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Abstract: Based on the principle of maximum entropy the primary morphologic equation is 
derived, and then the equations for hydraulic geometry of longitudinal profile and cross-
section are established. For V-shaped cross-sections the relevant morphologic equations 
which are derived  are compared with the existing empirical and semi-empirical formulae. 
They show good agreement with the prototypes.

Key words: Principle of maximum entropy, hydraulic geometry, morphologic equation

IntroductIon

einstein (1950) once pointed out that entropy 
theory is the first theory for overall science. 
The principle of maximum entropy has 
been extensively applied in many domains 
of natural science. In view of this fact, to 
apply the principle of maximum entropy is 
adopted to deal with characteristics of allu-
vial channels capable of carrying given water 
and sediment load in meandering boundary 
layers without causing excessive aggradation 
and degradation.

Width adjustment may take place over a wide 
range of scales in time and space at meander-
ing channels. In the past engineering analyses 
of channel width have tended to concentrate 
on prediction of the equilibrium width for 
stable channels.

Most commonly the regime; extremal hypoth-
esis, and rational (mechanistic) approaches 
are used. By meandering channels, more 

recently, attention has switched to channels 
that  are adjusting their morphology either 
due to natural instability or in response to 
changes in meandering watershed land use, 
river regulation, or channel engineering.

Characterizing and explaining the time-de-
pendent behavior of width in such channels 
requires and understanding of the fluvial 
hydraulics of unstable channels, especially 
in the near-bank regions. Useful engineering 
tools are presented, and gaps requiring fur-
ther field and laboratory research are identi-
fied. Finally, this research will consider the 
mechanics of bank retreat due to flow erosion 
and deposition at meandering bends, mass 
failure under gravity, and bank advance due 
to sedimentation and berm building. It will 
be demonstrated that, while rapid progress 
is being made, most existing analyses of 
bank mechanics are still at the stage of being 
research tools that are not yet suitable for 
design applications.
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Most mathematical models, however, neglect 
time- dependent channel width adjustments 
and do not simulate processes of bank ero-
sion or deposition at meandering channels. 
Although changes in channel depth caused by 
aggradation or degradation of the river bed 
can be simulated, changes in width cannot. 
Meandering channel morphology usually 
changes with time, and adjustment of both 
width and depth, in addition to changes in 
planform, roughness, and other attributes are 
the rule rather than the exception (LeopoLd 
et aL., 1964; simon and thorne, 1996). As 
a result, the ability to model and predict 
changes in river morphology and their engi-
neering impacts is limited. The meandering 
river width adjustments can seriously impact 
floodplain dwellers, riparian ecosystems, 
bridge crossings, bank protection works, and 
other riverside structures, through bank ero-
sion, bank accretion, or bankline abandon-
ment by the active river channel, which are 
very important for sustainable development 
of European Mediterranean countries. Con-
siderable research effort has recently been 
directed towards improving this situation.

The objectives of the river width adjustment 
research were as follows:
• Review the current understanding of the 

fluvial processes and bank mechanics 
involved in river width adjustment

• Evaluate methods (including regime 
analysis, extremal hypotheses and 
rational, mechanistic approaches) for 
predicting equilibrium river width

• Assess the present capability to quantify 
and model width adjustment

• Identify current needs to advance both 
state-of-the-art research and the solu-
tion of real world problems faced by 
practicing engineers

To achieve these objectives, river width ad-
justments may occur due to a wide range of 
morphological changes and channel respons-
es. Widening can occur by erosion of one 
or both banks without substantial incision 
(eVeritt, 1968; burkham, 1972; hereford, 
1984; pizzuto, 1992). Widening in sinuous 
channels may occur when outer bank retreat, 
due to toe scouring, exceeds the rate of ad-
vance of the opposite bank, due to alternate 
or point bar growth (nanson and hickin, 
1983: pizzuto, 1994) while, in braided riv-
ers, bank erosion by flows deflected around 
growing braid bars is a primary cause of 
widening (LeopoLd and WoLman, 1957; best 
and bristoW, 1993; thorne et aL., 1993). In 
degrading streams, widening often follows 
incision of the channel when the increased 
height and steepness of the banks causes 
them to become unstable. Bank failures 
can cause very rapid widening under these 
circumstances (thorne et aL., 1981; LittLe 
et aL., 1982; harVeY and Watson, 1986; 
simon, 1989). Widening in coarse-grained, 
aggrading channels can occur when flow 
acceleration due to a decreasing cross-sec-
tional area, coupled with current deflection 
around growing bars, generates bank erosion 
(simon and thorne, 1996). Morphological 
adjustments involving channel narrowing 
are equally diverse. Rivers may narrow 
through the formation of in-channel berms, 
or benches at the margins.

