gravity (CG) from the centreline of the original section.

The movements of the banks are assumed to be li¡ear with the distance of the bank from the CG i.e.,

the closer is the bank to the CG, the higher is tÏe movement. The movement of the right bank

corresponding to different positions of the CG is graphically shown in Fig' I.2.

r
I



î-

I

Y

Fig. 12: Distribution of Erosion for the Banks

The slope of the change line is given by:

For a position of CG at any distance x from the mid-channel, the movement of the right bank is given

bv:

-T-
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Note that the sign of. (W¿\il) determines whether tÏe movement is erosion or deposition. Also, note that

the summation of movements of the left and the right banks at any location is equal to (Wr-W).

Therefore,

w-w
Slnpe = c'w

Y

[w^]* = ryg -) = 
(w"-w)v-zx)

[W^]t*[W^]n=w,-W

Substituting the value of [W*]a and simplifying,

I
[w^JL = Lr*[ww,-wz +2xW"-2xW]

which can be re-written as:

(I.1)

(r.2)

(r.3)

(I.4)



I.2 Narrowing Channel

Let the equilibrium channel *vrdth,'Vlrbe narrower than the original wrdthl// , and the equilibrium depth

drbe deeper than the original depthd. The sections are shown in Fig.I.3 where the original channsl

is wider and shailower than the equilibri rm sþannsl.

[W^]t =
(W,-W)(W +2x)

2W

----Þlwm¡ I<-

T
I

I

l_

3tz

(r.5)

Fig. 13: Definition Sketch of a Narrowing Channel

In this case, it is assumed that the bank closer to the centre of gravity will experience less

deposition than the bank further away from it. The movement of the banks are graphically gven in Fig'

I.4. Following the definitions of the above, the deposition of the left bank is given by:

I{_ " -->l

[w^]t, =
(w"-V)(W -2x)

2W
(r.6)



The deposition experienced by the right bank is then given by:

[w^Jn - 
(w'-w)!Y+2x)

2V

î-

I

v

Fig. I.4: The Definition Sketch for Variation of Deposition

------>l x l<-
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----_>l
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BAI{K MO\IEMENT AI{D \ryIDTH-DEPTH

J.L Introduction

An attempt was made in this study to quantitatively predict the banl movement by obtaining a

relationship between ba¡k movement and the deviations of the branch channels from equilibrium, and

the geometric conditions of the branches only. The central argument of this attempt was that the

changes in the individual branch channels of a braided river depends on the changes that occur in other

branches of the section in addition to the magnitude and distribution of the incoming water and

sediment load. Movement of the outer banks is of the greatest interest. Since the movement of the outer

banks is the reflection of what is happening in the enti¡e cross-section of the river, the deviation of

widths of individual cha¡nels from thei¡ equilibrium widths are an important factor in ds¡s¡mining this

movement. The weights of these deviations by which they influence the outer bank displacement are

thought to be dependent on a number of factors describing the relative condition of the branches. These

are: the ¡elative size, relative position, and relative shape of the branch channsl5 and the distribution

of the incoming flux across the section. The definitions of these variables are given in the following.

Appendix J

RELATTONSHIP

J.2 Deviation from Equilibrium lryidth

From the observed width-depth relationship (Eqn. 5.17), the equilibrium widths of all the ch¡nnels in

a cross-section were computed for the average and bankfuil discharge of the section. For the n-th

branch, the deviation of width from the equilibrium width is computed as:

where,

AWn = deviation from the equilibrium width of channel ¡¡,

AWn = (W,-W)^ (r.1)



We=

W=
t7=

the equilibrium width determined from Eqn. (5.I7),

the observed width, and

A positive value of áIZ signifies a tendency for channel widening while a negative value signifies a

tendency of channel shallowing. [¿ is ¿5s¡rmsd that AWnwill have a non-linear relationship with the bank

displacement and the exponent of. AWwtll be same for each branch channel.

1, 2, 3 etc. = channel arrmþs¡ of the branch channel, the left-most branch channsl 6rin*

cha¡rnel number 1.

J.3 Relative Size

The relative size of branch cha"''els is assumed to have an in-fluence on the magnitude of outer ba¡k

displacement. Larger channsl5 carry major portion of water and sediment and, therefore, the deviation

from equilib¡irm position of such channsls will have more influence on the oute¡ bank displacement.

The ratio of the a¡ea of a branch channsl to the total a¡ea of the cross-section can be a measure of

relative size since the surface slopes and ¡{anning's roughness coeffrcient can be practicaily considered

to be constant for all branches of a cross-section. The relative size of a branch channel is defined as:
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where,

A=

Á_"n

Å-^T-

the relative size of channel æ.

the area of the branch channsl ¡2, and

total area of the section.

J.4 Relative Position

Ø,)^=*

Even if the relative size of a branch channsl is larger, its deviation from equilibrium may not have a

gteater influence on the outer bank displacement if its relative position is far from the outer banks. In

(r.2)
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other words, channels closer to the outer banks will have more influence in the magnitude of the

movement than the other channels. The ratio of the dista¡ce of a branch channel to the total width of

the section can be a measure of the relative position of the branch and can be written as:

where,

X, = the relative position of branch channel n,

xn = the distance of channel ¡¡ from the bank, and

W- = the total width at the cross-section.

J.5 Relative Shape

(x,)^

l¡ rhis study, computations are done with the assumption that the channels are rectangular with the

given width and an average depth. Larger deviation of the branch channels from this assumption will

introduce larger errors which should be accounted for. The ratio of the maximum depth to the average

depth of the branch can be a measure of the relative shape and can be written as:

n=-
WT

where,

(r.3)

S, = the relative shape of c,hannsl 4,

drr* = maximum depth of the branch, and

d = average depth of the branch.

Note that for a recta¡gular section, S, = 7i for a triangular section, S, = 2; and for a semicircular

secfion, S, = 4/r = 1.27. The higher the relative shape factor the further is the deviation from the

rectangular assumption.

rsr. --l+)" (J.4)



J"6 Channel Radius of Curvature

The distribution of water and sediment coming into the section will not oniy depend on the relative size

of the branch but also on the curvature the branch may have at the poiat of distribution. The radius of

curvature (or its rate of change) may be a measure of the distribution of incoming water and sediment.

For measurement, the radius of curvature has been taken as the radius of an average circle, and is

comouted as:

where,

ø = the length of the chord joining the end points of the curve, and

h = the distance of the crown of the curve from the chord.

Note that the radius of curvature R was caiculated from measured h a¡'d a.

R = radius of curvatu¡e.

J.7 Proposed Relationship

n=!)

It seems logical, from the above discussion, that a combination of the above variables together with the

predicted deviations from Eqn. (5.17) should partially explain the bank movement of the Brahmaputra

river. The following functional relationship is proposed:

a2+-
th

5Lt

where,

dY = the change in bankline position at a point of cross-section measu¡ement in the following

year (T+ 1),

K = a constant.

NC = the total number of branches at the section. and

(r.s)

/vc

AY = K * fÍ(awn,A,,x,,s,:Ro)
n=l

(J.ó)



The other terms are for the current year, T, and a¡e defined before. por e¡çample, if the effect of

deviation in width and relative size of three branch channels are significant, the relationship may be of

the form:

/ is a funcúon to be determined from the observed data.

where, Il C ar'dp are constants determined from data, and subscripts denote the bra¡ch channsl

numbers.

The data for these relationships were obtained from the observed cross-sections at 33 points

along the river for the period 1g76-Lg83.The observed movement of the left and the rigbt bank were

obtained by comparing the records of the bank position with that of the followingyear. For each branch

cha''nel of each cross-section of each year of record, the other variables were computed. Eqn. (5.L7) was

used to compute AW values. The resulting data formed the basis of this exercise.