Berm/bench growth often occurs when bed 
levels stage following a period of degrada-
tion and can eventually create a new, low-
elevation floodplain and establish a narrower, 
quasi-equilibrium channel (WoodYer, 1968; 
harVeY and Watson, 1986; simon, 1989; piz-
zuto, 1994). Narrowing in sinuous channels 
occurs when the rate of alternate or point bar 
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growth exceeds the rate of retreat of the cut 
bank opposite (nanson and hickin, 1983; 
pizzuto, 1994). Croachment of riparian 
vegetation into the channel is often satis-
fied as contributing to the growth, stability, 
and initiation of berm or bench features 
(hadLeY, 1961; schumm and LichtY, 1963; 
harVeY and Watson, 1986; simon, 1989). In 
braided channels, narrowing may result when 
a marginal anabranch in the braided system 
is abandoned (schumm and LichtY, 1963).  
Sediment is deposited in the abandoned 
channel until it merges into the floodplain. 
Also, braid bars or islands may become at-
tached to the floodplain, especially follow-
ing a reduction in the formative discharge. 
Island tops are already at about floodplain 
elevation and attached bars are built up to 
floodplain elevation by sediment deposition 
on the surface of the bar, often in association 
with establishment of vegetation. Attached 
islands and bars may, in time, become part 
of the floodplain bordering a much narrower, 
sometimes single-threaded channel (WiL-
Liams, 1978; nadLer and schumm, 1981).

If the flow regime and sediment supply are 
quasi-steady over periods of decades, the 
morphology of the river adjusts to create a 
metastable, equilibrium form (schumm and 
LichtY, 1965). Such rivers are described as 
being graded or in regime (mackin, 1948; 
LeopoLd and maddock, 1953; WoLman, 
1955; LeopoLd et aL. 1964; ackers and 
charLton, 1970a). Although the width of an 
equilibrium stream may change due to the 
impact of a large flood or some other extreme 
event, the stable width is eventually recov-
ered  following such perturbations (costa, 
1974; Gupta and fox, 1974; WoLman and 
Gerson, 1978). Unfortunately, predicting the 
time-averaged morphology of equilibrium 

channels remains, despite years of effort, a 
difficult problem (ackers, 1992; ferGuson, 
1986; bettess and White, 1987).

Many rivers, however, cannot be considered 
to have equilibrium channels even as an engi-
neering approximation. These rivers display 
significant morphological changes.  

Under the assumption that the only informa-
tion available on a drainage basin is its mean 
elevation, the connection between entropy 
and potential energy is explored to analyze 
drainage basins morphological character-
istics. Nearly, 30 years ago, Leopold and 
LanGbein (1962) applied for the first time 
the concepts of physical entropy to study 
the behavior of streams. Their application 
was based on the analogy between heat en-
ergy and temperature in a thermodynamic 
system and potential energy and elevation, 
respectively, in a stream system. Two ther-
modynamic principles were applied. The first 
principle is that the most probable state of a 
system is the one of maximum entropy. The 
second is the principle of minimum entropy 
production rate.

Using these principles, YanG (1971) derived 
for a stream system the law of average stream 
fall, and the law of the least rate of energy ex-
penditure. YanG (1971) and others have since 
applied the latter law to a range of problems 
in hydraulics. The connection between entro-
py and potential energy, which these workers 
so successfully exploited to investigate river 
engineering, sediment transport, and other 
problems, was not exploited in hydrology. 
In this work we pursue this connection to 
derive relations between entropy and mean 
elevation for a drainage basin network and to 
derive relations for the river profiles.
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Much of the work employing the entropy 
concepts in hydrology has been with the 
application of informational entropy. The 
beginnings of such a work can be traced to 
Lienhard (1964), who used a statistical me-
chanical approach to derive a dimensionless 
unit hydrograph of a drainage basin.