The objective of this attempt is to explore the relationship between the observed bank

movements and other variables that are easy to obtain and need less expertise to extract, A geat

armþs¡ of relationships combining the va¡iables given in Eqn. (J.6) were explored. Both linea¡ and non-

linear (with exponents on different variables) relationships were tried for each section, for all sections

together, for the left bank and for the right bank together and separately. All of these computations

were repeated for the average discharge (20,000 m3/sec), for the bankfull discharge (40,000 m3/sec),

and for a discharge corresponding to the danger level at Bahadu¡abad (50,000 m3/sec). Also, the whole

set of relations were tried separately for the six different reaches (see definitions of reach in Section

a.2.3). Marquardt method was used for the computation of non-linear relationship. A substantial amsunt

of computer time (5 hou¡s on the average on an IBM 386 machine for each relation of different

reaches) was needed for convergence.

AY = K + CrAWlA,, * C2AW|A,, + C3AW|Ar,
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(r.7)
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The relationships of the reaches computed separately were better compared to those for the

whole reach. Also, the left and the right banks produced different relationships and were better when

computed separately. The linear relationships of different reaches for the left ban-k are given below:

R¿ach l: Ay = 3IT-0.47AWr+0.42ÅWo+0.e9¿9,r, [R24-74]

Reach 2: AW' = 4937-3.26AW1+7.15AW2

Reach 3: Ly = -452-0.504f, +O.37A,W.

Reach !, ly = -5740-0.71A1\-0.69AW1

where,

Rcach 5: AY = 6284.84AW314.54AW114.92AWI [R24.77J

Reach 6: AY = 2309-3.|AW:-5.7AW2+I.6AW¿+2.8AWI [R24.26]

dY = the change in bankline position at a point of cross-section Beasurement in the following

Y€ü'

AWn = the deviaúon from the equilibrirrm width of chennel n, and

¡tr = sþannel n 'mber, the left-most channgl being cha""el number 1.

In all of the above equations, the displacements ¿rre expressed in FPS units. Note that a negative value

of AY meâns erosion and a positive value means deposition in the left banÏ.

Comparison of Eqns. (J.8) to (J.13) shows that the equations are different not only in the value

of the coefficients but also in the variables. For example, channel number L alo.d2 have major influence

on the ba¡k movement of reach 2 [Equ. (J.9)] whereas, channel number 3 and 4 are important for reach

a [Eqn. (J.11)]. No two reaches have the same channels as important (note that Eqn. (J.10) is

statistically insignificant). It is not possible to generalize these equations with oniy differing the values

of the constants for different reaches. This may mean that due to local conditions, different channels

are important for different reaches. Any changes in these conditions may altogether change the

equations in future. Therefore, it may not be a good idea to use these equations even though the values

[R2 4.7s]

[R2=0.08]

[R2 436]

(r.8)

(r.e)

(J.10)

(J.11)

(J.p)

(J.13)
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ofR2 are not discouraging (except for one). AIso, the equations for the right bank are different than

those for the left ba¡k. The idea of developing simple generalizsd relations using variables that are easy

to obtain is, thus, not a very attractive one.

Other non-linear relations that were tried did not improve this situation very much. Va¡iables

that were found to be important in these non-Iinear relations were srill different for different reaches.

AIso, the improvement in R2 value over the linear relations is not so much as to justify the use of these

complicated non-linear equations.



DERTVATTON OF AIY ENTROPY Ft]NCTION

K.I General Systerns

Let us assrune that a statistical population adopted an option out of n options and thus dispersed its

choices over to a set of ¡l cells. Let the proportion of the population in these cells are denoted by x¡

which represent the ci¡cumstances of selecting various options and reflect the freedom of the population.

Thus, x7, ....., xn are individual shares aud represent the freedom of choosing the option. These shares

a¡e all positive and they (or the normalized values) add up to unity, i.e.,

Appendix K

The axioms to develop an entropy measure for such a situation can be divided into nvo groups:

(a) the necessary axioms, and (b) the desirable axioms. The fi¡st group of axioms relates to the system

and are essential. The second group depend solely on mathematical issues regarding the possible use

of the measure. The two groups of axioms are given below.

trLl.l Necessary Axioms The measure,.Ff, must have the necessary properties given below.

L. It should be a function of. x1, x2 t ..-..t xn of. n choices such that these choices are represented by

fractions.

2. .É/ should be zero if and only if there is no freedom of choosing any other option but one. In other

words, H=0 tf. all the x¡'s are zero except one.

3. It should have its maximum value when all the J¡'s ale equal for a given number of options.

4. The maximum value of f/ should monotonically increase (or at least should not decrease) wifh n.

5. f/ should be a continuous function of .r;rs.

n
Ft.=/ (K.1)



6..Ff should be a symmetric function of xis.

7. The function f/ should not chanse when an additional option with no freedom is allowed.

lçI.2 Desirable Axioms Since the measure will be used for design which may involve optimiza[ion,

the following properties of the function ¿ìre desi¡able.

1. The function 1/ should be a differentiable function of x;'s. This is needed if the function is to be

maximized.

2. It should be a concave, pseudo-concave or quasi-concave function of .r¡'s. This properry is useful when

the function is to be maximized subject to constraints (which are usually linear). This property ensures

that the local maximum is also the.global maximum.

3. The optimizing values ofx¡'s, which are usually obtained by Lagrange's method, should automatically

satisfy non-negativify constraints. This is desirable since we have the constraintsx¿ z 0, and in general,

Lagrange's method of constrained optimization is easier to apply.

4. The measure should increase if .r¿'s are brought closer to each other. In a more generalized sense, f/

should increase if any averaging operation on thex'¡'s is done such that

J¿¿

where,

If this transformation is simply a permutation of :c¡'s, the value of É1 should remain unchanged.

5. The measure may contain a parameter to allow us to consider the factors that may not otherwise be

taken into account.

x{ = Ðo,¡x¡
¡

Ðo,¡=Ðo,¡=1, all a,, z 0

(K.2)

(K.3)



K.2 Goal-Oriented System

For a goal-oriented system, the dispersion of its choices over to a set of n cells is more or less relevant

depending upon the goal to be reached. In other words, the choices have different utilities for the

system. The utiliry of an option is independent of its proportion. For instance, an option with a gteater

proportion can have a utility equal to zero with respect to the goai of the system.

Let us denote the importance of the option with respect to the goal of the system by attaching

a non-negative number ui. 0, called the utilify of the option. An option irrelevant to the goal of the

system will have an utility equal to zero. Different options of same magnitude may have different utilities

with respect to the goai of. the system.

The occurrence of a single option of proportion -r and utility u brings about an information /1

which is a function of both variables, H = H(u, x). First, if we consider the options to be

indistinguishable in terms of their utiliry i.e., if we consider same utility for all, the information supplied

by nvo independent options of the system must be equal to the sum of the i¡formation supplied by each

option (Axiont 4 of Section 2.9).In other words,

H(tt,xf) = H(ax) + H(u,xz)

for every u > 0, 0 =xt s l, and 0.x2. l.

J¿J

Secondly, the information supplied by an option having a proportion of ¡ must be directiy

proportional to the utiliry of that option. In othe¡ words, the supplied information should equaily

increase with the increase of the utility. This can be written as

H(Pux) = PH(u,x)

for every utfity ¡J . 0, 0 . x < /, and non-negative number p.

A function that satisfies conditions given by Eqn. (K.a) and (K.5) can be written as:

(K.4)

(K.Ð



where, /c is an arbitrary constant. (For proof, see Belis & Gisau, 1968). For the complete set of options

of the svstem. we can write:

This function obeys all the necessary and desirable axioms of Section K.1.1 and K.1.2 as well.

If all the options have the sa-e utility (ail uis a¡e unity), then Eqn. (K.7) can be written as:

H(ux) = -kulogx

which is exactly $þannsa's enropy.

n

H = -kfu,x,lngx,
i=1

K.3 Distributíon of Branch Channel Equilibrium Discharge

Returning to the problem of redistributing equilibrium discharges anong the branch channels, let us

assume that the corrected discharge in the channels follow:

n

H = -kf,x,lngx,
:-l
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(K.6)

where, AQt are the difference befween the eqriliþ¡ium discharge and the existing discharge of the branch

chatt''el i, and It are the constant of proportionality which follow

(K.7)