It may be visualized that the study of the 
landscape is the study of constraints imposed 
by geologic structure, lithology, and history. 
The way in which some constraints affect the 
river profile can be evaluated if one consid-
ers the profile to approximate its maximum 
probable condition under a given set of con-
straints. The most important observations are 
summarized as below:
a) The absence of all constraints leads to 

no solution.
b) The longitudinal profile of a stream 

system subject only to the constraint of 
base level is exponential with respect to 
elevations above base level.

c) The profile of a stream subject only to 
the constraint of length is exponential 
with respect to stream length which is 
a logarithmic function with respect to 
elevation.

d) Introduction of the constraint of a par-
tial base level above that of the sea adds 
a measure of convexity in the profile.

prIncIple of MaxIMuM dIscrete 
entropy

For a discrete variable X, Shannon (1948) 
defines quantitatively the entropy in terms 
of probability as:

             (1)

where P(Xi) is the probability of a system 
being in state Xi which is a member of  

{Xi, i = 1, 2, …}, and   It has 
been proved that  H(X) defined by  
Equation 1 is the only function to satisfy the 
following three conditions:
a) H(X) is the continuous function of 

P(Xi).
b) If and only if all P(Xi) are equal, H 

(X) attains its maximum value. This 
conclusion is known as the principle 
of maximum discrete entropy.

c) If the states X and Y are mutually inde-
pendent, then H(XY) = H(X)+H(Y).

JaYnes (1957) have proved that an equilib-
rium system under steady constraints tends 
to maximize its entropy. Based on this state-
ment, the entropy of a river system, having 
reached its dynamic equilibrium, should ap-
proach its maximum value, also the principle 
of maximum entropy should be valid too for 
the case of regime rivers.

Stream Power

Although many formulas for sediment 
transport have been devised, most can be 
expressed in terms of stream power as sug-
gested by baGnoLd (1960). Power is an 
important factor in the formulation of the 
hydraulic geometry of river channels. As 
explained by Bagnold, the stream power 
at flows sufficiently great to be effective 
in shaping the river channel is directly re-
lated to the transport of sediment, whose 
movement is responsible for the channel 
morphology. Laursen (1958) gives several 
typical equations for the transport of sedi-
ment, based on flume experiments and the 
average relation shows sediment transport 
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in excess of the point of incipient motion 
to vary about as (vDS)1.5 where vDS is the 
stream power per unit area. In terms of sedi-
ment per unit discharge, that is the concentra-
tion, C, the several equations average out as  
C ∝ n (vD)0.5 S1.5, a result that is consistent 
with the conclusion reached by baGnoLd 
(1960). There is in addition to be considered 
the effect of sediment size. Examination of 
several equations indicates that sediment 
transport varies inversely as about the 0.8 
power of the particle size. There have been 
several attempts to relate particle size to the 
friction factor n and by using the Strickler 
relation that the value of n varies as the 1/6 
power of the particle size. It is realized full 
well that both the sediment transport and the 
friction factor are influenced by many other 
factors such as bed form and the cohesive-
ness, sorting, and texture of the material. 
These are the kinds of influences, themselves 
effects of the river, that prevent a straightfor-
ward solution of river morphology. In order 
to limit the number of variables only the ef-
fect of particle size on transport will be con-
sidered, as this factor varies systematically 
along a river from headwater to mouth. Thus, 
sediment transport concentration is given as 
C  ∝  (vD)0.5 S1.5 / n4. The sediment transport 
per unit discharge in the river system will 
be recognized as a hydrologic factor that is 
independent of the hydraulic geometry of a 
river in dynamic equilibrium. Consequently 
sediment concentration may be considered 
constant.

Thus, there are three equations: continuity, 
hydraulic friction, and sediment transport. 
There are five unknowns. The two remaining 
equations will be derived from a considera-
tion of the most probable distribution of en-
ergy and total energy in the river system.

The probability of a given distribution of 
energy is the product of the exponential 
functions of the ratio of the given units to 
the total as

                       (1a)

The ratios of the units of energy E1, E2, etc., 
representing the energy in successive reaches 
along the river sufficiently long to be statis-
tically independent, to the total energy E in 
the whole length, are E1/E ; E2/E; …… En/E. 
The product of the exponentials of these is 
the probability of the particular distribution 
of energy. As previously, the most probable 
condition is when this joint probability,  
p, is a maximum and this exists when  
E1 = E2 = E3 … = En. Thus energy tends to be 
equal in each unit length of channel (LeopoLd 
and LanGbein, 1962).

Equable distribution of energy corresponds 
to a tendency toward uniformity of the 
hydraulic properties along a river system. 
Considering the internal energy distribu-
tion, uniform distribution of internal energy 
per unit mass is reached as the velocity and 
depth tend toward uniformity in the river 
system. Since the energy is largely expended 
at the bed equable distribution of energy also 
requires that stream power per unit of bed 
area tend toward uniformity. An opposite 
condition is indicated by priGoGine’s (1955) 
rule of minimization of entropy production 
which leads to the tendency that the total 
rate of work, ∑QS∆Q in the system as a 
whole be a minimum. Because S ∝ Qz, then 
∑Q1+z ∆Q→a minimum. For a given drain-
age basin this condition is met as z takes on 
increasingly large negative values. However, 
there is a physical limit on the value of z, 
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because for any drainage basin the average 
slope ∑S∆Q/∑∆Q must remain finite. This 
condition is met only for values of z greater 
than –1, and therefore z must approach  
–1 or 1 + z approaches zero. The condition 
of minimum total work tends to make the 
profile concave; whereas the condition of 
uniform distribution of internal energy tends 
to straighten the profile. Hence, we seek the 
most probable state.

The most probable combination is the one in 
which the product of the probabilities of de-
viations from expected values is a maximum. 
It is unnecessary to evaluate the probability 
function, provided one can assume normality, 
as we can then state directly that the product 
of the separate probabilities is a maximum 
when their variances are equal.

           (2)

where F1, F2, F3 represent the several func-
tions. The standard deviations σm, σf, σz, and  
σy represent the variability of the several 
factors as may occur along a river system. 
Since these values are not known initially, 
the problem must be solved by iteration 
(LeopoLd and LanGbein, 1962). Fortunately, 

the solution is not sensitive to the values of 
the several standard deviations, so the solu-
tion converges rapidly. Therefore,

                 (3)

for which there are two possible solutions:

                                      (4)

or

                                      (5)

To summarize,  we have introduced three 
statements on the energy distribution:

                             (6), (7),(8)

The absolute values of the standard devia-
tions need not be known, as we can infer 
their relative values. For example, letting  
F1 = (1/2)z – y , the standard deviation of 
F1 is

                                        (9)
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and  

F2=m+f+z            (10)

LeopoLd and maddock (1953) describe 
and evaluate from field data the hydraulic 
geometry of river channels by a set of rela-
tions as follows:

v∝Qm              (11)

D∝Qf              (12)

w∝Qb              (13)

S∝Qz              (14)

n∝Qy              (15)

where v is the mean velocity, D is the mean 
depth, w is the surface width, and S is the 
energy slope, and n is the friction factor at 
a cross section along a river channel where 
the mean discharge is Q. It is desired to 
evaluate the exponents in a downstream 
direction as discharge of uniform frequency 
increases. Some of the principles that have 
been described can provide estimates of the 
magnitude of the exponents of the above 
relationships. The exponents m, f, b, z, and 
y describe the variability in velocity, depth, 
width, slope, and friction along a river chan-
nel, but do not uniquely determine the magni-
tudes of these properties. The first condition 
is that specified by the equation of continuity 
Q=vDw, which requires that

m + f + b = 1.0                         (16)

The solution of their values is not available 
for the first trial solution so all values are 
considered equal. Thus:

           (17)

            (18)

           (19)

The results of the first solution are then 
used to derive first estimates of the standard 
deviations, and a second computation car-
ried forward. A third calculation is made 
to confirm the results of the second trial 
solution. These three equalities lead to two 
independent equations

y = - ½ (m + f)             (20)

z = - 0.53 + 0.93 y            (21)

which, together with the three hydraulic 
conditions

m + f + b = 1.0             (22)

m = (2/3)m + (1/2)z – y            (23)

(1/2)m = (1/2)f + 1.5 z – 4y = 0           (24)
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lead to a solution for m, f, b, z, and y. The 
final values, derived without reference to 
field data, are compared below with others 
obtained previously from analysis of field 
data on actual rivers.