Let us add a hypothetical branch channsl in the cross-section which carries the rest of the discharge to

be adjusted such that the positive coeÊñcient of proportionality l¡, a:fter normalization, is equal to

(1- Ð, U. We now have a system for which Eqn. (ICl) is obeyed, i.e., the proportions add up to unity.

n

Ð4aQ¡ =o
i=1

(K.8)

Ð4=t
i=1

(K.e)

(K.10)
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The process of redistribution of the excess ¡mount of discharge is controlled by the adjustment

allowed by the system over all the branch channels. As far as the system is concerned, the process of

redistribution is complete for the moment, since the equilibrium discharges in branch channsl5 ¿¡s

predicted amounts and are not the amount dictated by the system. What happens to this hypothetical

channel is not at all important to the system. Thus, the system can now be viewed as a goal-oriented

system described in Section K.1.3 where the distribution of the discharge among the branch channslg

and the hypothetical channel will have different utilities. The utiliry of the hypotheticai cha¡nel is zero.

The entropy of the system can now be expressed as:

for which

Putting uh = 0 in Eqn. (K.11) one can write:

H = -kf,ui4log4 -kurtologtu

Now, the utilities of the branch channsl5 are equal a¡d can be assumed to be unity. This reduces Eqn.

(K.13) to Shanns¡'s expression of entropy.

The rlimensions that the branches are most likely to assume would then be considered to follow

the ma:çimrrm entropy function provided that the maximization process only include the coefficients of

the branch channels. The problem, thus, is reduced to a maximization problem as given in the following

set of equations:

n+l

Ðt¡=1

n

H = -kÐui4tog4
i=1

(K.11)

(K.12)

i+
Max, H = Ð-4k(U

lsI

(K.13)

(K.14)



t4

s.r. fl,st
i=l

'f ,,oq, = o
i=l

)t 'o
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(K.ls)

(rc16)

(K.77)



ENTROPY PRINCIPI,E IN A THREE CHANN'EL

The entropy principle is applied to a section with three branch channels. In the existing condition, the

discharge in branches 7,2, and,3 arc Q1, Q2and O3 respectively. The summation of these discharges

is equal to the total dischar1e Qr of the section, i.e., Qr = Qt + Qz + Q3.The discharges of the

branches corresponding to the equilibrium condition ate Qe 7, Qe2 and per. Note that Qe 7 + Qe2 + Qe 3

+ Qr.The correspouding deviations from the discharge AQt = (8er - Qt), AQz = (Qez- Qz) and, AQj

= (Qes - O¡,). While the river adjusts its dimensions so írs to attain these changes, the actual changes

wül be different depenrling on the existing conditions and the time involved in the changes. It is assumed

that the actuai changes achieved by the branches i¡ one year may be written as l1AQ, lzAQz and 7 jAQ3

respectively. The following constraints hold:

AtAQt*trzAQz*,lsAQ, = 0

Appendix L

SECTION

where:

Therefore, the problem reduces to:

Using the classical optimization approach, the Lagrangian is formed and Kuhn-Tucker

conditions are used. The Lagrangian is:

It>0;12¿0:fr¿0

Max - lrlnl, - lrln), - 4k4 =fQ)
s.f. lrAQ, * ÀrAQ, * lzAQt = 0

2t*)z+1g=1
lt' o

lr, 0

lt'o



A6, tt) = - ). rln l, - ).rlnL, - ).rln l, - F {\Aq, * }zAQz * lrAQ) - uz( ) r + tz + A¡ - l)

fþg (rrhn-Jucker conditions are:

+ro 4,0 g 4'o d! 
'odf,t dlz dL, ðttt âpz

t,$ =6 Lø =o 4* p,+ =o p,+ =o' dï, 'ô1, ' d), -t dltt - ' . ãþz

The partial derivatives can be found as:

# = -Q +lnA) -þtÁQt-trz = -Q +lnlr*Ftdet*ttz)
dLt

#, = -(1 +InAr)'FtÀQz-lr2 = -Q +tn)'r+tt.AQr+p-2)