Table 1. Values of exponents of the hydraulic geometry 
in downstream direction ( LeopoLd and maddock, 
1953)

Theoretical values Average values 
  from data on rivers

Velocity, m = 0.09 m = 0.10
Depth, f  = 0.36 f  = 0.40
Width, b = 0.55 b = 0.50
Slope, z  = - 0.74 z = - 0.49
Friction, y = -  0.22

Velocity is such a large factor in energy 
expenditure, the value of m, the exponent 
of velocity, is close to zero, making this 
characteristic the most conservative. The 
value of z which is the measure of the vari-
ability  in slope is least satisfactorily defined 
from field data, as it is affected by variation 
in the friction factor. Thus, the value of z as 
reported above is – 0.53 + 0.93 y. Hence the 
value of z is – 0.53 where grain size is con-
stant. The value of z was found by Leopold 
(1953) to be – 0.49 for midwestern  rivers. 
Henderson (1961) shows that for a stable 
channel of uniform grain size the slope 
varies as the – 0.49 power of the discharge 
(Table 1). However, when a large variety 
of river data were averaged, including data 
on ephemeral channels, Leopold and Miller 
(1956) obtained a value of z averaging near 
z = - 0.95. Values of z in excess of 0.50 may 
be attributed to the common tendency for 
the friction factor to decrease downstream 
by increasing discharge as particle size 
decreases. In canals, for example, where y 

is positive, the value of z is less than 0.50 
(LeopoLd and LanGbein,  1962). The study 
of hydraulic geometry develops a method of 
solution through introduction of probability 
statements. The results which are obtained 
by this theoretical derivation of exponents 
in the hydraulic geometry agree quite well 
with field data , but we are  far from satisfied 
physical relationships. For example, there is 
uncertainty whether the transport equations 
represent physical relationships or are in fact 
formulas for sediment transport under regime 
conditions. Several alternative assumptions 
were tried and the resulting exponents also 
agreed quite well with field data.

Drainage Network

In the longitudinal profile, the probability 
that a random walk will fall in certain posi-
tions within the given constraints can be 
ascertained. There is also a mean or most 
probable position for a random walk within 
those constraints. This statement suggests the 
possibility that a particular set of constraints 
might be specified that would describe the 
physical situation in which drainage channels 
would develop and meet. If the precipitation 
falls on a uniformly sloping plain which 
develops an incipient set of rills near the 
watershed, the rills  deepen with time and 
crossgrading begins owing to overflow of the 
shallow incipient rills. The direction that the 
crossgrading takes place is a matter of chance 
until the rills deepen sufficiently to become 
master rills. The randomness in the first stages 
of crossgrading might be approximated in the 
conceptual model which is amenable to math-
ematical description. Considering a series of 
initial points on a line and equidistant  from 
one another at spacing a and assuming random 
walks originating at each of these points.
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experIMental setup 

A movable laboratory channel with varying 
slope was installed for investigating the me-
ander evolution, measuring the erosion rate, 
and studying the sediment-water interaction 
in the meandering channel. On the bottom of 
the channel that is filled with the cohesion-
less sand, a straight initial channel that was 
to follow a meandering path during flow was 
carved. Discharge, slope of the main channel, 
and sediment transport rate were observed 
during the meandering plan-formation.

The main channel was 10 m long, 1.60 m 
wide, and 0.42 m deep. The original channel 
was filled through a feedback system with a 
uniform sand of 1.35 mm of median diameter 
up to a depth of 0.30 m. A movable carriage 
was mounted on the 8.80 m long side rails 
for measuring the channel and sediment-flow 
characteristics. Water coming from the head 
tank was passed through a water tranquilizer, 
which was 1.60 m wide, 0.26 m long, and 
0.65 m deep. The sediment supplier for the 
feedback system was laid at the entrance, 
but after the tranquilizer. The downstream 
reservoir for outflow with the end gate  
(0.15 m wide and 0.15 m high) was 1.10 m 
long, 1.60 m wide, and 0.65 m deep. The 
sand collector (0.42 m x 1.60m x 0.65m) 
was placed at the end of the channel. Into 
the uniform sand (of 1.35 mm of median 
diameter) of the 8.80 m long flume chan-
nel, a trapezoidal cross-section was carved, 
with a bottom width = 0.10 m, water width =  
0.20 m, and flow depth = 0.10 m. 