# = -¡1+lnlr) -utAQt-t!2 = -Q +tn).r*þtAQs*ttz)
dAE

+ = -GtaQt *lzaQz* trraQr)
oFt

dó,
õttz = -(2t+)z*4-1)

The Kuhn-Tucker conditions then become:

-(I +ln )., * ptAe + ¡tr) s 0

-(1 +ln).r*ptAQz*F) < 0

-(I +lnlr*þtAQt*lr) < 0

-(1tÁQt *lzAQz+A,AQ) < 0

-()t*Az*4-I) < 0

3?Å



-lr(1 +ln).r * utAQt *lt) = 0

-1r(1 +In)r* þtAQz+ Þ2) = 0

-At(I +ln).r*FtAQt+F) = 0

- FrØI AQ, + lrAQ, + )'rAQ) = 0

-Pzør+lz+'ls-1) = 0

Using the equalify conditions of Knhn-Tucker and recognizi¡g ¡þ¿¿;

one can construct five equations to solve for the five unknowns (tI, tz ).g ¡t7 and U2),These equations

can be written as:

1+Intrt*FtAQ1 +lt2=0

1*Inlz*FtAQz*lrz=0

I *Inlt * FtAQt * þt =0

ÀtAQr+,lzAQ2*LrAQr=0

Àt*lr+Às-1=0

Subtracting Eqn. (L.2) from Eqn. (L.1) one can write:

ln)., -ln )., * tt{ AQt - ÅQ) = O

using which H7 can be solved as:

1t'+0; lzr0; lr+o; þtt0; Ir2t0
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(L.1)

(L.2)

(L.3)

(L.4)

(L.6)
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u,=ffi rI"'6)

Multiplþg Eqn. (L.1) by AQz, and Eqn. (L.2) by AQl and, subtracting one of these products from the

other, one can write:

(AQz- AQ) *AQzIn At - AQ,ln).,* uz(AQz- AQì = 0

which can be used to solve for ¡.r2 as:

Substituting the values of p7 and p2 from Eqn. (L.6) and (L.7) in Eqn. (L.3) one can write after a little

algebraic ¡¡a nipulation:

(AQ, - AQ)ln)., *(ÅQ3 - AQ,)ln )., *(AQz - AQr)ln ),, = 6

Mnitipþing Eqn. (L.5) by ÁQz and then subtracting from Eqn. (L.4) one can write:

(AQr - AQ).1, *(AQj - AQ) )s * AQz = 0

from which one can obtain:

Fz=
AQ,ln 1, - ÁQrln ).,

AQr-AQt
-1

Again, multipþing Eqn. (L.5) by AQt and then subtracting from Eqn. @.a) we can wrire:

(AQt - AQ2) 1r*(AQ1 -AQ) 4 -AQt = 0

which can be solved to obtain:

trt=

(K.7)

(AQz-aq)4-aQ'
(AQt-AQz)

(L.8)

(L.e)



Substituting the values of. It and 2, in terms of 23 from Eqn. (L.9) and (L.1-0) into Eqn. (L.8), one can

obtain after some algebraic manipulation:

(aQt - aQ)Inl(aQt - aQ) 
!"1+(o3: .!91,Ø.a:-,:ar)!:ioa:) (1.11)* (aQz-aQ)t\ØQz-aQ)1r-AQrf = 0

Equation (L.1"1) is a non-linear equation with only one variable 2r. This equation can be re-written as:

lz=
(AQt-AQ) 2r*AQt

This non-linear equation can be solved for Lj. Similar relations can be obtained for t7 anð, 22.

Note that the anal¡ical solution results in non-linear equations from which the values should be

obtained by numerical methods. Therefore, in this study the analytical solution is not used. Note that

the example is for a th¡ee-branch channsl. Qþtaining solutions for more branches would be even more

complicated.

Once the values of 2's a¡e known, they can be used to find the distribution of deviation of

discharge for the branch channels.

(AQt-dQr)

[( 
AQ r - AQ) 41{aar 

&) 
¡ØQ t - aQ ) 1, + aq,16at 

- aat

* 
l(aQr- aQ) Ãt - aerlraataQ) = I
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(L.10)

(L.12)