The movable carriage on the side rails was 
used for setting the profile indicator instru-
ment and the velocity measurement instru-
ment for obtaining the geomorphological and 

physical characteristics of the meandering 
channel. In experimentation, it was possible 
to change the slope, discharge, and other hy-
draulic parameters. For exact measurements 
of the sediment transport rate, a Sartorius 
weight measuring instrument was placed at 
the end of the channel. The sediment washed 
down from the flume was collected with a 
sieve in the downstream reservoir. It was 
dried and weighed with the Sartorius weight 
measuring instrument for computing the total 
sediment transport rate. 

experIMental oBservatIons

The experimental model in the present study 
consists of a very simple straight channel, 
which, after some time, converts to meander 
planforms on the sandy bottom of the main 
channel. Thus, the experimental setup seems 
to mimic a natural meandering river, for it 
reflects the development of a meandering 
channel on the cohesionless bottom bound-
ary layer, exhibiting every phase from the 
beginning to the end of the erosion event 
at the bank and the bottom boundary layer. 
However, one of the limitations of the ex-
perimental setup was its inability to observe 
braiding planforms. It was seen that there 
was no sediment transport after meandering 
and the stability of the flume was observed 
with the development of the meandering 
planform. Since flow exerts shear stresses 
that can remove particles from the banks and 
the near-bank flow pattern is determined by 
discharge, the influence of only discharge 
was taken into account in the experimental 
investigation. 

Observations for the transported bed 
material weight in time were taken for  
Q = 0.1536 l/s and S = 0.08 %, and these 
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are presented in this study. However, the 
main channel slope could be varied between  
0.04–0.5 % and the main channel discharge 
between 0.07–0.73 l/s. Measurements could 
not be made for experimental limitations 
beyond this range. For example, the flow 
in the flume of sandy bottom changed from 
subcritical to supercritical regime as the 
slope increased beyond the given range. 
Furthermore, more versatile equations for 
bed load transport and for meandering bend 
planform are required to deal with super-
critical flows. In the case of high flows, the 
zone of maximum bedload transport shifted 
outward through the bend. Over 80% of the 
bed load in transport traveled to the right 
(closer to the inside bank) of the centerline 
in the upstream part of the bend. In the 
downstream portion of the bend, over 50% 
traveled to the left (closer to the outside bank) 
of the centerline. 

The temporal variation of the total dry mass 
of the collected sediment amount is depicted. 
Dividing the total dry weight of the collected 
sediment amount by the sediment-collection 
time yields the average sediment transport 
rate in mass per unit time. Sand transport 
varied from 21–200 gm per hour during  
320 hours of the experiment. The sand-
water mixture introduced into the initial 
straight channel caused it to transform to 
the meandering form after 320 hours, the 
time after which an equilibrium condition 
was reached. Here, the equilibrium condi-
tion infers no sediment transport condition. 
In the developing meandering channel, bed 
profiles and velocities were measured by the 
profile indicator and velocity-measurement 
instruments. 

It was observed that the slope of the channel 
increased as it developed from the straight 
form through a shoaled condition to the me-
andering pattern, and that this channel pattern 
was associated with significantly higher sedi-
ment transport rates than the straight form. 
To prevent the channel from overflowing 
due to the increasing bed slope at the head 
of the system, a constant small freeboard was 
maintained during experimentation. 

analysIs of experIMental 
MeasureMents

Modeling of Sediment Transport Rates

Utilizing the laboratory observations, two 
equations were developed: one for bed load 
transport and the other for meander plan-
form. This involves (1) an investigation of 
sediment transport in the laboratory flume, 
considering the prototype, and (2) devel-
opment of an experimental meander bend 
equation. Sediment–transport processes lead 
to meandering planforms at the flume-bank 
erosion and consequently, to flume widening. 
Using the sediment transport measurements, 
the correlation between the sediment trans-
port change and meandering planform was 
analyzed. To that end, an attempt was made 
to begin the experimental procedure with first 
‘measuring the sediment transport’ and then 
‘measuring the meander bend formation’.

For the above Q- and S-values, the measure-
ments of the sediment transport rates for the 
whole period of 320 hrs are depicted. It is 
apparent from this figure that there exists a 
specific value of the sediment rate at time 
equal to zero. It is for the reason that the 
sediment load was supplied through the feed-



Maximum Entropy Theory by Using the Meandering Morphological Investigation 333 

RMZ-M&G 2006, 53

back system just before the time of the start 
of experimentation. Soon afterwards, the 
rate increases sharply and then decreases in a 
fluctuating manner, but generally decays with 
time. The sudden kinks here and there in the 
graph are the result of sudden erosion of the 
bed and banks of the channel and its wash-
ing away to the end of the channel, where 
it is finally collected for measurements. 
The sudden washing away of the sediment 
particles is also attributed to the generation 
of secondary currents that augment the flow 
velocity because of the variation in the ef-
fective discharge due to the supplying of 
sediment load through feed-back system. 
After the occurrence of such a phenomenon, 
a reverse trend of decreasing sediment rate 
is visible. It occurs because of the negative 
role of secondary velocities, leading to the 
reduction of the effective downstream flow 
velocity. Ignoring these effects, the overall 
result is that the sediment rate decays almost 
exponentially with time and reaches almost a 
constant or equilibrium value after approxi-
mately 320 hrs. 

The decaying trend of the depicted sediment 
transport rates can be modeled by the follow-
ing empirical relation:

Qb = 1.5227 e-0.0091 t            (25)

with the correlation coefficient (R2) equal to 
0.8993, indicating a reasonably good fit.  In 
Equation 25, Qb is the total bed load in the 
experimental channel in kg/hr, t is the time 
in hour (after the beginning of meander-
ing). It is noted that this equation is fitted 
to the observed data points excluding the 
points showing sudden kink at 115 and 225 
hrs. It exhibits an intercept of 1.5227 kg/hr 
at time equal to 0 and sediment transport 

rate approaches zero when time approaches 
infinity. Physically, the intercept indicates 
approximately the sediment transport rate 
supplied through the feed-back system at 
time t = 0. The disadvantage of the fitted 
model, however, is that the equilibrium con-
dition reaches at t approaching infinity. On 
the other hand, this condition was practically 
observed between 250 and 320 hrs since the 
beginning of meandering. Thus, many more 
sets of observations will be required before 
finally recommending an equation of the kind 
of horton (1945) infiltration model, which 
incorporates a static infiltration component 
analogous to the equilibrium condition of 
sediment transport rate achieved after a cer-
tain time. However, taking the value of this 
equilibrium condition equal to 0.165 kg/hr, 
Equation 25 is modified as:

Qb = 0.1650+1.3577 e-0.0091 t           (26)

where the decay factor is equal to 0.0091 per 
hr. The development of such an equation is 
of significance for reason that the bed load 
molds the geometry of rivers. Since the short-
duration (for example, 5 minutes or shorter) 
sand transport rates were not measured, 
Equations 25 and 26 may not be valid for the 
short-duration measurements and require a 
detailed investigation for the development of 
a comprehensive sand transport curve. 

Modeling of Channel Meander 
Planforms

In channel meandering, flume erodibility is 
not the only limiting factor for cross-section 
widening. When a cross-section becomes 
very wide and shallow, its cross-sectional 
shape may become unstable and develop 
into a number of separate, narrower chan-
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nels, thus transforming into a braided or an 
anabranching river. In the present experi-
mentation, limited runs were taken only for 
achieving the meandering planforms and for 
braiding or anabranching river cross-sec-
tions, the experiment was not continued.

The formation of the meandering channel at 
different times and in a specific channel reach 
of 250 cm is shown in Figure 1, in which x 
is the space coordinate in the flow direction, 
and y is the space coordinate in the normal di-
rection. Since longitudinal planform changes 
were insignificant, only lateral planform 
changes were considered. It is apparent from 
Figure 1 that at time t increases the departure 
of the meandering channel (measured from 
the center of the initially straight channel) 
increases with time and at time t = 160 hrs, 
a fully developed meandering planform was 
observed. It is also apparent from this figure 
that the radius of curvature of the meander 
increases from 0 to 125 cm, where it is maxi-
mum, and then, continually decreases up to 

250 cm. The apparent kinks in the meander 
planforms are the result of local changes in 
secondary currents of the flume. These plan-
form changes can be modeled by a quadratic 
equation of the form:

y = a x2 + b x + c             (27)

where y is the lateral departure of the me-
andering channel from the initially straight 
channel in the longitudinal direction x, and a 
through c are the parameters. The computed 
parameter values for time-varying planform 
changes are given in Table 1. It is seen from 
this table that the values of the coefficient 
of correlation range from 0.8405 to 0.9847 
suggesting satisfactory fits to the planform 
changes. 

In an attempt to investigate the variation 
of the parameters of Equation 27 with the 
changing meandering planforms, these were 
correlated with time for making the plan-
form model (Equation 27) fully predictive.  

Table 2. Changes of parameter values of Equation 27 With Time.

Table 3. Fitting Values of Parameters M and C1 Of Equation 28
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Q = 0.08 l/s ;  So= 0.08 %

Q = 0.20 l/s ; So=0.10%

Q = 0.40 l/s ; So = 0.20 %

Q = 0.50 l /s  ;  So= 0.35 % 

Figure 1.  Fully developed meandering channel patterns for various of discharge (Q) and bed 
slopes (So) of the channel after 72 hours
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In Table 3, the fitted relations for the param-
eters of Equation 28 with time exhibit the 
straight-line relationship:

y1 = m x1 + c1             (28)

where y1 represents the parameter a, b, or c  
of Equation 27; x1 is the time (hr); and m 
and c1 represent the slope and intercept of 
the straight line, respectively. The computed 
values of the parameters of Equation 28 
for the parameters a, b, and c of Equation 
28 are summarized in Table 3. Appar-
ently the computed values of R2 range from  
0.9855-0.9971, exhibiting excellent fits. 
It is apparent from Table 2 that parameter 
‘a’ grows linearly with time, and so does 
the parameter ‘c’. Parameter ‘b’, however, 
decreases with time. The consistent regular 
relationship of each parameter with time 
exhibits a sound predictability of the above 
meander planform model (Equation 27). It 
is interesting to note that all parameters ex-
hibit a linear variation with time. However, 
the meandering phenomenon is a non-linear 
process, for the parameters change with time 
although linearly. The workability of the 
developed meandering model  (Equation 27) 
and the parametric relations (Equation 28) 
is demonstrated by comparing the observed 
meander departures from the initially straight 
channel with the computed ones in Figure 1. 
In this figure, the line of perfect fit (LPF) in-
dicates a perfect match between the observed 
and computed values. The values above and 
below the LPF indicate over- and under-
prediction by the model (Equation 27). It is 
seen that all the data points hover around the 
LPF, indicating a satisfactory prediction. The 
nash and sutcLiffe’s (1970) efficiency is 
computed as equal to 97.2187, which shows 
an excellent model prediction. 

dIscussIon and geoMorphIc 
results

The investigation shows that several geo-
morphic forms appear to be explained in a 
general way as conditions of most probable 
distribution of energy, the basic concept in 
the term “entropy”. The word entropy has 
been used in the development of systems 
other than thermodynamic ones, specifically, 
in geomorphological theory. Stream channels 
show in many ways the effects of previous 
climates, and of structural or stratigraphic 
relations that existed in the past. In some 
instances the present streams reflect the ef-
fects of sequences of beds which have been 
eradicated by erosion during the geologic 
past. However, these conditions that pres-
ently control or have controlled in the past 
the development of geomorphic features now 
observed need not be viewed as preventing 
the application of a concept of maximum 
probability. Rather, the importance of these 
controls strengthens the usefulness and gen-
erality of the entropy concept. In a sense, 
much of geomorphology has been the study 
of the same constraints that have been at-
tempted to express in a mathematical model. 
The geomorphic results show that the present 
model should not be considered to deal with 
random walks. It is concerned with the distri-
bution of energy in real landscape problems. 
The experimental model also give the proofs 
to this consideration.
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